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Abstract

Mask-projection vat photopolymerization (MP VPP) is an additive manufacturing
(AM) process that uses ultraviolet radiation to selectively cure liquid photopolymer in
a layer-by-layer fashion. The combination of precise optical control and fast reaction
chemistry enables MP VPP) to build complex 3D objects with microscale resolution
at speeds unmatched by other AM technologies. This ability to produce custom,
precise parts at low cost has propelled VPP) in various medical industries including
general orthopedics, dental implants, and hearing aids. More recent advances in
resolution continue to drive VPP) presence in microfabrication applications like
microfluidics, microelectromechanical systems, and metamaterials.

Despite being the first AM technology, patented and commercialized in the late
1980s, VPP) growth has been hampered frequently by proprietary restrictions. Today,
these restrictions often limit user access to machine controls, which prevents a full
understanding of the process and slows technological evolution.

The aim of this dissertation is to break this barrier through the development of
an open architecture vat photopolymerization platform— a machine that grants
full access to the user. This is accomplished by exploring the physical and digital
subsystems that comprise VPP), both in theory and experiment. Each subsystem is
characterized and scrutinized experimentally to enhance performance. Success of
the resulting platform is demonstrated at several stages by the manufacture of parts
for application in soft-tooling, microfilters, and microstructured functional surfaces
including demonstration of a reliable minimum pixel pitch of 7.56 µm.

The open architecture MP VPP) platform allows for control of all components and
parameters. Accordingly, when a new material or unique part feature is posed, a
series of calibration and testing methods are necessary to achieve optimal build
results. In this work, two calibration methods are proposed, selection of which
depends on the desired part feature size. For macroscale features, a parametric
study reveals how to uniformly cure samples. Microscale features are found to be
particularly sensitive to the amplitude of radiation applied, so a second method
is proposed which adapts the radiation to the needs of each layer in the geometry.
This is achieved by generating and projecting grayscale images to realize layers with
optimum, homogeneous crosslinking.

The final step of the process chain involves post processing, which is often overlooked
in literature and even by commercial VPP) machine manufacturers. Special attention
is placed on the cleaning and drying stages, where the importance of matching
material and solvent selection is highlighted. Finally, a solvent recovery method and
prototype are described which led to a patent application. The method aims to solve
a problem of toxic waste generation by solvent recycling and waste neutralization.
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Dansk Resumé

Maske-projicerings baseret fotopolymerisering er en additiv fremstillingsproces der
benytter sig af ultraviolet belysning til selektivt at ophærde en flydende fotopoly-
mer via en lag-for-lag metode. Kombinationen af præcis optisk kontrol og hurtig
kemisk reaktion muliggør at denne metode kan benyttes til at bygge komplekse
3D objekter med en detaljeringsgrad i mikroskala, i hastigheder der overgår andre
additive fremstillingsmetoder. Disse egenskaber benyttes til kosteffektivt at fremstille
skræddersyede komponenter til orthopædi, dentale implantater og til fremstilling af
høreapparater. Nylige fremskridt i præcision har drevet teknologien mod direkte
mikrofabrikation af eks. mikrofluidsystemer, mikroelektromekaniske systemer og til
fremstilling af metamaterialer.

Til trods for at fotopolymerisering er den ældste additive fremstillingsteknologi til at
se kommercialisering tilbage i 1980erne, har teknologien set begrænset anvendelse
grundet proprietære restriktioner, under patentskabt monopoli. I dag påvirker remi-
niscensen af disse ristriktioner til stadighed brugeren, der ikke kan tilgå kommercielle
maskiners kontrolsystemer og dermed forhindres brugeren i at opnå en transparens
af forståelsen af processen. Dette i kraft, begrænser den teknologiske udvikling af
processen.

Målet med dette phd projekt, er at skabe den manglende transparens og hermed
bryde med den primære barriere for en fri teknologisk udvikling af procesessen
gennem udviklingen af en åben maskinarkitektur for maske-projicerings baseret
fotopolymersering. En maskine der netop giver brugeren en komplet og åben adgang
til maskinens systemer. Dette mål er opnået ved at udforske de fysiske og de digitale
delsystemer der i sin helhed udgør maskinen. Dette sker som både en teoretisk og en
eksperimentel aktivitet.

Målet eftervises i demonstration af den resulterende åbne maskine ved fremstilling
af en række industrielle komponenter heriblandt bløde værktøjer til sprøjtestøbning,
mikrofiltre og mikrostrukturerede funktionelle overflader. Gennem demonstrations-
forløbet eftervises at maskinen har en repetitionsnøjagtighed svarende til maskinens
pixel pitch på 7.56 µm.

Den åbne maskinarkitektur muliggør kontrol af alle aspekter af processen. Herved, når
et ukendt procesmateriale eller en component med unikke fremstillingsproblematikker
er mødt, muliggør en serie af kalibrerings- og test procedure at finde de optimale
procesparametre. Således er der gennem projektet udviklet to forskellige kalibrerings
metoder til at sikre optimal emnefabrikation. Disse relaterer sig til hhv. fremstilling
af geometri I mikroskala og makroskala. For makro geometri, præsenteres en metode
der via et parameterstudie muliggør uniform ophærdning af procesmaterialet. For
mikro geometri blev der fundet evidens for at emnebelysningsgraden er styrende.
Således introduceres en metode hvorved procesmaterialets eksponering bestemmes
udfra emnets geometriske form. Dette opnås ved at introducere maskeprojektion
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efter en gråtoneskala der muliggør optimal og homogen styring af krydsbinding af
fotopolymeren.

Endeligt beskæftiger dette phd projekt sig med efterbehandling af emner fremstillet
via maske-projicerings baseret fotopolymerisering. Dette er et kritisk, men i litter-
aturen og af kommercielle systemudbydere ofte overset emne. Speciel fokus er på
rensning og tørring af komponenter hvor vigtigheden i at benytte det korrekte solvent
til rensning er fremhævet. Endeligt præsenteres en metode og et prototypeapparat
til som har ført til ansøgningen om et patent. Dette apparat løser en grundlæggende
problematik relateret til affaldsgenerering og -håndtering hvor apparatet muliggør
genindvinding af solventet.
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Chapter 1

Introduction

“ I have no idea where this will lead us, but I have a definite feeling it will be a place
both wonderful and strange.”

— Dale Cooper,Twin Peaks

Thirty years since its invention, additive manufacturing (AM) has disrupted tradi-
tional fabrication techniques and industry. From its initial application as a rapid
prototyping tool, to its current state where it is possible to manufacture industrial-
quality products, has broken the geometric boundaries found in other conventional
manufacturing processes [4]. The family of AM technologies makes it possible to
fabricate components with polymers, metals and ceramics: each with its own strategy
to deliver and process materials [5]. This diversity has opened the door to a myriad
of application fields where AM is gaining strong popularity as the technology evolves.

Vat photopolymerization (VPP) is a multidisciplinary AM technology where a
photo reactive resin is crosslinked upon light exposure at certain wavelength. By
sequentially bonding layers, each forming the cross-section of a geometry, a physical
three-dimensional object is obtained. The simplicity of this technique masks a
process chain comprising multiple steps and actors that influence the quality and
performance of the final product. From its invention in 1984, VPP has branched
out and established a whole family tree of machine configurations and material
consolidation. Unfortunately, most of these technologies have been silenced by
proprietary rights hindering the scientific community from progress.

1.1. Thesis Intent

Understanding the basics of a specific technology or process can be as simple as
reading a text book about the desired topic. The next level of knowledge requires
field experience with the machines and techniques involved in that process. The
user of a specific machine is usually trained to execute the device’s purpose, and
with time, said user will become an expert. However, there is a glass ceiling in the
learning curve where the user is halted from knowing all the nooks and crannies
of the technology. This is reasonable in a conventional process chain, where the
amount of uncertainties are minimized by limiting the input parameters so that the

1
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machine’s output is reliable and predictable. However, a researcher would ask oneself:
Where’s the fun in that? Mastering the working principle of a technology increases
problem-solving intuition, gives the chance of upgrading the device or the process
and triggers creativity to find new applications and fields to explore. This thesis
is a guide for those hungry minds that seek to become more than a user, breaking
down all VPP constituents that comprise the whole process chain. The reader will
learn about the challenges that arise from decomposing the main branches that
define the process chain. Two frameworks are distinguished in the process chain:
digital and physical. These two branches divide multiple segments, all of which
are interconnected and have certain interdependence levels. This translates into a
multidisciplinary network that increases both the process complexity and beauty.

The execution of this PhD dissertation intends to each the technology’s maximum
potential by constructing an open architecture machine. This tool allows the user to
adjust and customize all parameters involved in the fabrication process for various
applications. As the reader will discover during the journey that is this dissertation,
VPP is a black box with several black boxes inside. In essence, throughout this thesis,
the reader will get acquainted with additive manufacturing vat photopolymerization
concepts such as the working principle, state of the art and process chain. Specific
novel methods are proposed at different stages of the manufacturing by the author
in order to reduce the uncertainties toward theoretical limits.

1.2. Readers Guide

This thesis is divided into eight chapters. Figure 1.1 displays a flowchart following
the structure.

First, the present chapter kick-starts describing how AM gained popularity and how
it has gained presence in multiple research disciplines in parallel to its outstanding
commercial growth.

Second, the scientific and industrial state of the art of VPP will set the background
to understand the general concepts and technologies used and in current investigation.

Third, description of the construction of a specialized open architecture vat pho-
topolymerization machine. This machine uses a projector unit which categorizes this
platform as mask projection (MP). This chapter describes the physical components
such as the motion system, the light engine and optics involved, and the passive
and semi passive constituents. This section is also paired with the digital framework
where the electronic control system and software implementation govern the machine
motions and dominating parameters.

2 Vat Photopolymerization Process Chain
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The construction of the open architecture sets the stage for the fourth chapter which
collects all the tools and techniques in order to obtain a controlled building process,
highly dependent on the material used. The photopolymer material is another factor
that often falls under proprietary information, and as such, is not a focus of this work.
Still, this issue is addressed by drafting a methodology to characterize photopolymers
and perform material-specific machine calibrations (referred as MSM calibration).

The fifth chapter involves an advanced manufacturing process the mask projection
system. First, there is a behavior investigation of the smallest reproducible feature,
single voxels. Then, a grayscale masking approach is proposed to obtain uniformly
crosslinked layers.

The sixth chapter entails the least popular part of the process chain, post-processing.
The nature of this AM technology binds the user to go through a sequential number
of steps in order to obtain a stable, safe and functional product. This study enhances
the not-so-obvious phases that strongly affect the final product along the way. Post
processing also produces a great deal of harmful waste. Accordingly, a novel method
to recycle the generated waste is proposed which eventually led to a patent described
in the chapter. This study led to a patent described in the chapter. Due to the
multidisciplinary activities described throughout the thesis, each of these chapters
are capped with a summary discussing the points addressed throughout said chapter.

The seventh chapter displays a collection of artefacts and failure sources seen in built
objects. This chapter intends to be an anecdotal stroll, aiming to show how using an
open architecture platform delivers hands-on experience which increases the user’s
instincts which are not always easy to quantify.

The final chapter concludes as an epilogue with the author’s reflection about the
executed project, open questions to the reader and project proposals to mature some
of the explored areas.

1.3. Additive Manufacturing

Additive manufacturing (AM) is a fabrication discipline where an object is man-
ufactured by selectively adding material layer by layer, as opposed to subtractive
manufacturing where the object is shaped by removing material from bulk [4]. AM
has the ability to fabricate complex 3D structures, impossible or difficult to achieve
with other fabrication methods. Moreover, by adding material rather than subtract-
ing, the amount lost during the process can be minimized. Other advantages include
fast prototyping and mass customization. AM can be utilized with plastic, metal and
ceramics as well as composites with new material development on the rise. These
characteristics and the continued technological advances make it possible for AM
to be present in multiple applications. Table 1.1 features the seven families of AM
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technologies, type of material used, feedstock configuration and application examples.

Table 1.1: AM process categories, materials, delivered feedstock configuration and most
popular applications. Acronyms taken from the Wohlers report 2020 [6]. Terminology and
acronyms adapted from ISO/ASTM 52900 [5].

AM category Material Feedstock Application Ref.

Directed energy
deposition (DED) Metals. Wire or powder.

Automobile, aerospace,
functionally graded
structures.

[6, 7]

Powder bed fu-
sion (PBF)

Metals, poly-
mers, ceramics,
composites.

Fine powders.

Lattice structures,
biomedicine, electronics,
automobile, aerospace
and healthcare.

[6, 8]

Sheet lamination
(LOM)

Metals, poly-
mers, ceramics,
composites.

Sheet, tape or roll. Paper industry, big
structures, electronics.

[6, 9–
11]

Material extru-
sion (MEX)

Polymers and
composites. Filament, pellets. Prototyping, hobbies,

reinforced parts.
[6, 11,
12]

Material jetting
(MJT) Polymers. Liquid resin.

Surgical simulations,
electronics, prototyping,
microfluidics.

[6, 11,
13]

Binder jetting
(BJT)

Polymers, com-
posites. Powder.

Drug design, sand
moulds, casting, colored
prototypes.

[11,
14]

Vat photopoly-
merization (VPP)

Polymers, com-
posite. Liquid resin.

Healthcare, jewelry, mi-
cro mechanical devices,
microfluidics.

[10, 11,
15]

1.3.1 Research and industry growth of AM

The variety of technologies that sprang from the concept of building custom, complex,
3D objects with different materials, allow AM to span many disciplines. As seen in
Table 1.1 most strategies are capable of fabricating with polymers, metals, ceramics
and composites alike, and hence, attracting business opportunities, industry and
researchers. Figure 1.2 shows the exponential scientific publication growth from
1990 to 2020. The search was conducted with the academic website database
engine Web of Science (WoS). As seen on the graph, three search combinations
were used, (1): Subtractive manufacturing (SM) or Machining or Injection Molding
(IM) in gray (2): Rapid prototyping (RP) or Additive Manufacturing (AM) or 3D
Printing (3DP) orSolid Freeform Fabrication (SFF) or Freeform Fabrication (FF)
or Digital Fabrication (DF) in blue, (3): AM or 3DP or SFF or DF or FF in pink,
and (4): Vat Photopolymerization (VPP) or Stereolithography in green. Search 1
captures a baseline for the growth of conventional manufacturing methods. The
differentiation between search 2 and search 3 is because before the terms in search 3
were widely used, rapid prototyping was the terminology used in the early stages
of AM. However, before 1990 publications regarding rapid prototyping were strictly
related to computer science and prototyping software [16]. Due to this, some of the
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articles about rapid prototyping post-1990 are most likely mixing software-related
and manufacturing-related publications.

0

500

1000

1500

2000

2500

3000

3500

1980 1985 1990 1995 2000 2005 2010 2015 2020
0

2000

4000

6000

8000

10000
 Search 1: SM + Machining + IM
 Search 2: AM + 3DP + SFF + DF + FF
 Search 3: AM + 3DP + SFF + FF + DF + RP
 Search 4: VP + SL

N
um

be
r 

of
 p

ub
lic

at
io

ns

Publication Years

Original VPP patent expires

FDM patent expires

Key AM patents expire

N
um

be
r 

of
 p

at
en

ts

 Published applications
 Issued patents

Figure 1.2: Number of publications stored in the database Web of Science search engine.
Scientific publication growth from 1990 to 2020 of conventional manufacturing methods,
AM and VPP. The rightmost axis overlaps the patent growth (issued and published) [6].

Following the number of publications throughout the years, a clear path of AM
scientific and commercial history can be drafted. The first activities surrounding
AM were related to VPP. In 1980, a patent was applied by Hideo Kodama (Nagoya
Municipal Industrial Research Institute). Unfortunately, due to Japanese patent
application rules, the patent expired before reaching the experimental stage [17].
The first commercially successful AM-related patent was filed in 1984 by Charles W.
Hull when he applied for a U.S. patent named Apparatus for Production of Three-
Dimensional Objects by Stereolithography [18]. Publication momentum started in
1990 which coincides with the First Annual International Solid Freeform Fabrication
Symposium [19], which remains the highest impact conference related to AM [6].

From 1990 to 1995, VPP saw a major presence in academia reaching 38% of the total
publications in search 1. This is most likely because VPP was the most successful
technology in the commercial sector at the time [19]. Although AM capability
continued to grow during the 90’s, the developments were kept secret under patents
and proprietary knowledge. This explains the slow growth until 2010. In 2004 and
2009 important patents in VPP and MEX expired, however, other patents remained
and barred developers from access to crucial intellectual property. Between 2013 and
2015, key patents were released. These patents concerned innovations in the fields of
vat photopolymerization (VPP), geometry generation, material extrusion (MEX),
and powder bed fusion [20, 21]. Figure 1.2 also depicts the number of patents filed
from 1995, where the growth rate is shown to correlate with the scientific growth
with both experiencing exponential growth from 2013 to 2015. This shows how these
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key patents blocked research and commercial growth alike, until their expiration
allowed others to enter the field. Open source communities (RepRap [22]) with the
support hobbyists, online forums and social media gave free online access to MEX.
Private corporations had relaxed entry barriers in the market with opportunities to
be competitive, lowering the prices of AM machines. Consequently, industry has had
an average growth of 33.5% in the past four years and banking $11.867 billion in
2019 [6]. This allowed public and private consortium and university research groups
to grow in this exponential race where the number of publications per year started
outnumbering the conventional manufacturing processes. Lastly, it is imperative to
notice that this publication growth has one mayor drawback, where the amount of
information available is increasing so exponentially that it is virtually impossible to
keep up with the technological advances. This lead to experimental reiteration of
already known methods, never-ending review writing, terminology inconsistencies
(i.e. many groups calling the same term with different names or acronyms) and extra
work to determine relevant studies for the researcher’s own work. Therefore, it is
crucial to promote research partnerships and noncompetitive relationships. These
values are the core moral of the Open Additive Manufacturing Initiative.

1.3.2 Open additive manufacturing initiative

The AM group in the Technical University of Denmark strongly supports the idea
behind the open science movement which stands behind the moral principles of
making freely available software and hardware. This axiom enables individuals and
communities to build over the released knowledge and expand its horizons pushing
new technologies toward their maximum potential. For this reason, David Bue
Pedersen founded the Open Additive Manufacturing Initiative at DTU, financed by
the Poul Due Jensen foundation. This initiative intends to freely release the AM
activities carried out in DTU. The first project, documented in Sebastian Aagard
Andersen’s PhD thesis, describes the decomposition describes the decomposition
and construction of an open architecture laser powder bed fusion (L-PBF) system [23].

This dissertation follows the same principle, but focuses on vat photopolymerization.
Next, the technology is carefully decomposed into a theoretical framework of digital
and physical subsystems to gain understanding of each element. Those pieces are
then brought back together and materialized with the construction of a machine with
a customized software that gives the user full administrator competences over the
system. Lastly, the culmination of an open architecture is the proper documentation
of the work executed. Thus, this dissertation grants the reader with access to
fundamental theory, guidelines, blueprints, necessary tools and methods to replicate
this work, finalizing with open questions that invite other groups to join the open
collaborative conversation.

Vat Photopolymerization Process Chain 7
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1.3.3 Decomposing AM multidisciplinary framework
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Figure 1.3: Number of publications stored in the database Web of Science search engine
divided by discipline categories.

Growth in AM attracted investors to commercialize machines and materials, and
research groups to investigate state of the art techniques and develop advanced
materials for novel applications. This boundless growth is reflected in Figure 1.3,
which quantifies the number of publications amid 31 disciplines. Materials Science
Multidisciplinary and Engineering Manufacturing lead the discipline list with over
10000 and almost 6000 publications respectively. Interestingly, it can be seen that
VPP dominates the dentistry oral surgery medicine field with almost 64% of the
publications. Among these disciplines, it is important to differentiate between ap-
plication oriented and process oriented disciplines. For example, material science
multidisciplinary is highly connected with material innovation [24], build-job param-
eter studies and modeling [25], material characterization [26] and post-processing
treatments [27] among others. In engineering manufacturing, the topics involve
novel tooling systems and tool-path strategies [28], mechatronic construction [29],
geometry generation (tesselation, topology optimization, etc.) [30], computational
feedback strategies [31] and design for AM [32], just to name a few. All of these
are mostly process oriented. On the other hand other fields like nanoscience and
nanotechnology gather more application oriented topics like microchemical devices
[33], healthcare [34] or energy storage [35]. However, due to the multidisciplinary
nature and numerous publications, similar topics can fall into different categories.
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Consequently, it is no coincidence that the number of publications concerning AM
gather multidisciplinary topics such as mechanical engineering, electrical/electronic
engineering, automation and control systems— these disciplines involving AM are
the main components that form a mechatronic system [36].

Figure 1.4 shows how the AM infrastructure can be further broken down into pro-
cessing steps involved in any AM technology. The overall process is divided into
three main stages: pre-process, process and post-process. Each of these stages have
two interconnected frameworks to take into consideration: physical and digital. The
physical framework entails all the tangible activities in the system, whereas the digital
represents the intangible parts, where the main executors are computer engineering
or other information channels.

The pre-process of an AM system starts from a digital perspective, when the 3D
object is generated by a computer-aided (CAD) design software to create, optimize,
analyze or modify the desired geometry. Alternatively, a geometry can be reversed-
engineered and captured by three-dimensional imaging techniques such as 3D laser
scanners, computed tomography CT or stereophotogrametry. Next, the geometry is
discretized into tessellated triangles that define the geometry resolution (the higher
the triangle density, the higher the resolution), the file is saved as a stereolithography
file (.stl) [37]. A job generator program then divides the object in layers in a step
commonly known as slicing. Finally, the process parameters are selected. All of these
steps are adapted to the selected AM method. The physical side of the pre-process
includes all the preparation activities related to machine warm-up, calibration and
adjustments and material preparedness routines (e.g. blending, homogenization or
delivery strategies).

The next block involves the physical geometry fabrication process and related activi-
ties. The digital side deals with the instructions given to the machine to execute
the motions and actions prescribed in the generated instruction code (e.g. G-code).
It also includes control systems that monitor the build job, such as sensoring, data
acquisition and closed loop feedback for auto-correction. Physically, the activities
surrounding machine and material are interconnected. For example, in some set-ups
the machine delivers the material and responds to the commands given by the digital
framework. These are carried out by a kinematic system with contributing systematic
errors, some of them avoidable and corrected. However, there are other built-in
errors linked to the machine specifications.

The goal in any AM branch is to achieve a net-shape product right after the building
process— the so-called plug and play. Unfortunately, all AM categories have some
level of physical post-processing that starts with part removal from the machine
and several activities that aim to enhance the mechanical, aesthetic, geometrical or
thermal properties in order to comply the requirements to achieve an acceptable final
product. Again, these activities can be digitally monitored, allowing the machine or
operator to intervene and enhance the current part or future process steps in order
to meet the highest standards and remain competitive.

Vat Photopolymerization Process Chain 9
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Figure 1.4: Herringbone diagram of the activities involved in AM process chains (NC
stands for numerical control). Adapted from Pedersen et al. [38].
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Most of these activities are not always reported or highlighted in industrial specifi-
cations. They mostly remain undisclosed to create the illusion of a straightforward
and easy process marketed to attract costumers and investors. On the other hand,
scientific reports cover focused areas of this entire system, neglecting details of
previous or posterior steps, or just using AM as a tool to achieve an innovative
application. These practices ignore the aforementioned network of relations, in which
every activity is influenced by its neighboring steps.

1.4. Vat Photopolymerization

Vat photopolymerization (VPP) is part of the polymer process family of AM tech-
nologies. The family tree is represented in Figure 1.5. VPP fabrication process
forms layers by chemically bonding (i.e. crosslinking) them with a reaction known as
photopolymerization. This reaction is triggered when light sensitive resin material is
exposed to certain light wavelength, usually between 380 and 405 nm [1, 5].

Material POLYMER
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Figure 1.5: Overview of polymer AM processes. Adapted from the ISO/ASTM 52900:2015
[5].

There are two main VPP configurations: laser writing (LW) and mask projection
(MP). The former crosslinks the material using a laser which hatches the cross section
of a layer, selectively curing the material along its trajectory. In MP a device projects
a mask representative of an entire layer cross-section. The unreacted material is
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housed in a container (i.e. vat) and then, depending on the machine configuration,
it can be cured from the top or the bottom. Once a layer is crosslinked, there is a
re-coating step where the mechanism will depend on the machine and light position.
These steps of light projection/writing, reposition, re-coating and projection/writing
again is repeated until all the layers have been fabricated. The next steps in the
process concern the post-processing. After a build job, the part is still covered
in a film of uncured photopolymer, which requires cleaning and drying. The last
step involves a heat and light treatment to finish with a safe-to-handle part and
to enhance its mechanical properties. This simplified process chain description is
sufficient for users of commercial systems. However, achieving administration rights
imply further ramifications which will be explained in detail in the forthcoming
chapters. As the black box of VPP unravels, the disciplines required to dissect
the process span from computer science, mechanical and chemical engineering, to
environmental engineering. Figure 1.6 shows the identified convolution of disciplines
involved in this process.
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Electrical
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Figure 1.6: Diverse disciplines involved in VP AM throughout its process chain.

Figure 1.6 highlights that the process cover a broad spectrum of expertise. Conse-
quently, this work highlights the collaborative implications needed to fully control
this process. Both LW and MP VPP systems involve almost the same disciplines
since their main difference is the light source. Currently most of the commercial
systems available can achieve accurate, functional parts, albeit limited to a macro
level. There is a growing interest in the use of VPP in micro and nanotechnology
[39–41]. Therefore achieving a machine that can be scalable and achieve macro-,
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meso- and microfeatures broadens the research capabilities of the open source archi-
tecture. The technology dissected and constructed in this dissertation is MP due
to its higher resolution, faster fabrication rate and computational possibilities to
modify the characteristics of the photopolymer used [42]

1.5. Research Questions

Decomposing the MP VPP system into smaller, interconnected subsystems and
environments stimulates creativity and invites further innovation to integrate new
hardware and software components. Materializing the dissected system by designing
and constructing it highlights the flaws and challenges hidden or taken for granted
during the theoretical decomposition. Furthermore, as it will be seen in the coming
chapters, every job execution is a learning experience for the user where the growth
of intuition and problem-solving skills promotes new ideas to upgrade the system
to make it smarter, easier to use, more intuitive and capable of achieving more
challenging parts. Accordingly, this dissertation will tackle the following research
questions.

Research questions and goals:

• What is the current scientific and industrial state of the art in VPP?
An in-depth literature review will show the commercial and scientific evolution
of the technology. At the same time it will reveal the research gaps covered in
this dissertation.

• Which subsystems constitute the process chain? Is it possible to build an open
architecture platform that competes with the current state of the art?
To carry out this task it is imperative to decompose the digital and physical
framework of a mask projection vat photopolymerization system. Studying
the scientific principles of this technology is key to understand the process
and then design and build a scalable research system capable of fabricating
geometries at macro-, meso- and microscale.

• What are the phyisical limitations of a vat photopolymerization mask projection
system? Is it possible to create new MP manufacturing methodologies that
challenges the conventional ones? How does the material affect a robust building
process?
Vat photopolymerization, as the oldest commercial and scientific AM branch,
has an extensive number of scientific contributions and market options, and
one could say that it is a very established method. However, it is hypothesized
that an open architecture will grant the access to further experiment with each
machine parameter. Being able to experiment with such platform allow the
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researcher to optimize the process and find new solutions to: characterize the
material according to the size of the object, design new methods to challenge
conventional building job methods in order to manufacture highly defined,
microscale and controllable features.

• How does the post-processing affect the overall product quality? Has every
stage in the post-processing been studied in literature? There is a lot of waste
generated during the cleaning stage. Is there a way to generate less waste or
recycle the solvents used?
Post processing in VPP is a key stage of the process chain that allows safe
object handling, and strong and stable geometries. The most studied stage is
the post-curing, where other stages such as cleaning and drying are taken for
granted. This dissertation will cover such areas of the post-processing stage to
quantify the impact of cleaning and drying. The photopolymer used in this
process is a toxic material which needs specific guidelines to be disposed, also
the amount of waste generated in a laboratory scale is quite large. This is a
concern when one thinks about this same process scaled up at an industrial
level. Finding a way to reduce waste could minimize future environmental issues.

14 Vat Photopolymerization Process Chain



RChapter 2

State of the art in Vat-Photopolymerization

“ Science is like magic that works.”
— Kurt Vonnegut Jr., Cat’s Cradle

This chapter presents a review about vat-photopolymerization working principles and
state of the art, exploring both the scientific and industrial communities. The chapter
begins by introducing the basic chemistry occurring during photopolymerization,
the governing parameters during the fabrication process and quintessential machine
configurations in VPP. Subsequently, a review of the state of the art in both scientific
and industrial communities is presented. The long history and robust development
of VPP AM technologies have established strong presence in hearing aid, jewelry
and dentistry markets [6, 17]. The achievable high resolution characteristic of VPP
systems, especially in mask projection, is attracting more players in the race to
develop a machine capable of fabricating single digit micrometer scale features,
without the need of a clean room. Therefore, in this chapter, special attention is
given to those technologies capable of fabricating microscale components. Finally,
in light of the core of this dissertation, there is an overview of the mask projection
vat photopolymerization process chain. The reader must be warned that this last
section diverges from the archetype literature review due t the scarcity of prior art.
Accordingly, the points discussed are previews of the future topics covered in the
thesis, and the information was largely gathered from experience with the open
architecture device described in Chapter 3.

2.1. Photopolymerization

Polymers surround us in our everyday lives. Naturally occurring polymers such as
found within wood, wool or leather, have been used by humans for centuries. For
more than 100 years, synthetic polymers have dominated our daily routines. The
origins of synthetic polymers date back to the beginning of 1900’s which triggered a
plastic revolution due to its endless potential and applications [43]. From there, new
developing techniques emerged spanning to the current amount of polymer material
libraries available to the public. The creation and evolution of photopolymers found
presence in advanced applications in electronics, adhesives, holography, medical
materials (especially in dentistry), microelectromechanical systems (MEMs) and
additive manufacturing, just to name a few [44].

15
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Due to their historical use and popularity before other markets started to gain
momentum, photopolymers lead the market in revenue and market share, with $611.4
USD growth, representing 31.9% of the sales among other AM material feedstock
such as photopolymers, polymer powders, filaments and metals (Figure 2.1).
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Figure 2.1: Yearly revenue in millions of different AM material feedstock from 2020 to
2019 (adapted from the Wohlers report 2020 [6]).

Polymers are long chains formed by interconnected repeating units of monomers and
oligomers. Monomers are single units, whereas oligomers are comprised of few number
of monomer repeating units. Figure 2.2 shows a simplified polymer structure. The
vast majority of resins used in VPP are composed of vinyl polymers containing carbon-
carbon double bonds. Vinyl groups can be attached to different types of molecular
structures, in which case the monomer is defined as multifunctional [1]. Acrylate
and methacrylate monomers are a subcategory of the vinyl group widely used in the
photopolymer formulation for VPP. The presence of a carboxylic group (-COOH) in
the vinyl position (at the end of the double carbon bond network) assists with stability
of the final product, therefore enabling fast and efficient conversion of photopolymer
long chain networks [1, 45]. There are few reaction mechanisms depending on
the monomeric compound and other constituents that initiate photopolymerization
(i.e. anionic, cationic and free radical). For the sake of brevity, only free radical
reaction mechanism is discussed, as vinyl groups with multifunctional (meth)acrylic
compounds are the most widely used in VPP. The reader is encouraged to find more
in depth about photopolymer reactions in Nakamura et al. [44].
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Methyl Methacrylate

C5H8O2

Monomer Oligomer

Urethane Acrylate

C6H11NO4

Polymer

Figure 2.2: Basic polymer structure with crosslinked monomers (methyl methacrylate) and
oligomers (urethane acrylate).

2.1.1 Free radical photopolymerization
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Figure 2.3: Free radical photopolymerization.

In vat photopolymerization, a reactive multifunctional liquid photopolymer (i.e. resin)
is solidified when is exposed to ultraviolet light wavelength (usually between 380 to
405 nm). This reaction generates insoluble, infusible, highly crosslinked networks
[46]. Figure 2.3 represents the process of free radical photopolymerization. The
process starts from a liquid resin, comprised of monomers, oligomers, photoinitiators
(PI), and additives (e.g. dyes, UV blockers). Radical photoinitiators (PI) are an
essential component of a photopolymer resin used to start the crosslinking reaction.
PI are molecules in charge of generating reactive species (i.e. free radicals) when they
are excited with radiation (in this case, ultraviolet light). An efficient PI exhibits
fast curing rates, improving photopolymer properties [45]. There are two types of
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PI in free radical photopolymerization, depending on the manner free radicals are
initiated. Norrish Type I is the most efficient PI, because it involves intramolecular
bond breaking [45, 47]. Type I includes benzoin ether derivates, benzil ketals, α-
amino ketones, acylphosphine oxides and hydroxyalkylphenones. Equation 2.1 shows
benzoin ether homolytic C-C bondage scission upon UV radiation, which generates
two radical species (a) benzoyl and (b) α-alkoxybenzyl: the former is known to have
higher reactivity as initiator and the latter is more involved in termination processes
[48].
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In contrast, the Norrish Type II PI involves intermolecular interaction by removing
hydrogen from a donating molecule (usually amines, alcohols, ethers, etc.). This
system needs the presence of two components, typically the H-donor (also known as
co-initiator) and carbonyl compound (benzophenone, aromatic diketones, xanhones,
etc) [45]. When the photoinitiator is excited with UV light it reaches an excited
electron state that abstracts hydrogen from the co-initiator. Similar as Type I, two
radicals emanate from this reaction. Type II reactions are slower than Type I due to
this bimolecular reaction [49].
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Initiation, propagation and termination are the steps of the free radical photopoly-
merization [50]. Upon absorption of ultraviolet light (hv), the PI photochemically
generates a free radical (R‚). When the free radicals interacts with a monomer (M)
the chain reaction is triggered. Achieving a high quantum yield is ensured when the
light wavelength (frequency) matches the absorption spectra. The initiation constant
(ki) defines the initiation rate [50]. The constant rate is assumed to act equally in
every reaction. This stage is shown in Equation 2.3, where a non-reversible reaction
occurs with the formation of a 3D molecular network. The network growth produces
a dramatic gain in viscosity in a process known as gelation. This state of matter
allows the gel and liquid phases to coexist [47].

Initiation “

#

PI ` hv Ñ 2R‚
R ‚ `M

ki
ÝÑ pR ´Mq‚

(2.3)

During propagation (Equation 2.4), monomers (M) are added to the macroradical
chain (Mn‚) of length n. This reaction increases the macroradical size (Mn`10‚) at
a propagation constant rate kp which is assumed to be equal for every macroradical
chain (Mn`1‚) [51]. At this stage, chains reach a point of crosslinking where molecule
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mobility is reduced to the extent that they cannot be dissolved. The crosslinking
degree increases hardness as the proportion of single molecule or sol phase is reduced.
This stage is defined as vitrification. As the motion dramatically lowers, there is an
inflection point where the kinematic reaction turns into a diffusion-regulated phase.

Propagation “
!

pMn‚q `M
kp
ÝÑ pMn`1‚q (2.4)

The reaction terminates with a constant rate kt. There are four mechanisms of termi-
nation: recombination, disproportionation, inhibition and occlusion. Recombination
and disproportionation occurs when two reactive macromolecules (Mn‚) and (Mm‚)
react with each other [52]. Inhibition is mostly a result of oxygen present in the
system. Atmospheric oxygen quenches the excited state of the full PI molecule, there-
fore reducing the yield of free radicals, eventually stopping the photopolymerization
reaction all together. Continuous liquid interface production (CLIP) VPP systems
take advantage of this inhibition during the fabrication process [53]. The viscosity
increase produced by network growth, significantly reduces the motion of reactive
species which eventually are trapped in the network. This frozen mobility is known
as occlusion. This is the major termination method in VPP systems [1].

Termination “

$

’

’

’

’

&

’

’

’

’

%

Recombination : pMn‚q ` pMm‚q
ktc
ÝÑMn`m

Disproportionation : pMn‚q ` pMm‚q
ktd
ÝÝÑMn `Mm

Inhibition : pR‚q ` IN
kin
ÝÝÑ Q

Occlusion : pMn‚q ` pMm‚q
koc
ÝÝÑ tMnu

(2.5)

Although every termination mechanism should finish simultaneously, the conversion
proportion will depend on the localized viscosity (i.e. mobility) in the tri-dimensional
network [54]. Upon termination, time of reaction is significantly slowed, because the
chains take increasing times to find each other. Diffusion determines the final degree
of conversion, the final network structure and physical properties [46]. Depending
on the termination mechanism it can also alter the specific volume which leads to
possible internal stresses and shrinkage.

In light of these factors involved in the photopolymer crosslinking, photopolymer resin
manufacturers seek formulations that reduce production prices, increase crosslinking
speed (with controlled termination), increase resolution, stability, minimize shrinkage
and increase mechanical properties [1].

2.1.2 Jacobs working curve

The interaction between a reactive photopolymer and photons involve a set of
convoluted chemistry and physics phenomena that can be described by several
models. The first and most fundamental model describing curing depth of a laser
beam scanning through a straight line was presented by Paul F. Jacobs in the
1992 International Solid Freeform Fabrication Symposium article Fundamentals of
stereolithography [50]. The model is built upon three assumptions:
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1. The light distribution obeys the Beer-Lambert law of light attenuation when
it travels through a certain material. With this assumption, it is accepted
that the exposure E (mJ{cm2) exponentially decreases with depth z. In this
context and for the sake of brevity, exposure refers to radiant exposure of
actinic photons.

2. The light beam irradiance has a Gaussian distribution.
3. The transition from the liquid phase to the solid phase is referred as gel point.

Although Jacob’s model focuses on the curing mechanism seen in stereolithography,
where a laser beam moves along the xy building surface, it can also be applied
to mask projection systems since it is independent of laser spot diameter, laser
scanning velocity or power. Jacobs working curve determines two key parameters
in the VPP process, maximum cure depth (Cd) and maximum cure width (Lw).
As mentioned, the crosslinking mechanism is mostly driven by the exposure, with
units of energy per unit area (mJ{cm2). The maximum cure depth (Cd) defines
the boundary beyond which no curing can happen at certain exposure (Emax), this
exposure is the maximum exposure at the centerline of the Gaussian-distributed
energy plot seen in Figure 2.5. Equation 2.6 defines the calculation of Cd or working
curve. Equivalently, exposure can also be defined as the irradiance, Imax (mW {cm2)
time integral (Equation 2.7)

Cd “ Dp ln
ˆ

Emax
Ec

˙

(2.6)

Emax “

ż

Imaxdt (2.7)

Where Ec is the critical exposure, which is the necessary energy to trigger the
photopolymer crosslinking. The intercept of Cd “ 0 with the working curve defines
the Ec point. Dp is the penetration depth, which is the depth at which the exposure
is reduced 1

e
(« 37%) of the surface exposure Emax. Dp is the slope of the resulting

working curve, which takes the form of a straight line in the semi-logarithmic plot of
Cd vs lnpEmaxq, seen in Figure 2.4.
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Figure 2.4: Ideal scenario of Jacobs working curve.
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The parameters Dp and Ec are strictly dependent on the material. Dp depends on
the molar extinction coefficient (or how strongly the photopolymer absorbs light
at a certain wavelength), and Ec depends on the photoinitiator concentration [55].
Since Emax is a parameter that can be set in some commercial machines and Cd can
be determined by measuring the crosslinked photopolymer thickness after exposure,
Equation 2.6 gives the tools to obtain Ec and Dp if these are unknown. This is the
case for most commercial photopolymers.

The next takeaway from Jacob’s model is the cured linewidth, Lw, seen in Equation
2.8. In his model it is proven that the maximum width (which defines the xy)
resolution) it is found on the resin surface. This term is especially true for top-down
configurations where crosslinking takes place on the resin surface. However, in
bottom-up configurations, crosslinking takes place on the bottom of the vat. This is
further explained in Section 2.2.1.

Lw “ w0
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Figure 2.5: Irradiance, exposure and cure depth distribution of a single UV beam. Adapted
from Emami et al. [56].

Equation 2.8 shows that the width of a curing beam is directly proportional to
the radius of the laser beam (w0) at the resin surface. In this model, the width is
the radius of a laser beam. The cure width is also proportional to the square root
of the Cd{Dp ratio so that the width will increase values with higher cure depths
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Cd; however, the width will not linearly increase with the penetration depth Dp.
Moreover, when there is a resin change, it is important to take into account that the
cure width will be strongly dependent on Dp even if Cp and w0 are kept constant
[50].

A final concept to keep in mind is the green body or green strength [1]. When the
critical energy (Ec) is reached, crosslinking starts and the gel point is reached. Even
though some networks start forming, the semi-solidified body has little mechanical
strength. Thus, higher energy is necessary to achieve a certain level of mechanical
strength so the part is able to withstand the forces and internal stresses occurring
during the fabrication process. One would think that maximizing the exposure will
ensure full crosslinking and, consequently, strong mechanical properties. However,
controlling bonding between layers and areas cured is desirable to minimize the
inherent anisotropy (i.e. variable material properties that change depending on
the orientation of a measurement) characteristic of AM fabricated objects due to
the layered principle of these manufacturing technologies. Finding and maintaining
this ideal exposure parameter is no easy task and requires significant amount of
experiments, calculations and measurements.

2.2. VPP Technologies

The early beginnings of vat photopolymerization allowed VPP to develop all sorts of
machine configurations capable of delivering the main task of photocuring a material
to obtain a 3D object. This section reviews the main technologies that gained
industrial and scientific popularity, establishing themselves as the first choice in the
field. The two machine configurations, top-down and bottom-up, define both the
fabrication and light directions. Additionally, there are two light delivery approaches:
laser writing (LW) and mask projection (MP). As the scope of this thesis is more
focused on the design and development of a high resolution MP VPP system, more
attention in the state of the art will be directed to said technologies.

2.2.1 Top-down vs bottom-up

The basic components in a VPP system are the vat, light source and building plate.
The vat is the container where the liquid photopolymer rests (hence the technol-
ogy’s name). The light source is the device that generates the UV radiation and
is projected toward the photopolymer. The building plate is the stage where the
built geometry attaches. After a layer is crosslinked, the building plate moves in the
same direction as the light source trajectory. There are two main configurations seen
in vat photopolymerization which depend on the building direction of the machine
relative to the vat and the light source location: top-down and bottom-up (Figure 2.6).
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The building processes have some shared features in both systems. The layered
building process starts with a burn-in layer, which means that the energy irradiated
in the first layer is higher the necessary dosage to cure a layer, ensuring that the
object will remain attached to the building plate during the layer-by-layer curing
process. After one layer has been cured, the building plate moves the same distance
as the object’s prescribed layer thickness. This process sometimes travels beyond
the layer thickness for an extended period of time to allow the liquid resin to re-coat
the gap left by the cured layer now attached to the building plate or its previous
layer. This step is crucial, if a layer is cured before the resin has settled, or reached
equilibrium it may lead to voids in the solid matter, irregular layers, poor layer
bonding or other accuracy errors [46]. On the other hand, if the waiting time is
not properly calculated, it will lead to unnecessary long building times. There are
different recoating methods, from mechanical blades that uniformly distribute the
fresh photopolymer (top-down configurations) [57, 58], to vat-tilting mechanism
(bottom-up) [59], or flexible membranes allowing seamingless self coating [38].
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Figure 2.6: Top-down and bottom-up configurations of VPP, where 1 is the building
direction (z), 2 is the light source origin, and 3 is the building plate platform.

The top-down configuration has the light source originating above the vat and the
building plate moves from the top of the resin toward the bottom of the vat. This
configuration submerges the solidified structure as it is being built. Due to this, the
size of the vat is the main height constrain of the final part. Moreover, the resin
volume necessary is significantly higher than in the bottom-up configuration. The
downward motion reduces the amount of necessary support (if needed), because the
buoyancy keeps the cured part from collapsing. This is an advantage because it
reduces the amount of efforts required during post-processing. However, this building
direction provokes convex undulations due to surface tension (especially with highly
viscous resins or really thin layers), thus the use of recoating blades becomes more
essential [57]. This is especially true for large cross section layers [46, 60]. The main
drawback of top-down configurations is that the resin is in constant contact with air.
As mentioned before, oxygen inhibits photopolymerization, therefore a thin layer of
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uncured photopolymer will always be present on top of every layer. The depth of
this film is not easy to control because it depends on temperature, viscosity, speed
and resin formulation.

In the bottom-up configuration, the light source originates below the vat and the
vat has a transparent window to allow light to pass through with minimum light
diffraction. The building direction starts from the bottom of the vat and moves
upwards. This configuration constrains the layers between the glass window and
the building plate. Having constrained layers allow the system to achieve better
z resolution. However, having a layer between two boundaries also means that
it attaches to both, the previous layer and the glass window. It is imperative to
achieve higher adhesive forces on the building plate than on the glass window. If this
condition is not satisfied, the geometry may fail during the building process. In order
to keep the geometry attached to the building plate and reduce detachment forces
from the bottom of the vat, the vat is usually coated with a polydimethylsiloxane
(PDMS) layer, or an anti-adhesive film made of polytetrafluoroethylene (PTFE) [38].
Configurations with PDMS include a tilting mechanism to induce a peeling effect
and to reduce the separation forces [59]. In the case of PTFE films, some systems
allow a self-peeling effect that reduces the need of additional mechanical assemblies.
A novel strategy forces oxygen inhibition which significantly reduces these forces,
allowing faster building times and layer-less surfaces [53].

The choice between top-down or bottom-up will strongly depend on the user’s
necessities. For example, fabrication jobs that require many parts to be built in one
platform, top-down might be more favorable because large part batches also add
more surface area that might fail in a bottom-up machine where adhesive forces or
additional stresses increase the probability of failure [61]. A bottom-up configuration,
on the other hand, lends itself to applications demanding higher resolution as it
offers more control over the layer height and light beam focusing over the exposure
surface, where crosslinking will take place. Accordingly, this control over the layer
height also allow thinner layer thicknesses down to 1 µm in professional industrial
systems [62, 63].

2.2.2 Laser writing

This technology was the first successful commercial application of an AM system,
initially referred as stereolihtograpy (SLA). Charles W. Hull applied for the patent in
1984 with his company 3D Systems [18]. The laser writing LW approach (Figure 2.7)
uses a laser beam to cure the photopolymer. The motion of the laser is controlled by
a pair of galvanometer scanners that drive the laser spot in the xy plane. Each layer
is cured by hatching the cross sections of the discretized model. The laser spot defines
the minimum achievable feature size. Additional parameters to those described in
the previous section are the velocity of the laser spot and the hatch spacing. Velocity
is a key parameter in LW processes because it has a strong influence on the cure
depth. The parallel distance between hatches is sought to be close enough so the
beam cross section overlaps to crosslink the material in the xy plane. Moreover, the
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galvanometer scanning resolution has to be smaller than the laser spot size in order
to have a seamless beam track.
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Figure 2.7: Top-down example of a laser
writing approach.

Figure 2.8 shows a laser beam rastering and
curing three layers. Note that the layer thick-
ness is smaller than the cure depth (Cd), so
that the layer being built bonds with the pre-
vious layer. This layer overlap has proven to
give quasi-isotropic properties to VPP parts
[64, 65] The overlapping hatching may bring
some troublesome issues, leading to inhomo-
geneous material due to uneven crosslinking
[66–68]. Figure 2.8 shows that depending on
the hatching trajectory, some voids may be
left uncured. This can be patched choosing
another hatching strategy (for example by off-
setting the beam trajectory between layers)
[69]. Inadequate consideration of the hatch-
ing strategy can cause issues like leaching
uncured photopolymer after building, which
may lead to hazardous consequences if the
product is used for medical devices or drug
delivery applications [70].
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Figure 2.8: Curing detail of a laser writing (LW) scanning strategy. As the laser draws
the shape of the layer, parallel lines are overlapped to achieve stronger bond between the
vectors. It is desirable to have higher curing depth than the chosen layer thickness in order
to obtain robust bonded layers thus reducing the inherent anisotropy of AM.
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Microfabrication of LW products becomes challenging to track in the literature, as
most of the dedicated systems for micrometer scale technologies use mask projection.
One reason might be that the laser price becomes more expensive as the spot
size is reduced. All things considered, there is a big jump in scale toward the
nanometer scale with a technology called two-photon polymerization 2PP. Pioneered
as microfabrication approach in 1997 by Maruo Shoji [71], this technology uses a
femtosecond pulsed laser at high intensity. Although a photoinitiator usually absorbs
one photon, the near-IR energy of the femptolaser provokes the initiator to absorb
two photons, which combined to reach the transition energy to trigger a localized
photoinitiation. The reaction rate is proportional to the square of the photon size
[71–73]. Kawata et al. [74] materialized 2PP fabricating a world-record micro-bull
of 10 µm wide and 7 µm tall. Nanoscribe GmbH commercialized the use of 2PP
[75], however, the high price of the setup (« $450,000 USD) and the time-consuming
crosslinking process, hinders access to research groups and consumers to broaden
their application fields [76].

2.2.3 Mask projection
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Figure 2.9: Bottom-up example
of a laser writing approach.

Mask projection MP, similarly to LW systems, uses
ultraviolet light to cure the uncrosslinked photopoly-
mer. The underlying difference is that MP casts
light over the photopolymer with one single image
(i.e. mask). This property allows MP to build sin-
gle or multiple parts in the same batch with little
influence on overall building time. In short, the to-
tal height of the built object and subsequent choice
of layer thickness determine the building time. The
resolution is defined by the pixel size of the light
projecting apparatus. Another advantage of this pro-
cess is that the only moving part in the system is
the linear stage driving the building plate, compared
to the galvanometers that drive the laser beam in
LW [77]. Figure 2.9 shows the main constituents of
a mask projection setup. Mask projection systems
have more constrained building areas than LW, there-
fore optical systems (i.e. magnification lenses) are
used to increase them. However, larger areas compro-
mise accuracy and resolution [78]. Unlike the circular
shape and energy from the LW laser beam, MP has
a square shape and lower individual pixel exposure
energy. Several studies show that the energy irra-
diated by one pixel can be assumed as a Gaussian
distribution [79]. Consequently, the governing parameters in MP for a single pixel
follow the same Jacob’s working curve principle. Therefore the main parameters for
this system are exposure time and irradiance (which equals the energy given to the
photopolymer). However, this time the exposure is affected by the energy irradiated
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by the neighboring pixels as well. An approximated profile of irradiance and exposure
can be seen in Figure 2.10. An important advantage of the masking method is the
low irradiance emitted compared to the laser beam in LW: the low irradiance values
reduce possible thermal gradients that may create unwanted thermal crosslinking [77].
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Figure 2.10: Curing detail of a mask projection MP projecting strategy. The amount of
light irradiated by the pixels, contributing to the total irradiance of the whole mask.

Mask projection technologies

The dynamic masks created by MP are carried out by two different devices: a
liquid-crystal display (LCD) and a digital micromirror device (DMD) assembled
in a Digital Light Processing™(DLP™) projector. LCD generates light using a
reflector or a backlight that travels through a series of stacked layers. These layers
are comprised of polarizing filters perpendicular to each other, and liquid crystals
that move with electric current. This motion changes the shape of the liquid crystals,
diffracting light and in combination with the polarizing layers, the pixels take on a
certain shape [80]. LCD devices have the advantage of occupying less space and are
significantly cheaper than DLP™ devices, making them ideal for low-cost desktop
VPP devices. However, they tend to have low resolution (reported minimum pixel
throughput of 28.1 µm [81]), switching speeds (« 20 ms) and contrast level makes
them unfit for high resolution, micrometer-scale parts [39, 77, 82].
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A DMD is a microelectronic mechanical system MEMs and a spatial light modulator
SLM comprised of millions of individually addressable hinged mirrors [83, 84]. The
DMD was developed by Larry Hornbeck in 1977 in collaboration with the company
Texas Instruments. Figure 2.11 shows a close-up schematic of a DMD. Note the
intricate mechanism involved in the device. Each of these mirrors are attached to
a SRAM CMOS circuit that addresses each mirror individually to trigger a tilting
mechanism that allows them to tilt diagonally +12° (ON) or -12° (OFF). The quick
switching time between the ON/OFF ratio are encoded in bit pulses allowing 256
combinations that display 256 grayscale values [85]. Compared to LW, the pixelated
nature of MP systems produce rougher surfaces with a squared rastered outline due
to the shape of the pixels. However, the use of grayscale values and implementing
anti-aliasing to the edges of the images, make it possible to modify the surface of
manufactured objects [86]. Each of these mirrors have narrow spacing between them,
high reflectivity and contrast ratio, allowing them to deliver a uniform intensity
across the image plane [39]. The increasing popularity of DMD chipsets in DLP™
projectors have driven Texas Instruments to adapt them for multiple applications.
Chipsets designed to reflect UV light have their mirrors coated with anti-reflective
films to enable advanced light transmission [87]. TFor these reasons, DLP™-based
devices are the most popular engines in VPP systems.
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Figure 2.11: DMD chip. Each mirror has a pixel pitch smaller than 10 µm. The whole
array can have more than four million mirrors. Image adapted from Dudley et al. [83].

Emerging research and technologies

Many research groups are taking advantage of using DMD in micro scale AM ap-
plications. Zheng et al. [88] manufactured metamaterial lattice structures with low
density but remarkable stiffness with 10 µm structural feature size. Micro-channels
of 18 x 20 µm cross section and 3mm length were achieved by Gong et al. after
developing a resin that limits the optical penetration giving more control to the light
dose [89]. New methods are also being developed that involve multimaterial MP VPP.
A 4D printing (a process where a 3D object is able to transform into a different 3D
geometry) multimaterial approach was developed with shape memory photopolymers
capable of fabricating programmable, flexible grippers that move with heat (Figure
2.12 A) [90]. The viscosity and liquid state of photopolymers make multimaterial
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A

C

B

Figure 2.12: Variety of novel DLP™-based MP microapplications. Spanning from (A)
micro-soft robots triggered by temperature gradients [88], to (B) new technologies capable
of overcoming bottom-up challenges such as the adhesive forces without renouncing to high
resolution [53] and the latest rising technology (C) volumetric AM where the layer-by-layer
manufacturing fashion is left behind and objects are created in seconds (30 - 120 s for
centimeter size geometries) [95].

processes wasteful, messy and slow when compared to other methods like L-PBF
[91], MEX [92] or MJT [93]. However, these methods lack the precision and high
resolution of MP VPP. Koesari et al. developed a system with DLP™ projection
assisted by air-jets to clean surfaces between material changing that accomplished
strong bonding where dogbone samples did not break in the material interface (which
is normally the weakest point) [94].
A revolutionary approach surfaced in 2015, combining DLP™ with bottom-up setup
overcoming the main drawback of this system— the double layer adhesion with the
boundary window and the previous layer. Continuous liquid interface production
(CLIP) uses a gas permeable oxygen window to create a dead zone that inhibits
photopolymerization on the glass window, thus eliminating the adhesive forces seen
in the conventional bottom up setups (Figure 2.12 B) [53]. Additionally, this method
allows for faster build speeds because it gets rid of the tilting or additional motions
necessary to detach geometries and recoat with liquid resin. Since DLP™ is used,
it is also possible to build microstructures down to 50 µm. This technology was
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commercialized with the company Carbon 3D, which developed a machine with
the CLIP method. They also develop VPP engineering materials for end-use ap-
plications, but these materials are only available for Carbon 3D system users [96],
and materials and devices are highly proprietary. Beer et al. investigates a similar
principle of inhibiting photopolymerization, where instead of a film that inhibits
photopolymerization, they developed a method known as dual-wavelength volumetric
photopolymerization confinement where two sources of light (365 nm overlapped
with 458 nm) intersect to trigger photoinitiation and inhibition [97]. Layer-less
structures are built at rates of 500 mm/hour. Even though this method is in infant
stages, once fully developed it could outperform CLIP because the oxygen inhibition
window is a consumable that needs to be changed annually, whereas dual-wavelength
performance depends solely on the light source, and is easier to modulate for finer
feature fabrication. The latest addition in the MP VPP family is the volumetric
AM with tomographic reconstruction (Figure 2.12 C). Known as computed axial
lithography (CAL), UV light irradiates into a rotating vat containing a methacrylate
hydrogel that exposes several 2D images from different angles resulting in a 3D object
sculpted into the gel. The main advantages of this process is the material uniformity
due to the absence of layers, lower post-processing times because this process does not
need support material and the capability to produce transparent objects for optical
applications. So far the material used is soft and the resolution is still low compared
to other microfabrication approaches. Despite being in the early stages, this process
has promising future where larger objects can be fabricated quickly, opening a door
towards custom mass fabrication. For example, Eyþór Rúnar Eiríksson developed
a fast-production top-down MP VPP machine with a patented scanning method,
capable of performing a continuous building operation. This method prevents the
layer effect, by scanning the surface of the photopolymer vat and modifying the layer
intensity according to the surface topography [98].

These advances in micro fabrication of objects by vat photopolymer mask projection
demonstrate the necessity to keep studying and developing the art. Understandably,
these studies report specific steps and material formulations to achieve individual
goals, but little is documented about the entire process chain and machine specifica-
tions. This absence of information hinders replicability to other research groups. In
this dissertation, more attention is given to the machine construction and parameter
influence of all the stages of the process chain.

2.2.4 State of the industry in mask projection

Companies like 3D Systems and EnvisionTEC have established themselves in the
market as workhorses that provide high throughput, reliable DLP™-based MP Vat
photopolymerization (VPP) solutions. However, they market themselves for niche
areas like dentistry, jewelry and hearing aids [32, 99, 100] without stressing their
capabilities in other microfabrication industries since their machines can achieve
native resolutions of 35 „ 50 µm. One could hypothesize that microfabrication enters
into an uncertain territory where promises of a repeatable, accurate process cannot
be accomplished. Therefore, having already a fixed audience for their marketed

30 Vat Photopolymerization Process Chain



2.2. VPP TECHNOLOGIES

applications, including the micro- realm might not be worth the risk.

Figure 2.13 shows the distribution of several DLP™ MP companies arranged by reso-
lution versus price. The data was obtained from the original vendors websites, email
inquiries or a comparative website Aniwaa [101]. There is a range of machines with
resolution spanning from 20 µm to 100 µm including industrial and desktop systems.
Most specifications state that value as their voxel resolution or xy resolution (i.e. the
building plane), but the value is never addressed as the minimum achievable feature
size. Understandably, succeeding in micron-scale features entails full control of the
whole manufacturing process from the material used, to the geometry selected and
parameters needed in the three main steps of the manufacturing chain (i.e. digital and
physical pre-process, the building phase and the post-processing). Most companies
deliver closed systems that limit the user’s options and accessibility in exchange for
reliable, successful throughput. This is done by selling machine especially calibrated
for their own machines, and proprietary software sometimes with subscription-based
programs. As mentioned before, the release of key patents in VPP has manifested
in a surge of more machine development and the opportunity to develop affordable
desktop systems. An advantage of these systems is the possibility of using third-party
resins and allowing the user access to open parameters. Nevertheless, their lower
price often comes with sacrifices to accuracy and resolution.
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Figure 2.13: Comparison of commercial MP DLP™ systems. The systems in the red area
correspond to industrial equipment with prices above $10,000 USD. The systems below
are desktop devices. The green area encapsulates the machines capable of achieving single
digit resolutions.

Vat Photopolymerization Process Chain 31



CHAPTER 2. STATE OF THE ART IN VAT-PHOTOPOLYMERIZATION

New companies are emerging where microcomponent fabrication is their core market.
Currently, Nanofabrica [62] and BMF [63] are the only companies capable of single
micrometer digit fabrication. Notice, however, the price tag on these machines
is prohibitively expensive starting at an estimated $100,000 USD. Aware of this
inconvenience, these companies also offer the option of directly manufacturing the
parts for clients. There is a gap of affordable systems in the single-digit area (i.e.
green shadow in Figure 2.13). In this dissertation, it is proven that said type of
equipment can be built for a quarter of the price tagged in these equipment («
$32,000 USD). As will be shown in the following chapters, having a powerful device
does not guarantee single micron resolution. In order to achieve such resolution, the
whole process chain environment has to also be mapped out and controlled.

2.3. Process Chain in Mask Projection

A manufacturing process chain starts with the specific application and functionality
of the part to be built (i.e. AM project information). This triggers a set of decision-
making stages throughout the whole process chain, as seen in Chapter 1 Figure
1.4. Bonnard et al. proposed a hierarchical model of the process chain followed by
every AM technology, similar to the herringbone diagram seen in Figure 1.4 [102].
These diagrams reflect the intricacies and interconnected factors and parameters
present in the process chain. No literature has been found that connects all these
stages in VPP, with most research being application oriented or focused on one stage
of the process chain. Thus, this section addresses a summary of the main stages
and their constituents, each of which will be more detailed in future chapters. A
simplification of the MP VPP manufacturing process can be divided in three main
stages: (1) job preparation, heavily dependent on software and material-specific
machine calibration (MSM calibration); (2) building process, carried out by the
machine; and (3) post-processing and quality control.

2.3.1 Job preparation

The first essential determiner of the manufacturing process chain is the function of the
chosen geometry, which will also include the material selection. For example, if the
object is a medical device, the material selected will have to be bio-compatible. Alter-
natively, in applications such a soft tooling applications (i.e. additively manufacturing
moulds for injection moulding [103, 104]), the material must have toughness and
withstand high temperatures so it can keep its shape as long as possible before failure.
The selected material will include parametric limitations such as layer thickness and
will be heavily influenced by process parameters such as irradiance and exposure
time. The next step of the job preparation stage involves the creation or acquisition
of the 3D object. This can be done using a CAD design or an image acquisition
device like a 3D scanner. After that, the geometry is tesselated or discretized into a
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finite number of triangles. Note that as triangle size decreases, surface resolution
(and file size) increase. Hence, high resolution geometries may require a significant
amount of computational power in order to handle them [105]. This is a major
drawback for geometries with microstructures at micrometer scale which inherently
have high resolution and do not allow lightweight tesselations. At smaller features
it is difficult to optimize the model in order to weigh less, if triangles are reduced,
resolution might be lost and, in worst case scenario, functionality might also be lost.
Another common step to most AM processes is the slicing, where the object is cut in
sections equal to the layer thickness prescribed by the user. The quality of an object
strongly depends on the layer thickness chosen, where increased thicknesses result in
lower resolution. As seen with the Jacobs working curve, curing depth depends on
the material used meaning that there is a specific set of parameters for each desired
layer thickness. This is the reason why proprietary systems only allow the user a
limited number of layer thickness options. They finely calibrate their machines for
the materials at the specific optional layer thicknesses, which they make sure will
have high chances of success. This frees the user from spending time calibrating,
allowing for direct fabrication. The slicing in MP creates black and white images of
the layers’ cross sections. These layers match the resolution of the projector used
in the machine. As mentioned, the characteristic surface of a MP geometry is a
pixelated surface, especially for those systems with a perfectly focused camera. This
pixelation, can be mitigated with grayscale methods such as a smooth noise function
to control surface reflectance [86]. Other studies take advantage of the wetting nature
of photopolymers to create smooth surfaces with a method named meniscus mod-
eling [106]. Once the geometry is sliced the geometry is ready for the building process.

Beside the digital job preparation, the physical framework related to this stage
involves machine calibration. In MP VPP, machine calibration and inspection in-
clude routine tasks to be carry out before every build job or periodic activities to
ensure machine stability. A routine task may include vat inspection where the user
ensures the glass window is in optimal condition so that light is not diffracted by
cloudiness, scratches or other artifacts. Another may include machine warm-up
before use. Finally, photopolymers need agitation to ensure material homogeneity
and prevent pigments or other additives from precipitating out in the bottom of the
resin container or the vat. Periodic activities entail projection focus, where the image
plane is located within the specified image plane to obtain sharp pixels. This one is
exclusive to open systems that allow interaction with the device. As the machine
is used, the light source ages lowering the emitted irradiance. Consequently, it is
imperative to measure the light periodically with a radiometer to ensure that the
dosage used in previous campaigns is kept constant, otherwise parameters will need
to be adapted to compensate. Last but not least, when a new material is used, the
build job parameters need to be calibrated to the specifications needed for the object
to be built. This step is merged with the build job process and requires a series of
iterative experimental parameter studies. These items will be further explored in
Chapters 3 and 4.
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2.3.2 Build process

There is not a clear line separating the building process between the build job
preparation and the act of building the geometry. In a closed environment, the user
has limited build parameter options which usually include: object orientation on
the building area, support generation (if needed) and layer thickness. Thus, the
building process for a closed system is relatively effortless for the user, starting
and ending with the click of a button. Conversely, an open architecture entails
a series of preparation steps before one can proceed to a robust building process.
The first step is the material characterization. Hofstetter et al. present a good
methodology to characterize new materials complementing the Jacobs curing curve
with a real-time, near-infrared photo-rheometer ((RT)-NIR photoreology) [107]. The
combination of these two techniques extract important information such as the
curing depth and cross-link density of each layer. Unfortunately, this method is
only suitable for photopolymers with low-crosslinking density, slow crosslinking
rates and relatively high layer thicknesses (100 - 200 µm). Other methods such as
Fourier transform spectroscopy (FTIR) and differential scanning calorimetry (DSC),
will be further discussed in Chapter 4. These characterization methods allow help
to determine parameters that ensure strong inter-layer bonds, strong mechanical
properties and avoid uncured photopolymer leaching, which may lead to toxicological
complications [108, 109]. Nevertheless, these techniques do not provide information
about the right parameters to achieve geometries closer to their nominal values.
Test geometries with multiple sized features are used to assess machine accuracy
and correct process parameters. The ISO/ASTM standard 52902:2019 outlines
general recommendations for test artifact designs and measurement approaches [110].
One common measurement device is the use of a coordinate measuring machine
(CMM) [111]. Micro-scale manufacturing increases the difficulty level to find right
parameters for the building process. Microfeatures are more sensitive to parameter
variation than macrosized objects, and when both realms are needed in the final
object the parameter study becomes more cumbersome. These issues and a possible
methodology is further discussed in Chapter 4 and 5.

2.3.3 Post-processing and quality control

Once an object is fabricated, it is covered in uncured photopolymer which is haz-
ardous if inhaled or in contact with the skin [109]. Moreover, during the building
process, layers are only partially cured in order to ensure crosslinking between layers,
thus finishing the building stage with a green body. The steps followed after the
building process are (1) cleaning, (2) drying and (3) post-curing. In the cleaning step
the part is washed with an organic solvent that dissolves and washes off the uncured
photopolymer from the green body. A washing unit is normally used to optimize this
process for safety and waste reduction. There are two options to carry out this task:
agitation or ultrasound [112]. After a part has been cleaned, it needs to be dried to
ensure no solvent or uncured photopolymer remains on the object’s surface before
the next step. If residue is left on the green body it will be permanently crosslinked
on the part and will lead to artifacts that will affect the geometrical stability, surface
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finish and, in some cases, the functionality of the part. Drying is mostly carried out
by compressed air, although vacuum oven drying is explored in this dissertation. The
effects of these first two steps are not explored in literature, therefore they are studied
in Chapter 6. The last step in the post-processing stage is the post-curing. This
phase ensures that the part finalizes crosslinking, enhancing the object’s mechanical
properties and ensuring a safe-to-handle part. The post-curing benefits have been
more extensively studied, where the combination of UV and heat indicates higher
crosslinking degree and therefore significantly higher mechanical properties [113–115].

2.4. Chapter Summary

Mask projection vat photopolymerization has proven to be the most suitable technol-
ogy to achieve high quality objects from macro down to micro dimensions, especially
for those systems equipped with a DMD chip. The principles of VPP have been
heavily studied from its rise in the late 80’s, and the crosslinking model of the
Jacobs working curve is still used in most studies. Among all the configurations
available for VPP, MP equipped with a DMD chipset is the most suitable system
in order to achieve high resolution single digit micro features, as demonstrated in
literature. Commercial systems offer machines capable of such dimensions, however
their systems are prohibitively expensive and the closed nature of the systems do
not grant user access to fully control the process.

As with every AM technology, the MP process chain entails critical decision-making
choices scattered across several process stages. The three stages mentioned (job
preparation, building process and post-processing) are heavily interconnected in a
workflow that typically requires extensive iterative experimental studies in their
entirety before being able to ensure a robust process. Understanding this network of
process parameters, geometry and material dependency, and physical limitations can
only be carried out with an open architecture capable of providing the freedom to
explore these (sometimes overwhelming) possibilities.
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Chapter 3

Development of an Open Architecture MP

VPP

“ You’re beginning to figure it out now, aren’t you?”
— John B. McLemore, S Town

Due to proprietary restrictions, some AM technologies are prevented from matur-
ing, halting scientists from faster technology development. Following the open
collaboration philosophy of the Open Additive Manufacturing Initiative, a mask
projection vat photopolymerization machine was designed, constructed, taken into
service and subsequently performance tested. This chapter dissects the elements
found in said platform, concluding with the different areas and collaborations in
which the presented machine has had a mayor role in order to achieve the diverse end
products. The highlight of this machine is its capability to fabricate microscale high
resolution parts impossible to realize with other conventional manufacturing methods,
or prohibitively expensive with nanomanufacturing methods. Some applications
for these objects span from microfilters, holographic surfaces and high resolution
sacrificial moulds for a novel soft molding technology known as freeform injection
molding (FIM).

3.1. Background

3.1.1 Previous work

The AM group at DTU Mechanical Engineering has been researching for a decade
into open architectures for vat photopolymerisation. The contribution from this PhD
project has been to engineer a dramatically improved research infrastructure from
the sum of historical vat photopolymerisation machine revisions, designed by the
AM group. This chapter deals with the engineering efforts that has been put into
the realization of this platform.

The first iteration of an open architecture MP VPP system built at DTU dates back
to 2014 with a bachelor thesis carried out by Karl-Emil Nielsen who built the Version
1 setup seen in Figure 3.1. The project aimed to build a DLP platform to gain
basic knowledge of the system, measure the forces involved in the building process
and assess further upgrades. This setup was further validated with the bachelor
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thesis carried out by Hansen et al. where light sources, photopolymer testing and
vat coatings were investigated [116]. The conclusions of these projects were the
need for a higher quality light source with uniform irradiance, higher resolution
and a mechanism to overcome high adhesive forces during the lifting stage between
layers. Version 2 of the machine was carried out by the master student Anders
Ravn Jørgensen [117] who upgraded the platform with a higher resolution light
source. This iteration outperformed a commercial MP VPP platform (EnvisionTEC
Perfactory) with higher resolution and geometrical stability objects. However, is-
sues arose with the vat adhesive forces, calibration complexities and low projection
system resolution. As seen in Figure 3.1 the physical framework of both setups
can be divided in three groups: (a) the linear stage, (b) the vat and (c) the light source.

Adjustable bearing  
block for  no  

sideways lash

Ballscrews with 
accuracy grade C5 

for precision 
vertical movement

Interchangeable 
build plate

Stepper motors for 
precision 

positioning

USB connectable 
NC controller board

Stuctural 
components for 

sturdiness

Easy-access glass 
plate

Knobs for manual 
positioning

Versatile frame 
with aluminium 

struts

DLP projector with 
1024 x 768 px 

resolution

b

a

c

a

b

c

Version 1 Version 2

Figure 3.1: Initial versions of the open architecture system. Version 1 by Nielsen [118] and
Version 2 by Jørgensen [117]. Both systems can be divided into three blocks: (a) the linear
stage, comprised of a Z-guide that governs the vertical motion and build plate where the
object is attached during the building process; (b) the vat, photopolymer container with a
transparent window that allows light to pass through; and (c) the light source where the
light originates.

The linear stage in these versions has double ball screws in that position and lift
the build plate. The intent of this double spindle it was intended to overcome the
high adhesive forces found during the building process. These two linear stages
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had the purpose of creating a tilting mechanism to detach the part from the vat,
though it was never disseminated. The build plate had a ball joint mechanism
and socket to level itself to the vat surface and ensure parallelism in the first layer.
Jørgensen reported difficulties with the ball not moving freely in the socket. The
vat used in Nielsen projects was a bottom up setup. Version 1 (by Nielsen) had
a rigid window with no coating. The Jørgensen vat design proved that adding a
PDMS coating reduced 37% the adhesive forces. Still the forces were too high to
successfully complete geometries bigger than 20 x 20 x 7.5 mm. The vat was then
upgraded using a polytetrafluoroethylene (PTFE) film. The implementation of this
film was reported by Pedersen et al. [38]. Termed the self-peeling vat, the film proved
to be a major improvement successfully building an inverse truncated cone with
bottom m 28.5 mm and m 2.5 mm top, again outperforming the commercial system
EnvisionTEC Perfactory MML V3. The inverse cone experiment is used to find
the maximum building plate area vs image plane area ratio that the machine can
withstand, without detaching the part from the building plate. The implementation
of the PTFE film in the vat allows for an easy detachment from the bottom glass
window without the need of an additional tilting mechanism, so the setup is no longer
susceptible to tilt-related repositioning errors. However, the PTFE film changing
and tensioning was difficult and time consuming for the user. The software used for
these systems was Creation Workshop (CW), an open source program developed by
Envision Labs. Although this program allows flexible customization, the files with
microstructures were too computationally heavy to be processed and would crash
the program. Moreover, the project is no longer supported by the developers so no
further upgrades are being issued.

The next upgrade in the machine was the light source. The projector purchased
was a Luxbeam® Rapid System— LRS-WQ with a resolution od 2560 x 1600 pixels
and a pixel pitch of 7.56 µm. The light engine was assembled in a kinematic mount
where a movable frame holds the projector, and it is pivoted over a ball bearing
fixed in a socket. Two micrometer screws allow controlled vertical translation of
the projector obtaining alignment and focus with the glass window plane. The first
research project with this new light system hinted at the capability of the setup to
build microstructures [119]. However, it was reported only to be capable of making
geometries with minimum 100 µm. This limitation was traced to be due to light
inconsistencies and poor adjustment of the focus plane, which was carried out solely
by visual inspection of the image mask on the build plane vat window, to determine
when focus was achieved.

Further investigations were carried out by the author of this dissertation which aimed
to fabricate bio-inspired surfaces [120]. During this research, an initial investigation
was conducted to compare a commercial laser writing (LW) machine (Formlabs 2)
against the open architecture system, which lead to unmatched resolution by the
latter one. Figure 3.2 shows the Formlabs sample (left) with minimum achievable
features of 200 to 300 µm. This machine has a sliding detachment mechanism which
induces shear forces to objects, fragile features such as the pillars seen in the image
are deformed due to these forces. On the right, the bio-inspired gecko features were
successfully manufactured with a minimum feature size of 50 µm.
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Figure 3.2: Microstructures manufactures with LW ans MP. On the left, LW-made pillar
test object, the minimum achievable feature size ranged between 200 and 300 µm. On the
right, bio-inspired gecko features, achieving a minimum feature size of 50 µm, made with
Version 2 of the open architecture platform [120].

3.1.2 General decomposition of the open architecture system

These first successful results motivated the research team to further enhance the
machine capabilities and customization. Figure 3.3 shows the generic decomposition
of the open architecture system that will be studied, upgraded or newly constructed
in this work. As mentioned, the overall system can be divided in three subsystems:
the linear stage, the vat and the light engine, each of which physical and digital
considerations with the exception of the vat.

The decomposition will begin with the physical framework, where new hardware
is designed or upgraded. First, the linear stage is considered overengineered. A
simpler, yet more precise setup would potentially ensure a smooth kinematic motion
with fewer chained errors and easier user control. Second, the vat could use a more
effortless and faster membrane tightening mechanism with a cleaner material change
system. This is imperative since previous work identified that membrane wear highly
affects microfeature quality [120]. Third, further study of the light engine is needed
to gain control over the building area light uniformity, and light measurements are
needed to obtain the exact energy dosage values applied to the material. These
metrics enable a systematic calibration of the photopolymer. The new light engine
allows for a lens change to increase resolution (e.g. with a 0.5x magnification lens)
or, conversely, increase the build envelop (with a 2x lens). This possibility requires
a linear drive that can move the projector to adapt to new focal planes, which in
consequence it would require a more advanced image plane focus method.
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The digital framework of every AM system starts with the geometry acquisition
and tesselation or triangulation of the object followed by slicing. MP VPP differ
from other AM technologies in the slicing generation: instead of creating a layer
by layer tool-path hatching, black and white images are generated representing the
layer cross section. The electronic control used to establish connection between the
machine and the build job software is an Arduino Mega with a Ramps 1.4 shield.
The firmware used is an open source Marlin commonly used in open architecture
additive manufacturing platforms. The firmware was adapted to meet the MP VPP
specifications. The software used to prepare the build jobs was developed by Andrea
Luongo in his PhD dissertation [121]. Luongo’s research studied the prediction
and modification of additive manufactured surface topology using computer vision.
In order the carry out the research it was necessary to access to the machine’s
controllable elements such as the linear stages, motors and projector. Initially, the
developed software included the basic controlling environment seen in traditional
software such as layer thickness, exposure time, amplitude. However, in order
to optimize the measuring stage, Luongo’s prediction model needed specific test
objects with multiple parameters on the same surface. Upgrading the software with
such advanced features allowed for not only predicting the model, but triggered an
optimized methodology to characterize materials and assess build job parameters.
The following section will cover in detail all the physical and digital elements involved
in the open architecture MP VPP.

Linear stage

Light source

Software

Linear stage

Vat

Light source

DIGITALPHYSICAL

Positioning
Feedrate
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Homing

Servo motor
Z-stage leadscrew
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Figure 3.3: Physical and digital decomposition of the open architecture bottom-up mask
projection vat photopolymerization.
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3.2. Physical Framework

The discussed items are shown in the open architecture system seen in Figure
3.43. The following sections are intended to extract these subsystems, describe the
individual elements that each subsystem is composed of, and propose the added
value validated with individual studies. Finally, the overall system capabilities are
translated in the application fields described in Section 3.4.3.

3.2.1 Linear stage

The linear stage is the machine area in charge of the vertical motions during the
build plate, necessary to sequentially generate precise layers. The whole assembly is
composed of a linear stage, a driving motor to conduct the motion, and the build
plate attached to the linear stage. Understanding the basic motion needed during
the building campaign allows establishing the specifications needed for this subsystem.

Figure 3.4 shows the positioning— re-positioning and lifting kinetics and forces
expected during the building process. There are six steps involved in the positioning-
lifting motion, which are then repeated for every layer:

1. The build plate is sent from the origin position toward the bottom of the
vat, origin position is referred to as the initial machine position executed to
establish the zero in the machine.

2. When the build plate reaches the bottom of the vat, a thin spacing between
the bottom and the build plate is left, and at his point a small upward buoyant
force exerts on the build plate.

3. The build plate remains static as a layer is cured. This first layer gap is known
as burn-in layer. The burn-in layer is the first layer crosslinked during the
building job, the purpose of this layer is to ensure attachment to the build
plate. This layer is usually overcured and thicker than the rest of the layers.
No additional forces are involved here.

4. Once the layer has been exposed, the build plate is lifted. The forces involved
in this step are critical because they are the highest, therefore the object may
have to withstand forces exceeding 200 N [59]. This tension is explained by the
adhesive forces between the cured layer and the bottom of the vat. Additionally,
since the first layer has a minimum 100 µm thick, the submerged build plate,
with bigger surface area than the built object, is subjected to capillary forces
which significantly increases the pulling forces.

5. After the cured layer that is is separated from the bottom, a low pressure zone
is created by the void left by the cured layer now attached to the build plate.
At this stage, the tension exerted on the manufactured object may also lead to
failure if not minimized.

6. Once the build plate and object are above the resin level, the build plate is no
longer subjected to considerable tension forces. Depending on the resin volume
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or lifting distance, the object and/or the build plate may remained submerged
in the resin. Ideally, the time spent in the position-lifting motion should be
minimized to reduce building time. However, this depends on build size, resin
viscosity, motor torque and linear stage specifications.
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Figure 3.4: Positioning and lifting motion campaign in the first layer. After these first
six steps, the trajectory is repeated as many times as layers are manufactured. The force
graph shows an approximate representation of the tension and compression seen by each
layer.

The described 6-step campaign is repeated for each layer. Instead of positioning,
the motion is now referred as re-positioning. This time, instead of starting from
the origin, the motion continues from the build plate position in the previous step
of the list sequence. Figure 3.4 shows the force distribution at each described step.
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Note how the forces decrease as the layers are built to the point where the forces are
closer to zero. Similarly, re-positioning is the motion starting from the previous lift
sequence and finishes by also leaving a small gap, though now the gap is equal to
the user-defined layer thickness. Lifting refers to the trajectory from the bottom of
the vat (after a layer has been exposed to UV) upward a certain distance such that
the resin can flow and recoat the void left by the cured material now attached to the
build plate (or previous layer) [59].

The work carried out by Hansen, calculated the forces seen during the lifting and
repositioning motion in the Version 1 machine [116]. The maximum force measured
accounts for the adhesive forces between the build plate, the transparent window on
the vat bottom and the cured material between these two during the lifting stage.
The maximum force obtained in that setup was 273 N (30.3 kg), which was also
the most conservative value since the forces were measured for a pure tension lift
strategy with no anti-adhesive coating on the glass. Section 3.2.2 further explains
these strategies. Following the study, it was decided that the chosen linear stage
and the motor will have to withstand at least 273 N. This total force includes all
forces involved during the operation (acceleration, deceleration, external forces and
friction). In order to add the capability of achieving layers below 5 µm, high precision
is also desirable. The challenge here is to find a precise positioning system while
keeping it within budget.

Motor drive selection

Considering the induced load, and the precision needed to reach thinner layers than
5 µm, a candidate for a linear stage was the Precision Linear Slide NLS8 (Newmark).
This stage has a trapezoidal threaded lead screw with zero backlash and a lubricated
plastic nut. The linear guide bearings ensure smooth travel under high load capacity.
The motor included with the Newmark is a Nema 23 brushless DC servo motor
with an optional optical rotary encoder of 4000 count/rev, allowing 1 µm resolution.
Unfortunately, in order to obtain the maximum resolution with this stage, a linear
encoder is needed which significantly increases the price. It was then decided to
purchase a motor with higher resolution than the included Nema 23. The first step
to select the right motor is to calculaye the drive torque (T ) needed during operation:

T “
FTL

2πµ (3.1)

Where FT is the total force during operation (280 N to round values and account
for the linear stage weight), L is the lead of the leadscrew (0.004 m) and µ is
the efficiency of the leadscrew. This last value is not given by the manufacturers,
however, a median value for an Acme leadscrew with a plastic nut it can be assumed
to be 0.64 [122]. These specifications result in a continuous torque of 0.28 N m. A
motor that meets these specifications is a ClearPath CPM-SDSK-2310S-EQN. This
motor offers a powerful, precise and economic option for the open architecture setup.
The ClearPath is an all-in-one precision brushless servo motor with an integrated
servo drive and rotary encoder which has a positioning resolution of 6400 counts
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per revolution (0.05625˝). When coupled with the 4 mm pitch leadscrew, it is
possible to achieve a theoretical

`4mm
6400

˘

625 nm minimum step size. Thus, this motor
allows higher resolution than the default NLS8 motors. Table 3.1 summarizes the
specifications of the linear stage and the motor.

Table 3.1: Specifications of the linear stage elements.

NLS8 linear stage specifications Clearpath motor specifications

Travel range 300 mm Peak torque 1.6 N m
Lead screw pitch 4 mm Continuous torque 0.3 N m
Accuracy 6 nm/mm of travel Achievable resolution 0.057˝

Maximum axial load 36.3 kg (356 N) Repeatability 0.03˝

Price $4,280.00 USD Price $301.00 USD

Assembly specifications

Achievable resolution 0.625 µm
Uni-directional repeatability 1 µm
Total price $4,581.00 USD

Build plate

The build plate is the surface where the object attaches during the building process
(see Figure 3.5). The size of the plate should be slightly bigger than the image plane
area. If the plate is too big, higher initial adhesive forces will contribute during the
lifting motion. Some systems with high building areas reduce these forces by drilling
holes across the surface. The plate surface should be slightly rough to increase the
surface area and ensure higher adhesive forces than the bottom vat, else the part
may stick to the vat resulting in a failed job. However, an excessive rough surface
will increase the force needed to separate the object from the plate. High detachment
forces might also damage the object.

An important factor in the build plate is establishing a calibration strategy to level
the plate to ensure parallelism with the bottom of the vat. To do so, a ball joint
locking mechanism was designed. The leveling system is represented in Figure 3.5. A
rod connects the plate on one side to a stainless steel ball joint. This assembly rests
in a spherical cavity which allows the ball joint motion freedom of roll pitch and jaw.
Leveling has five steps: (1) opening the hatch; (2) lowering the build plate toward
the bottom of the vat; (3) slowly keep lowering the plate until the ball joint rests
on the vat instead of the ball socket; (4) lift in small increments until the ball rests
again on the socket; (5) lock the socket hatch. After locking the hatch to fix the ball
joint, the build plate remains static during the building process, ensuring parallel
and even layers. The part detachment can also be carried out without unscrewing
and releasing the hatch, however, if the part is strongly bonded with the plate, the
plate can be unscrewed for easier removal and screwed back again without losing the
parallel configuration. This mechanism has proven to be a fast and efficient way to
level the plate. The ball joint was assembled in a bracket that is attached to the
linear stage.
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Lock screw

Ball joint
Plate

Hinge

Figure 3.5: Build plate components (above) and ball joint leveling leveling scheme (bottom).

Linear stage assembly precision and accuracy

The final linear stage assembly including all the components described in this section
is shown in Figure 3.6. Due to the absence of an encoder and despite the promising
specifications seen in Table 3.2 a laser interferometer was used to verify the accuracy
and precision of this subsystem. The laser interferometer used is a Renishaw XL-80
with 1 nm linear resolution and environmental compensation which measures air
temperature, air pressure and relative humidity. Two measurement campaigns were
carried out: (1) ISO measurements and (2) build simulation measurements.

ClearPath 
CPM-SDSK-2310S-EQN

Newmark 
NLS8

Build plate
Ball-joint locking system

Figure 3.6: Final linear stage assembly. The setup is comprised of three main elements:
the linear stage, the driving motor, and the build plate.
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ISO Measurements. These measurements followed the ISO 230-2:2014 Determi-
nation of accuracy and repeatability of positioning of numerically controlled axes
[123] protocols. Three types of measurements were carried out: (1) unidirectional
measurements where targets are located across the whole travel length at 5 mm
step sizes; (2) unidirectional at 50 µm step size across 50 mm of the spindle; and
(3) unidirectional at 10 µm step size in 10 µm axis length. The areas measured in
the last two measurement were located at the range where a build job would take
place. Each measurement type was repeated five times at a 300 mm/min feedrate.
The error results are represented in Figure 3.7 and the numerical values are found in
Table 3.2.
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Figure 3.7: Unidirectional accuracy and positioning repeatability of the linear stage NLS8
coupled with Clearpath SDSK. The upper graph in pink represents source of the different
error values seen in Table 3.2 Data measured through 200 mm section of the linear stage
with 5 mm steps (blue), 48 mm section (960 layers) at 50 µm steps (yellow) and 9.6 mm
(960 layers) at 10 µm step size (green).
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The positioning error data points were arithmetically averaged to obtain a mean
positioning error (x̄i, Equation 3.2). The error parameters obtained from the data
measurements are: (1) standard uncertainty (si in µm) calculated with Equation 3.3
which are the mean deviations of the measured target position i. The final value
will be multiplied by a coverage factor k “ 2 to obtain the expanded uncertainty
2si; (2) positioning repeatability (Ri in µm) which is the range of the standard
uncertainty at position i using a coverage factor k “ 2 (Equation 3.4); (3) systematic
positioning error of the axis (E) which is the algebraic difference between the
maximum and minimum mean unidirectional positional error and finally (Equation
3.5); (4) unidirectional positioning error or accuracy (A) which is calculated from
the combination of the mean unidirectional systematic positioning error with the
unidirectional positioning repeatability using k “ 2 (Equation 3.6). For clarity, these
parameters are represented in Figure 3.7.

x̄i “
1
n

n
ÿ

j“1
xij (3.2)

si “

g

f

f

e

1
n´ 1

n
ÿ

j“1
pxij ´ x̄iq2q (3.3)

R “ 4si (3.4)

E “ max.rx̄is ´min.rx̄is (3.5)

A “ max.rx̄i ` 2sis ´min.rx̄i ´ 2sis (3.6)

Table 3.2: Error values from the Newmark NLS8 linear stage. The subscripts 1 and n in
repeatability (R) and expanded standard uncertainty (2s) are the error measurements at
the initial and final target position respectively.

Error 200 mm Error 50 µm Error 10 µm
R1 3.714 1.284 2.569
Rn 1.524 4.456 2.605
2s1I 1.8 0.675 1.519
2s1II 1.907 0.609 1.386
2snI 0.679 2.333 1.261
2snII 0.845 2.145 1.343
A 18.007 7.913 7.879
E 16.080 3.799 2.58678

From the error values seen in Table 3.2, the following conclusions can be drawn:
• Coupling the linear stage with the ClearPath motor increase the overall accuracy,

where, according to specifications, the leadscrew accuracy is 6 nm/mm of travel,
this results in 120 µm. With the ClearPath, the overall accuracy is 18 µm.
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• The unidirectional repeatability ranges to 4 µm, when the targets are reduced
to 10 µm step sizes the repeatability is 2.6 µm. Although this repeatability
is higher than the Newmark nominal specifications, this value is considered
satisfactory considering that the machine is not located on an optimized table
to compensate for vibrations and thermal gradients.

• These errors could be minimized by including an encoder which would ensure
a closed-loop correction system.

Build simulation measurements. In this measurement scheme, three build jobs were
simulated where the machine executed the motions previously described in Figure
3.4. Each build job was simulated (i.e. build job with no resin) using 2, 10 and 20
µm layer thicknesses. The deviations from the targets are represented in Figure 3.8.
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Figure 3.8: Error distribution of data collected of three build job simulations. The
simulations included layer thicknesses of 2, 10 and 20 µm.

The slim Gaussian distribution of these results demonstrates that when executing a
building job, an accuracy of ˘1µm can be achieved, with the majority of positioning
error falling within the ˘0.5µm range. Understandably, and due to the instability of
the table that supports the linear stage, the error range widens as the layer thickness
decreases.

3.2.2 Vat

The vat is the component that contains the photopolymer resin. This subsystem is a
critical component that highly contributes to the final condition of the manufactured
object. Due to the bottom-up configuration of the platform, the vat has a transparent
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window to allow passing light from the projector. The material chosen for this window
has to minimize the light scattering to avoid unnecessary artifacts and ensure efficient
energy dosing on the photopolymer to trigger crosslinking. As mentioned, the layers
adhere to the previous layer (or build plate) and the glass window, which stresses
the part with adhesive forces and may lead to failure or deformation. Reducing these
forces is achieved by coating the glass window with silicone, (polydimethylsiloxane
(PDMS), or polytetrafluoroethylene (PTFE). These coatings allow easier detachment
because they create a very thin layer (« 2.5µm) referred to as dead-zone where
cross linking is oxygen-inhibited [124]. The commercial continuous liquid interface
production CLIP technology takes advantage of this phenomenon by increasing this
dead-zone thickness to achieve continuous manufacturing [53]. In traditional bottom-
up processes this dead-zone is not thick enough to completely prevent the adhesion
generated by capillary forces, but it does significantly reduce them. Comparing the
273 N calculated in the Version 1 setup, Pan et al. measured 20 N pull-up forces
after using a PDMS coating when building an area of 625 mm2 [125] . These forces
are also reduced depending on the lifting strategy. There are four main lift strategies
in bottom-up setups: (a) tension, (b) shear, (c) tilt or cleavage and (d) peel (Figure
3.9).

(a) (b) (c) (d)

Tension Shear Cleavage Peel

Object
Coating/membrane

Vat

Buildplate

Fbp

Fc

Ac
Abp

Figure 3.9: Main lift strategies and forces involved. The peeling lift strategy is the one
used for the new vat design.

The internal stresses in the workpiece are:

σc “
Fc
Ac

and σbp “
Fbp
Abp

(3.7)

Where σc is the stress between the object and the coated vat bottom window, Fc is
the pull force of the coated surface on the part and Ac is the area being built at the
coated window. Correspondingly, σbp is the stress between the object and the build
plate, Fbp is the lift force of the build plate on the part and Abp is the area of the
first manufactured layer attached to the build plate. In order to ensure that the part
remains attached to the build plate interface and detaches from the coated interface,
the stress endured by each interface must satisfy:

σc ă σbp (3.8)

If the forces are equal in both interfaces, the area on the coated surface would always
have to be smaller than the previous layers. This would be a major impediment to
build freeform 3D structures. Therefore the parameter that needs to be minimized
is the force from the coated layer. This is done by the lifting method. If the von
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Mises yield criterion is used under the assumption that the coated interface will
be the one breaking before the other interface yields, one can approximate which
tilting method would exert less forces. Considering the coordinate system defined
by ISO/ASTM:52900 [5] where the x direction is the axis running parallel to the
front of the machine, the y axis is perpendicular to the x and the front of the
machine, and the z axis is perpendicular to the x and y axis, pointing out of plane
with respect to the vat and build plate. The xy plane defines the building area
plane and the z defines the building direction. Considering this coordinate system,
the equivalent mathematical form of a multiaxial von Mises stress is given by the
following expression:

σv “

c

1
2pσxx ´ σ

2
yyq ` pσyy ´ σ

2
zzq ` pσzz ´ σ

2
xxq ` 6pσxy ` σ2

yz ` σ
2
zxq (3.9)

Where σv is the von Mises stress, and σij is the stress at a certain plane. The tension
lift mechanism, is a uniaxial stress which reduces the von Mises criterion to:

σz “ σy (3.10)

Meaning that the interface will break whenever the yield strength σy of the bond
between both interfaces is reached. When the shear strategy is used, the von Mises
stress involves only the forces in the xy plane, reducing the yield strength to:

σxy “
σy
?

3
(3.11)

Meaning that pure shearing mechanisms reduce the yield stress
?

3 times compared to
the stress needed to break the interface in the tensile method. The shear mechanism
has been used in commercial systems such as Form 2 (Formlabs) [126]. Pan et
al. proposed a two-step shearing mechanism of micro tension lift and shear which
reduced the yield stress by an order of magnitude, from 0.032 N{mm2 to 0.0027
N{mm2 which is a higher stress reduction than the simple model calculated by the
von Mises criterion for shear forces. The authors discussed that the sliding speed and
the new layer exposure time were critical to the integrity of the part, however, no
information about the accuracy or part precision was disclosed. A similar mechanism
was patented by the company B9 [127].

The cases of cleavage and peel significantly increases the calculation complexity.
Although discussing the mathematical models is beyond the focus of this dissertation.
The reader is encouraged to seek further information in the following studies. Liravi
et al. [61] conducted a force separation model to study the peeling effect when a vat is
coated with PDMS. This model assumes that the manufactured layer and the coating
form a composite bond whose separation follows a similar behavior of the crack
propagation for these kind of composite structures. Wu et al. [59] implemented Liravi
et al. model for a tilting mechanism. In their study, they compare pull-up peeling
with tilting using PDMS coating and PTFE films. The tilting method demonstrated
a 20% reduction in separation force compared to the peeling method. PDMS coating
showed maximum separation forces of 12 N whereas PTFE films reached 20 N. The
velocity during the separation motion had a significant impact on the adhesive forces.
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The PDMS forces were increased by a factor of 3 whereas PTFE films increased only
by 1.38. There are, however, issues with PDMS coating that might affect the integrity
of the part. In the Author’s experience, for both approaches, the PDMS coating tends
to degrade faster than PTFE membranes to create a opaque surface that scatters
the light. Upon failure, PTFE has an easier changing method (especially with the
newly developed vat discussed in the next subsection), whereas PDMS requires a
uniform coating which, when applied incorrectly, leads to deformed features and
light refraction, thus hindering the ability to manufacture microstructures.

Vat design

The first self-peeling vat concept developed by Pedersen et al. [38] proved to surpass
the vat performance of commercial systems. Moreover, this configuration proved to
be able to perform well when building microfeatures [120]. Figure 3.10 shows the
first self-peeling iteration where the membrane was placed over a window glass and
it was sealed with a rubber gasket from both sides to prevent resin leakage. The
membrane was secured with sixteen screws that had to perforate the membrane.
The uneven screw distribution and the hole perforation negatively impacted the
membrane durability. This membrane wear was found to have a major impact on
the integrity of micro manufacturing. These issues and the added complexity of
membrane change motivated a concept re-design.

Figure 3.10: First self-peeling vat. Despite the fast membrane wear and membrane change
complexity, this design was a good indicator of the self-peeling performance for microfeature
manufacturing. However, membrane wear lead to deformations of microfeatured surfaces
(see sink marks on the top right sample) [38, 120, 128].

The next vat design was carried out during a master thesis written by Frederik
Winther Andersen [128] and supervised by the Author. The main focus that the
design intended to solve are the issues raised by the previous vat design with the
following objectives: (1) homogeneous membrane stretch and (2) easy membrane
change. Figure 3.11 shows the materialized vat with the working principle.
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The membrane change was made easier with a bracket-like mechanism: the membrane
is first placed on the lower bracket and glass window, the upper bracket is then
settled on the counter holder and pivoted to close it. A quick release ensures a tight
enclosure. One o-ring aides the membrane from moving and prevents possible leakage.
After the membrane is installed, there might be some wrinkles due to the hinge
locking system. Therefore, a final top ring is placed over the membrane and carefully
fastened. This mechanism creates a uniform drum stretching effect around the whole
area in contact with the tightening ring. It can also be adjusted with a controlled
force using a torque wrench. Although the previous vat design had an off-the-shelf
glass window, this design uses a thick, boroflat, glass window was custom-made.
This design proved for a better user experience during the membrane change. A
high-quality glass provides a scratch-free surface with maximum UV transmission
minimizing light scattering. On the building performance side, the microfeatures
kept showing sink marks and the membrane lifespan seemed to be shortened. This is
believed to be caused by the smaller membrane area in this design. Moreover, in
this design, the glass window was almost as big as the total vat area whereas in the
previous design the window was significantly smaller than the total vat areal. This
difference in area allows for a higher peeling effect, whereas the tightness of rounded
drum vat and the small area did not allow the membrane to flex.

Working principle

Bracket mechanism Assembled vat

Quick release

Tightening ring

Hinge
mechanism

Counter holder

O-rings

PTFE membrane

Lower bracket

Upper bracket

Glass window

Figure 3.11: Round drum vat design, from top to bottom and left to right: drum-tightening
working principle, easy-membrane change bracket concept and materialized vat [128].

A third vat was designed (Figure 3.12) as hybrid between the first version and
the round drum vat. The square shape was kept and the bracket mechanism was
implemented. Moreover, the glass window was off-set from the center. Figure 3.13
compares the round and square vat diagrams, showing cross sections of the pull-off
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zone where the part will be detached. As seen in the literature, the tilt effect reduces
the adhesive forces. Placing the glass off-set from the center creates a different
peeling angle. therefore one side would break the bond in the interface, creating a
self-peeling-tilting method of detachment. To prove this hypothesis, a finite element
analysis (FEA) was performed using simplified models of the round and square vat
designs [129].

Figure 3.12: Square drum vat displaying the bracket membrane change mechanism.

Vat frame Glass window FEP membrane

Offset

Vat frame Glass window FEP membrane

Off-set square vatRound vat

Figure 3.13: The round drum vat design (left) was designed with a centered pull force axis.
The square drum vat (right) has an off-set axis to deliver uneven peel forces such that
one side peels before the other, therefore reducing the adhesive forces as seen in tilting
mechanisms [120].

Vat simulations

The software used for the FEA was the add-ins simulation module in Solidworks
2019. The vat systems were simplified by only modeling the shape of the membranes
under tension. Figure 3.14 shows the simulated meshes. The green arrows are a fixed
areas where the tightening ring secures the membrane. The pink arrows represent
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the pull up forces in a 24.12 mm x 38.6 mm build size area (corresponding to a 2x
lens). Table 3.3 summarizes the membrane dimensions and the material used.
Considering the building area and the size of the vats, the simulated adhesive forces
used were the maximum forces obtained in a similar setup developed by Wang et
al. [130], where the maximum force was 2.5 N. This study is an oversimplification
of the cohesive forces, because in this model the pull forces are not approximated
as peel mechanism, but rather as pure perpendicular tensile stress. Nevertheless,
these results indicate the relative difference between these designs. Table 3.4 shows
the simulation results. When the pull forces increase from 0.5 N to 2.5 N, the stress
increases more (2.7 times) for the round vat than the square vat, which increased by
only 1.26. This stress difference may yield to faster membrane creep and failure for
the round vat than for the square vat, which will most likely show higher endurance
after several build jobs. Looking at the displacements, the circular vat displaces
almost 4 mm whereas the rectangular membrane has only 500 µm displacement.
This is also an indication that the square vat would most likely withstand higher
cyclic loads with less deformation. Figure 3.15 show the FEA simulation results
heatmap under 2.5 N.

Figure 3.14: Simplified mesh vat design configurations simulated.

Table 3.3: Membrane dimensions and specifications.

Design Area Build area Ratio

Round 8495 mm2 931 mm2 9.12
Square 23008 mm2 931 mm2 24.71

Membrane specifications

Trademark name DuPont™Teflon FEP Fluoroplastic Film
Tensile strength at break 21 N{mm2

Yield point 12 MPa
Thickness 76 µm
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Table 3.4: Vat simulation results.

Round Rectangular

Lift force (N) 0.5 2.5 0.5 2.5

Max. stress (MPa) 1.07 2.88 0.34 0.43

Max. displacement (mm) 2.33 3.99 0.1 0.5

Figure 3.15: FEA simulations comparing the circular and square membranes while 2.5 N
pull force is applied. The top results show the von Mises stress and the lower row show
the corresponding deformation.

Figure 3.16: Microstructured samples built with the round vat (left) and the square vat
(right). The sink mark is not visible in the square vat, demonstrating a performance
increase.
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The performance was experimentally validated building the same microfeatured
object seen in Figure 3.10. Figure 3.16 shows two microfeatured objects built with
the round vat (left) and with the square vat (right). The square vat performed better
as no visible sink marks are visible on the sample. Both vats were also compared
in terms of durability. Due to the data logging of the machine, it was possible to
keep track of the objects carried out by the machine before the membrane fails.
Membrane failure is considered when the built object stops attaching to the build
plate, the object fails in the middle of a build job or breaks. The logged data showed
that between changes of five membranes, the round vat was able to make an average
of 15 parts before failure, whereas the square vat endured for an average of 30
parts. In summary, the FEA simulations proved to be an adequate comparative
tool to anticipate vat membrane performance under different stress shape and area.
Indeed, more complex modeling analysis would be able to emulate more realistic
manufacturing scenarios. These models could potentially predict the number of build
jobs the machine can manufacture before failing, which could prevent deviations
occurred in built parts due deformed membranes [129]. PTFE membranes are an
expensive consumable in bottom up systems. With advanced models it would also
be possible to assess building parameters that might impact membrane wear and
perform budget analysis to calculate the membranes needed when a setup has to
manufacture a large number of batches.

3.2.3 Mask projection system

The light projection system used in a MP VPP machine is the key element that drives
crosslinking of the photopolymer material. The photopolymer chemical composition
is one limiter of the minimum achievable feature size due to molecule size and amount
of pigment or ultraviolet blocker— both of which stop the reaction and prevent
further UV transmission. However, the resolution of the light system is imperative
to determine the minimum theoretically achievable feature in an open architecture
setup. The previous platform iterations had light engines with resolutions which
allowed for a minimum of 50 µm size. Subsequently a higher resolution projector
was purchased. The light engine used in the platform is a Digital Light Processing
(DLP™) Luxbeam Rapid System LRS-WQ (henceworth named LRS). The price for
this engine ($13,800.00 USD) is justified by its performance. Figure 3.17 shows the
main elements of the projector. Low tier DLP™ projectors can be purchased for
$200.00 USD, therefore, how is this higher price justified? The simpler answer is,
the optical assembly.

DLP™ projectors are composed of several aligned optical elements to guide and
control the light throughout the optical path, starting from the light source and
finishing on the image plane. This means that in order to obtain maximum perfor-
mance, the elements guiding the optical path must minimize error buildups, which
significantly decrease accuracy. High-end engines like the LRS have complex lenses
with anti-reflection (AR) coatings and require tight tolerance alignment (or offsets)
to reduce optical defects (aberrations) [131, 132]. Complex lenses refers to a lens
array of multiple lenses with different curvatures, refractive indices and coatings
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which aim to control or minimize optical aberrations (i.e distortion, tilt, coma,
astigmatism, chromatic and spherical aberrations) [132]. Since the acquired projector
is an enclosed system, it is not possible to present the exact components inside the
engine. However, with the specifications given by the LRS manufacturers, alongside
the DLP™ standard components seen in the literature, it is possible to assume
and reconstruct a simplified layout of the system (Figure 3.18) [131, 133]. The
components can be divided in four blocks: (1) light source, (2) lens array, (3) DMD
and (4) projection lens.

1x Lens
Engine

Working distance
71 mm

Native image
19.3 x 12.1 mm

DLP9000 0.9"
WQXGA 2560 x 1600 px
380 nm 

2

Figure 3.17: Main components of the Luxbeam LRW-WQ light projector unit.

380 nm LED

Collimating lens

Condenser lens

Optical integrator

DMD

TIR prism

Relay lens system

Folding mirror

Relay lens system

Bi-telecentric projection lens

Image plane

Working distance

Stop aperture

Rear lensFront lens Entrance pupil lens

Light absorber

Exit pupil lens

Figure 3.18: Decomposition of the optical elements of a DLP telecentric system. Note that
the light path is a concept representation, usually the light beam follows an off-axis path.
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Light source

Conventional DLP™ projectors have two light source options, a mercury lamp
or a light-emitting diode (LED). LED is preferred for its efficiency, fast response,
environmentally friendly disposal, and brightness modulation capabilities which allows
the user to boost or dim the intensity, significantly increasing contrast. Contrast
defines how white and black images are distinguished from each other, this is crucial
for the final resolution of the manufactured object. The long working life, which
usually lasts longer than the product lifetime, is a clear advantage of LEDs, though
this is only true when the engine has a cooling system to lower the temperature at
high operating power. The light source for a MP VPP system has to be within the
UV spectrum (365 to 405 nm). Lower wavelengths consume more power (especially
at higher intensities), and increasing the operational temperature lowers the LED
lifetime. Lastly, transient temperatures produce wavelength shifts, where at higher
temperatures the wavelength increases [131, 134]. This is critical for operating
performance because higher wavelengths significantly slow the crosslinking rate and,
in the worst case scenario, the shift could move the wavelength to values that no
longer trigger the photoinitiator free-radical initiation.

Lens array

Advanced imaging systems, like camera sensors or in this case, a projector, use
convoluted lens assemblies to guide the optical path to the image plane. The functions
of these optical elements is to control the size, light scattering and parallelism in the
ray trace. There are different lenses in the optical path, each of which affects the
ray trajectory in different ways depending on their shape, size, location and array
stacking. The LED light output is emitted with a wide divergence angle. Collimating
lenses collect the light (the more light collected the higher efficiency) and redirects
scattered rays into a parallel beam [133]. Condenser lenses refocus the optical path
to the optical integrator. The optical integrator is a mirrored tunnel-shaped rod that
randomizes the light input inside the tube producing uniform light on the image
plane. High quality rods are coated with anti-reflective (AR) at the beginning and
exit to prevent light spills on the sides. The relay array function is to collect the
light from the integrator and deliver the light to the DMD with the minimum losses
possible, keeping parallelism and uniformity. Fold mirrors optimize the optical path
so that the engine layout can fit within the enclosure limitations. Sometimes a relay
can have both functionalities, folding and relay.

Projection lens

The main function of a projection lens is to magnify or reduce the image displayed by
the DMD to the projection plane while keeping light uniformity and throughput. The
LRS has the option of using different magnification lenses ranging from x0.25 to x17.3
projection lenses. To this date, the lenses purchased in this setup have the option of
using x0.5, x1 and x2. Note that the x1 has a factor 1 of magnification, thus the image
plane will have the native image size of the DMD. Therefore, what are the special
features in a lens with no magnification capabilities? The short answer is, to keep
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the throughput of light efficient and uniform while preventing aberrations. DLP™
projectors have two different projection lens architecture configurations depending on
the application: telecentric and conventional non-telecentric. Non-telecentric designs
are usually installed in affordable, lightweight DLP™ systems [135]. Telecentricity is
desirable (especially in x1 projection lenses) to prevent the angular field of view of
conventional lenses or perspective errors. Figure 3.19 shows the difference between
a non-telecentric and a telecentric architectures. The former increases its field of
view angle with distance while the latter keeps the optical path constant through
infinite, meaning that the magnification or image size does not change with focus.
The telecentric lens can achieve uniform black levels but also decreases the contrast
ratio, though this can be mitigated by an efficient lens array system before the
DMD. Lower illumination angles minimizes distortion, overfill losses and maximizes
efficiency.

Conventional lens

Telecentric lens

Figure 3.19: Comparison between conventional (i.e. non-telecentric) and telecentric field
of view. The conventional field of view angle increases with the throw distance, whereas
the telecentric field of view angle is zero. Image adapted from Edmund Optics [136]

.

A key feature in telecentric lenses is the assembly of total-internal-reflectance (TIR)
prisms between the DMD and the projection lens. TIR prisms are two stacked fused
silica triangular prisms with a thin air gap (5 µm) which prevents aberrations such
as astigmatism. The TIR prisms are placed between the projection lens and the
DMD [137]. This assembly minimizes space between these components reducing
light distortion. However, the main function of the TIR prisms is to reflect the
incident light toward DMD. The DMD reflects the light of the active ON pixels
toward the projection lens passing again through the prism. The light reflected by
the OFF pixels is reflected toward a light absorber to prevent the scattering light
from returning to and interfering with the optical path. The TIR angle also bounces
back scattered light that is not following the parallelism [138], which increases the
uniformity efficiency, with the trade-off of reducing contrast.

Manufacturers of high end lenses provide very detailed specifications so the user has
enough tools to assess the needs of the platform, perform calculations and make
the right decisions before spending a fortune in an inadequate projection lens. The
curious reader is encouraged to read a technical report by Edmund Optics that
covers basic to advanced concepts in order to help buyers to understand the field. It
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also gives the necessary equations to calculate critical parameters [139]. The LRS
projection lens is provided with a detailed specification list with some select values
summarized in Table 3.5. Apart from some basic settings such as magnification,
working distance, and spectral range (compatible wavelength), there are three crucial
settings to look for in a high resolution MP VPP platform:

• Effective focal length (EFL) and effective aperture diameter ratio (f/#). This is
a fundamental lens specification which controls parameters such as the depth of
field, contrast, resolution and light throughput. It is also an important optical
parameter used in most of the optical system calculations. Manufacturers
normally provide this number or its inverse, known as numerical aperture (NA)
which is the maximum incidence beam angle through the whole optical path
[131].

• Depth-of-focus-range. Tolerance range in which the found focus is considered
acceptable [139].

• Modulation Transfer Function (MTF). Curve that shows how contrast is
reproduced as spatial frequency or resolution is varied. In an ideal system a
100% contrast would be achievable when a black and white image is projected,
however, this is physically impossible due to diffraction and efficiency losses
throughout the lens path [139]. Contrast is calculated with Equation 3.12
(where Imax and Imin are the maximum and minimum grayscale values in
pixel grayscale values.), and is given by the diffraction limit curve in the
MTF diagram. The diffraction limit is the boundary at which point two Airy
Disks are no longer distinguishable between each other (the concept of Airy
Disk is further explained in the next segment Optical aberrations). Under the
diffraction limit curve, there are multiple curves representing the values at
different locations of the image plane. Systems with minimum 15% contrast
are considered acceptable for average image quality. The LRS x1 lens has
ą 70% of contrast at 45 spatial frequency (lp/mm). Figure 3.21 shows the
MTF curves for the LRS x1 lens. Spatial frequency is the contrast resolution
between an array of white and black bar pairs per millimeter. The higher the
spatial frequency per mm, the worse the contrast would be. This is critical
in a MP VPP system when a patterned surface is desired at a microscopic
level, since it is strongly correlated to the physical limitations of the projection
system and thus, the minimum achievable feature that can be manufacturing.
Figure 3.20 represents the spatial frequency concept and contrast ratio.

%Contrast “ Imax ´ Imin
Imax ` Imin

ˆ 100 (3.12)
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Table 3.5: LRS x1 projection lens specifications.

Optical specifications Value
Magnification 1
Object distance 71.345 mm

Numerical aperture (f/#) 0.1 (10)
Image plane size 20.736 ˆ 11.664 mm
Spectral range 365 - 395 nm

Depth-of-focus range ˘ 50 µm
MTF ą70% at 45 lp{mm

Distortion ă0.05%
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Figure 3.20: Ideal vs real scenarios of contrast ratios at different spatial frequencies.
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Figure 3.21: LRS x1 MTF curves.

Optical aberrations

Once the projector is assembled in the setup, the image plane can present optical
aberrations due to incorrect projector focus or artifacts throughout the optical path.
Due to the nature of this manufacturing method, the quality of the image strongly
affects the integrity of the final object because the aberrations seen on the image
plane are visibly embodied on the object’s surface. Aberrations that may appear on
the image plane include: tilt, defocus, spherical, coma, astigmatism, field curvature
and distortion (Figure 3.22). The ability to identify these aberrations can help the
user to perform corrective maneuvers, for example tilt, defocus and spherical may
be corrected by refocusing the system, distortion is fixed by rotating the aperture
stop which will avoid the barrel or pincushion distortion. However, aberrations
such as astigmatism, coma and field curvature implies that there is a problem with
the projection lens system (or the initial optical path), meaning that the corrective
maneuvers might not be possible and the platform will need to be fixed by the
manufacturer or possibly replaced altogether. Manufacturers of imaging systems
recognize and correct aberrations to limit the light diffraction throughout the optical
path and obtain maximum image quality (normally this is carried out during the
design phase). Combination of several aberrations are also translated in the image
plane as a Moiré-pattern like artifacts [140]. However, this specific artifact may
appear for other reasons rather than the imaging system. This is further discussed
in Section 7.1.2.
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Tilt Defocus Spherical Coma Astigmatism

Field curvature Distortion Combination

Figure 3.22: Simulations of different aberrations in the image plane [141].
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Figure 3.23: Airy Disk phenomenon, the Airy Disk is an unavoidable diffraction aberration
which depends on the beam wavelength and the f{# [139]. It defines the minimum
achievable spot size.

Lenses have physical limitations that prevent the system from obtaining a perfect
image. When light passes through stop apertures in the path, scattering is unavoidable
(i.e. diffraction limit). This is calculated by the so-called Airy Disk which is the
minimum size a beam can be focused (the Airy Disk pattern is represented in Figure
3.23). The Airy Disk diameter (DAD) is calculated using the system’s wavelength
and the f{# (Equation 3.13). The Airy Disk parameter in the LRS wit x1 lens is
9.3 µm, this means that the minimum spot size is bigger than the micromirror pitch.
This might affect the crosslinking while aiming to achieve single digit micro features.
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However, the concentric circles from the Airy Disk have reduced intensity compared
to the central circle. If the intensity and focus of the image plane is well calibrated,
this aberration might be avoidable as long as those concentric circles have a lower
energy than the crosslinking critical energy.

DAD “ 2.44ˆ λrµms ˆ f# (3.13)
The 2.44 coeficient is the unnormalized diameter derived from the first dark circle in
the diffraction pattern around the Airy Disk following the Rayleigh criterion [142].

Digital micromirror device

Digital micromirror device DMD (Figure 3.24) acts as a light switch for the LED
incident light. As mentioned in Section 2.2.3, the DMD is a matrix of microsized
mirrors that, depending on their on or off state, generates an image that is reflected
through the projection lens to the image plane. These aluminum micromirrors are
assembled on a complementary metal-oxide-semiconductor (CMOS) static random
access (SRAM) circuit board that addresses each mirror individually [143].

Hinge

Mechanical stop

Micromirror

Rotation axis

7.56 µm   

Figure 3.24: SEM pictures of DMD micromirrors. The main components in charge of the
motion are electrodes and a tension hinge [144]. The authors of these pictures used the
fast DMD high switch frequency to develop a high-cycle tensile fatigue test for nanowire.
Looking closely the nanowires can be seen across the micromirror diagonal.

The LRS system has a DLP9000 0.9” DMD with Wide Quad Extended Graphics
Array (WQXGA) resolution (2560 x 1600 px) with a micromirror pitch of 7.56 µm.
The SRAM cell applies a potential to electrodes placed at opposite sides of the
hinge. The tilt angle (12˝, in the case of the LRS DMD) is achieved by applying an
electrostatic bias of 24-26 V. In the micromirror assembly, one electrode is connected
to an output and the other to a complementary output: when one output is set to
high (5V), the other output is set to low (0V). The electrode with higher potential
difference will attract the mirror rotating the hinge to that side. If no bias is applied,
the micromirror will remain flat in a stationary position. Figure 3.25 show these
three states [143]. Micromirrors have a normal operating mode of on-off (OO) switch
every 200 ms. Texas Instruments researchers have conducted high cycle switch tests
to estimate micromirrors endurance before failure. Surprisingly, DMD micromirrors
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Table 3.6: OO duty cycles of a DMD at different grayscale values.

Grayscale value Landed duty cycle
0% 0/100
20% 20/80
40% 40/60
60% 60/40
80% 80/20
100% 100/0

surpassed simulation tests equivalent to 20 operational years with no visible broken
hinges. It was then concluded that DMD are not subjected to hinge failures. The
main source of error or failure is a phenomenon called hinge memory.

Vbias = 0 V0 V 0 VVbias = +24 V0 V 5 V

-12° +12° 

Vbias = +24 V5 V 0 V

OFF STATE PARKED STATE ON STATE

Figure 3.25: Micromirror tilt states.

Micromirrors are able to resolve grayscale values (or RGB color hues if the projector
has more LEDs) depending on their duty cycle. Duty cycle is the time ratio a
micromirror lands on the ON state vs OFF state. For example, if the DMD is
projecting a pure white image, the landed duty cycle is 100/0. Conversely, if a pure
black image is projected, the landing duty cycle is 0/100. Conventional use of DLP™
projectors have more proportional duty cycles. When a micromirror does not have a
balanced duty cycle, i.e. the mirror tilts more to one side than the other, the mirror
hinge accumulates residual torque angle that impedes the mirror from landing to
a parking flat state. Instead of remaining flat, the mirror will tilt to the side most
frequented. When the torque angle is too large, the mirror will no longer be able
to land to the other side of that angle [143, 145]. This is a concern in MP VPP
because the object’s slices are composed of black and white images. Thus, subjecting
the DMD to premature failure due to hinge memory failure. Nevertheless, good
practices with the projector might delay this failure. For example, if the machine is
cooled down for some period every other batch, the DMD allows the hinges to relax,
improving the lifetime of the mirrors.
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3.2.4 Projector stage and kinematic mount

Although the projector assembled for this setup is promising in achieving high
resolution objects with micro sized features, without a proper focusing system the
capabilities of the projector (and the priced payed) are lost. A good strategy to
align the projector is to assemble the engine to a kinematic mount. Three point
kinematic mounts have been widely used metrology instrumentation and optics due
to their positioning precision and repeatability. The precise positioning allows for
focusing, which limits the aberrations produced by de-focusing [146]. The kinematic
coupling follows the principle of exact constraint design where “the number of points
of constrain is equal to the degrees of freedom to be constrained” [147]. In this case
it is desirable to statically constrain all six degrees of freedom, i.e. linear x, y, z,
and the rotations around their axis (known as roll, pitch and yaw, depending on the
rotation axis). These six points of contact statically constrains the top plate relative
to the bottom. There are two types of kinematic coupling: (1) Kelvin coupling and
(2) Maxwell coupling. The former involves resting three spherical bodies resting on a
V-shaped groove, a tetrahedron or cone slot and a flat plane, these leave the spheres
placed on 2, 3 and 1 points of contact respectively, making for a total of six points
of contact. The Maxwell coupling instead uses three V-shaped grooves, with two
points of contact, also totaling to six points of contact. Kelvin couplings, the center
of rotation is located at the tetrahedron which can make for easier assembly designs.
However, this design may suffer stress due to high loads. Figure 3.26 shows the
Kelvin kinematic coupling layout. The Maxwell coupling most stable V groove design
is when the normal of the contact planes bisect the coupling triangle, which has
advantages like stability and maximization of the usable space between the supports.
Due to the irregular shape of the projector and frames assembly, the Kelvin coupling
proved to be more suitable for the kinematic mount.

V-groove
2 pc

Tetrahedron
3 pc

Flat plane
1 pc

Figure 3.26: Kelvin kinematic mount (pc stands for points of contact).
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The projector engine is mounted on a square plate frame with three micrometers in
three corners of the frame (see Figure 3.27). The micrometers have spherical-shaped
tips to ensure the six points of contacts with the V-groove, cone and flat plane and
not overconstrain the system. Due to the weight of the frames and the projector
(approximately 10 kg), two springs were placed to each side of the cone socket to avoid
tilting. The V-groove was machined pointing toward the cone to avoid additional
displacements. With this system, the projector can be accurately focused controlling
the motion with the micrometers. This will avoid aberrations like: tilt, de-focus and
spherical. Due to the position of the micrometer screws in a triangular shape, when
a micrometer screw is operated, the system will rotate around the opposite cathetus
of the screw. Although the micrometer screws have the ability to precisely control
the motions of this assembly, they are still limited by their travel distance.

Cone slot V-groove

Flat surface

Figure 3.27: Kinematic mount with Kelvin coupling assembly [128].
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In order to gain stroke in travel distance, and allow the platform to focus the projector
with different sets of lenses, the projector is assembled on a linear guide. The stage
has a 5 mm pitch ball-screw and two linear guides of I16 mm mounted with linear
bearings. Since this is a in-house built assembly, it is essential to calculate the
maximum deflections on the linear rails. The deflection (u) of the ball screw as a
function of travel distance (x), depending on the side of the a location, are calculated
with Equations 3.14 and 3.15.

upxq “ ´
3M1x

2 ´R1x
3

6EI for x ă a (3.14)

upxq “ ´
pM ´M1qp3x2 ´ 6Lx` 3L2q ´R1p3L2x´ x3 ´ 2L3q

6EI for x ě a (3.15)

Where I “ π
4 r

4 is the second moment of inertia for the two cylindrical guide rails, E
is the Young’s Modulus for steel (210 GPa) and L is the rail total length (450 mm).
M1 and Ma are the bending moments at x “ 0 and x “ a respectively, and R1 is the
reaction force at position x “ 1 mm, where:

M1 “ ´
M

L2 p4La´ 3a2
´ L2

q and R1 “ ´
6M
L3 paL´ a

2
q (3.16)

The largest deflection was found to be 0.043 mm when the projector mount is placed
at the top of the rail (a “ 345 mm) and the maximum deflection is experienced
when x “ 254 mm. Note that this is a conservative worst-case analysis that neglects
the additional support provided by the linear rails. Nonetheless, the projector focus
plane is found to be closer to the middle, where the deflection is more negligible.
The projector is only moved when focus is lost due to membrane or lens change,
therefore the rail will not be subjected to constant cyclic loads that might increase
this deflection.

L
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Figure 3.28: Kinematic mount assembly. The elements numbered in the rendered images
are (1) ball-screw, (2) projector lens, (3) linear rails, (4) linear bearings, (5) projector engine,
(6) micrometer screws, (7) projector mount frames, (8) stepper motor with electromagnetic
lock. The diagram in the center shows the parameters used to calculate the ball-screw
deflection.
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A final and most important concern with the kinematic linear mount is its positioning
precision. First, the same torque calculations seen in Section 3.2.1 are used to
determine what motor can withstand the torque of the assembly. A stepper motor
Nema 23 with 1.26 Nm torque assembled with an electromagnetic break of 2 Nm
additional torque force was considered an adequate candidate which will withstand
the weight of the projector and frames, and the electromagnetic will ensure that
no electric shutdown or human mistake will move the projector further once focus
has been found. The final resolution of the projector linear guide is 1.56 µm per
step. However, linear interferometer measurements concluded that the overall error
is significantly higher than this. The positioning error measurement of the ball-screw
followed the same campaign as that described in Section 3.2.1. Although the assembly
proved to handle the torque and weight for the projector mount, the overall accuracy
for 260 mm travel is 17˘0.06 mm. This error, being systematic, can be mitigated by
sending positioning commands in the software to correct for the 17 mm. However, it
is not that crucial when focusing the image plane, because the crucial positioning
precision is important after the image has been focused, not before. To further
understand this assertion, it is necessary to understand the basic motion routine to
find focus. There are five steps in the focus routine (see Figure 3.29):

1. A high resolution camera with a built-in CMOS sensor and no lens elements
(Flea 3 FL3-U3-120S3C-C), is placed on the vat glass-plate (or the membrane).

2. From the origin (bottom of the linear guide), the projector is lifted toward
the position recommended by the manufacturers. According to the lens spec-
ifications this is 71.526 mm (distance between intended focus plane and the
projection lens).

3. The projection is turned on and a calibration image is projected. At this stage
the operator has to move the linear stage in small steps (up or down) until the
image is considered acceptable.

4. If aberrations such as tilting, spheric or de-focusing are observed, finer focus is
carried out by the micrometers.

5. Once accurate focus is observed with the CMOS sensor, the projector has to
be lowered. The reason of this additional repositioning is because the found
focus is located on the CMOS plane, not the glass plate. This distance is given
by the manufacturers, 17.526 mm, henceforth named barrel subtraction.
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17.526 mm

CMOS sensor

Focus camera

Glass window

17.526 mm

1 2

Focus plane

Figure 3.29: In order to maintain the focus found with the CMOS camera, it is important
that the repositioning error of the projector does not exceed the projection lens depth of
focus (˘ 50 µm). There are two main positioning campaigns with the linear stage: (1)
focus the projector in the CMOS sensor plane and, once the focus is found (2) lower the
projector 17.526 mm (which is the distance between the CMOS and the glass plate).

The steps until finding focus are not affected by the ball-screw positioning errors,
which is why the 17 mm error after the spindle travel from the origin can be neglected.
However, the barrel subtraction positioning after focus can negatively affect focus
and even completely override it if the positioning error is bigger than the affected
depth-of-focus range (˘ 50 µm). For this reason, measurements were taken within
the area of interest where the barrel subtraction most likely will take place. Three
areas were covered which involved the areas where focus can be found with three
available lenses: 0.5x, 1x and 2x, with focus heights of 259.47 mm, 262.76 mm and
264.4 mm respectively. These focus planes were found experimentally following the
procedure described previously and detailed in Section 4.2.1 and five measurement
repetitions were executed per lens. The linear stage error was measured from the
initial CMOS focus planes toward the subtracted barrel. The errors summarizing
accuracy and repeatability are recorded in Table 3.7.

Table 3.7: Error measurements between the CMOS and barrel subtraction distance within
the focus areas of three different lenses.

Lens CMOS focus [mm] Barrel subtraction [mm] Accuracy [µm] Repeatability [µm]

0.5x 259.47 241.49 116.7 ˘ 24
1x 262.76 245.23 110 ˘ 30
2x 264.7 247.17 121 ˘ 27

Measuring this area of interest showed better accuracy than the calculated overall
ball screw travel. Unfortunately, the accuracy error measure in the three lens
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cases exceeds the acceptable depth-of-field. However, by knowing the deviation, its
repeatability, and identifying this accuracy as a systematic error, it can be corrected
manually by adjusting the software motion commands or with an encoder. This
reduces the system to a repeatability within the accepted depth-of-field boundaries.

3.3. Digital framework

Now that all the physical elements in the MP VPP platform have been described,
there is a good foundation to understand the second framework in the platform:
digital. This machine would be useless without an object to be manufactured, for
which information is collected digitally either by creating it with a computer-aided
design CAD software or an image processing system that records a tangible object
and transforms it into digital information (CT-scan, 3D scanner, etc). Moreover, all
the moving parts need a controlling system connected to a computer which translate
the users orders into real mechanical motion. There are also other not-so-obvious
elements in the digital framework which are essential in the MP process, all of which
are discussed in this section.

3.3.1 Geometry generation

Every new project in the AM workflow starts with the geometry generation. This
usually starts with a project idea, which will be drafted and digitally designed in a
CAD software. Other methods include the digitization of physical models through
different data collection sources: collecting data points with contact-based scanning
(CMM), non-contact laser scanning and volumetric techniques MRI or CT-scan.

Although AM gives the user more design freedom, due to the layer-by-layer way of
manufacturing, there are some design constraints and considerations common in all
AM technologies and some distinct design considerations which depend on the chosen
approach [148]. In order to avoid multiple iterative re-design steps, it is imperative
to inspect the object and make sure that it complies with the machine/process
limitations. In the case of the data collected from a physical object, this inspection
step could lead the user to implement modifications on the reconstructed model using
a CAD software. For a novel platform like the one presented in this dissertation,
iterative steps based on trial-and-error are unavoidable. In fact, this iteration aids
in defining the machine (or material) limitations or may indicate possible update
improvements in the open architecture platforms which could allow for manufacture
of the object without further redesign.

After designing or data collection, the geometry is represented as a primitive ge-
ometry, parametric object (CAD) or non-uniform B-splines (NURBS) surfaces. In
order to utilize these kinds of 3D object, they are converted into a stereolithography
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(.stl) file. The file format .stl comes from the word stereolithography created by
Chuck H. Hull [149]. This format divides the geometry into a mesh composed of
triangles. Each triangle edge is shared by exactly two non self-intersecting triangles
[150]. The .stl file format can have binary or ASCII form. This new geometrical
representation of the surface is no longer an exact replica of the original file and its
tolerance deviation will be determined by the size and number of triangles on the
surface. The resolution of the object is increased by refining the triangulation, though
such refinement can result in a significant increase in file size. It is up to the user
and the admissible tolerance deviations to decide the right tessellation. For example,
a coarse tessellation might result in a surface with visible triangles. On the other
hand, if an excessive tessellation is selected, where the size of the triangles is smaller
than the machine resolution, unnecessary file size might delay or crash the system.
Figure 3.30 shows the triangulation refinement of a Stanford bunny with a coarse
triangulation and a fine triangulation. Each triangle is 283 bytes and the default
Solidworks fine triangulation increases the total triangle count by approximately 6
times, with the file size increasing proportionally. Finally, it is important that the
final mesh is completely closed (i.e. that it has an interior and exterior). This is
especially important for the slicing step. Therefore the triangulated mesh should
be inspected to avoid open surfaces. Reconstruction errors are common when the
object is captured by scanning systems, where missing data or outliers may generate
an open mesh or a geometry with intersections.

Once the object resolution is decided, the mesh is generated and repaired (if needed),
and it is ready for the next step in the digital workflow: slicing.

28704 triangles
8123258 bytes

169402 triangles
47940787 bytes

Coarse triangulation Fine triangulationNURBS surface

Figure 3.30: Triangular discretization of the Standford bunny [151]. As the discretization
becomes more refined, the file size significantly increases.
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3.3.2 Geometry slicing in MP VPP

The core of all AM processes is the fabrication of objects in a layer-by-layer fashion.
This implies that the object has to be cut into discrete planes parallel to the machine’s
building plane. The intersection of these layers with the object’s surface creates
outlines of the contour of the object at the different layer heights that the object
is sliced. The thickness of these layers will depend on the machine and material
capabilities and the user’s needs. Similar to the triangular tessellation, the layer
thickness influences the part resolution. Thicker layers will reduce both the object’s
resolution (creating the so-called staircase effect) and the manufacturing time (fewer
slices means fewer commands to be performed by the machine). Conversely, thinner
layers will increase resolution and increase building times. Again, the user will have
to decide which combination fits the project goal and account for these trade-offs
and error buildups.

There are two different slicing approaches. The most common approach in AM
software is the uniform slicing, where the entire object is divided equally. The cross
section of an object varies through its length. This irregularity means that some
areas of the object would be sliced with thinner layers than needed, or conversely,
that there will be areas where the layers are too wide to represent certain object
features. This approach is denominated adaptive (or partially-adaptive), and requires
deeper analysis of the object by locating areas highly affected by the layer height,
and compensating by growing or shrinking the thickness [152, 153]. Before slicing, it
is also important to determine the building orientation of the object on the build
plate. This decision will strongly affect geometry accuracy. For example, a geometry
with overhangs may warp or be destroyed, depending on the overhang angle and its
nearest solid layer, so a careful orientation plan could minimize overhangs [1]. If
overhangs are unavoidable, the addition of support structures is needed. Moreover,
the layered nature of AM geometries creates anisotropic structures, therefore, if
the part is going to withstand certain stress levels, the user should avoid layers
perpendicular to the stress direction [154]. Nonetheless, VPP structures are known
for minimal anisotropy effect in the mechanical properties due to the good inter-layer
bonding [155]. This will be further discussed in Chapter 4.
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Figure 3.31: Mask generation for mask projection slicing. The yellow beam represents the
ray-reps method to capture the image contour and define the white and black pixels in the
masks. The image resolution is defined by the DMD resolution, anti-aliasing uses grayscale
to smooth the outline with gray gradient.

After deciding the layer thickness parameters and the build orientation, the image has
to be contoured. The type of slice generated is correlated with the type of commands
that the machine will have to follow. That is to say, after generating the object’s
contour, a tool path is drafted hatching the inside area of the cross section [154]. In
MP VPP the layers generated are black and white images where the white area is
the solid part of the object (i.e. the ON pixels in the DMD). There are different
computational methods to trace the contour of a tesselated image which can be
divided between analytical and numerical contouring, each of which have their own
algorithms of how the slice intersects the triangles of the mesh and thus, how the
contour loops are represented. Describing every method to contour is out of the scope
of this thesis but the interested reader is encouraged to read a detailed article about
the topic written by Livesu et al. [156]. The contour tracing used in this dissertation
follows the numerical method of contouring of ray-representations or ray-reps, first
developed by Tim Van Hook [157]. In a Cartesian coordinate system where the cross
section of the object is defined by the x and y plane and the height is the z axis, a
set of rays are distributed in the xy plane and rastered through the object along the
z axis. In the case of MP these rays are the pixels in the DMD. Assuming a closed
triangulated geometry, the ray goes through the object surfaces, and each layer there
is a look-back counter that identifies how many times a ray has crossed a surface
up to that layer. This counter identifies the location as either inside or outside a
geometry, depending on whether the counter is an odd or an even number. If the
interval addition is an odd number, it means that the pixel is inside the geometry,
therefore that point will be designated as an ON pixel (white). Conversely, if the pixel
accounts for an even number, it means that the pixel is outside the object and thus,
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the pixel value is OFF (black). Note that the rastering resolution is not the defined
layer thickness, but a smaller feature discretization in order to identify the surface
intersections [158]. After contouring, unlike other slicing methods which generate
a tool-path code in G-code as output, G-Code is a numerical control programming
language which commands the toolpath of an automated machine. MP VPP output
data is a bundle of black and white images which will be the projected masks by the
DLP™ projector. The concept of slicing and ray tracing is represented in Figure 3.31.

As seen in Figure 3.31 the mask generated leaves a pixelated image which is defined
by the pixels specified by the DMD. With a focused projector, these pixels will be
visible on the object’s surface. This effect can be mitigated in the mask generation
algorithm by applying an additional anti-aliasing algorithm that instead of black
and white pixels, it smooths the surface with a grayscale gradient. This pixel
blending was first used to mitigate the effects of a low resolution DLP™ projector
[159]. However, grayscaling can also be used to control the pixel growth and achieve
sub-voxel resolution. This was first executed by Mostafa et al., and later, Luongo
et al. used it to modify the reflectance properties using the same material, but by
changing the sub-voxel roughness through grayscaling [86]. This study was carried
out with the open architecture platform described in this thesis, and further details
are discussed in Section 3.4.3.

3.3.3 Controlling board

All the electric hardware and peripherals of the open architecture platform need an
interface device to communicate with the set of commands and organized instructions
to perform the building process. This interface is accomplished by a micro controller
unit (MCU), a standalone processor embedded in an electronic system capable of
reading programmed instructions, amplifying and directing the electric signals needed
to execute the motions. Although it is not a computer, it does allow to implement
such intelligence into any electronic system [160]. Commercial systems usually include
such an electronic system in an enclosed platform with proprietary firmware. In
order to access full control of the hardware and gain customization capabilities, a
breakout board is used, trade named Arduino Mega 2560. This programmable MCU
translates a user-defined program (i.e. firmware) into digital signals to activate the
different pins distributed on the board. Unfortunately, the MCU does not have
enough power to trigger the motions of the platform hardware. For this reason a
shield board (RAMPS 1.4 in this case) is used. A shield assembled on top of the
breakout board amplifies the signals sent by the program installed, giving enough
power to the hardware to successfully perform the set of instructions.
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Figure 3.32: Schematic of the MCU breakout board paired with the amplifying shield.
Re-designing the open architecture allowed the system to reduce the number of peripheral
hardware.

The flexibility that breakout board offers allows uploading open source firmware.
Marlin is customized firmware which contains all the necessary features to activate
and control the peripheral elements in the platform. Originally, this firmware was
created to control material extrusion (MEX) AM machines, which contain more
moving parts and sensors in their platforms than the MP. This means that the
libraries and features included in the Marlin firmware are enough (if not, too many!)
to execute the necessary movements. Figure 3.32 shows the schematic of the breakout
board + shield configuration used together with the hardware. Some minor changes
had to be made to the original Marlin software. For example, the lines of code
dedicated to the motors were rewritten to be compatible with the step capabilities
of the Clearpath and the Nema 23. Moreover, there are three end-stops that dictate
of the Cartesian positioning on the linear stage and the projector mount. The linear
stage has one optical end stop that defines the origin position, and the code was
changed to allow the stage to move to a maximum position to avoid crashing with
the build plate. As an additional safety measure to the breakout board configuration
options, the Clearpath also allows for an internal configuration that switches off the
motor if excessive torque is detected. There are two mechanical end-stops for the
projector mount: one at the bottom (origin position) and a top one at a distance
of 325 mm which acts as an emergency switch in case a wrong input distance has
been set, avoiding possibility of a crash between the lens and the glass. The major
drawback of this configuration is that when the system is shut down, the axis needs
to be re-positioned to find the origin again since the system does not remember its
last coordinate position.
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The next step in the ever-growing open architecture platform will be developing a
custom-made control board with embedded amplifiers and necessary pins to perform
the tasks needed throughout the manufacturing process. Ideally, the control board
should communicate with every machine element, but unfortunately, the projector
unit used has its own proprietary control system and it requires a computer connection
not only to establish the HDMI connection, but to receive the projecting commands
from its own program. Fortunately, access to this program is relatively easy following
the manufacturer’s instructions. Nevertheless, the ideal system would give full access
to every element and this can only be done by eventually constructing an open
architecture light engine. All things considered, the open architecture platform is
a solid proof that a state of the art machine with capabilities rivaling professional
expensive equipment, can be easily operated with a humble, affordable MCU assembly.
Even the unused motor controllers (there are in total five, and currently only two
are in use) and other connectors gives the system ample room for improvement to
enhance the platform with a moving projector or a sensoring system to measure
temperature, humidity, etc.

3.3.4 Job generator

The lack of accessibility and customization in the software used in the previous
platform iterations, motivated the development of a program addressing all possible
input parameters that the open architecture platform could execute. Moreover, the
previous software did not completely interacted with the machine controlling board
and the projector engine. The presented software was developed by Andrea Luongo
during his PhD studies [121] where an initial version of the software would address
the necessary input parameters to implement the microstructure control investigation
[86] previously mentioned. The collaboration between Luongo and the researchers
resulted into a software which included every imaginable parameter, together with
user-friendly requests. Figures 3.33 and 3.34 show the user graphical user interface
(GUI) of the developed software, henceforth named AMLab. The program is divided
into three categories: (1) DLP, (2) Slicer and (3) Advanced Settings.

DLP

This category includes all the input settings regarding machine initial positioning
and building process parameters. The layout is divided in three sections:

• Machine and projector options: These settings are mainly involved with the
initialization campaign. Here, the MCU and the projector have to be connected
to the host computer in order to be able to interact with them. The machine
options allow the user to move the build plate, and the previously described
leveling campaign is carried out through these options (Section 3.2.1). Once
the build plate is leveled, the user can set the build plate origin, which is the
first parameter in the list of instructions that are sent to the microcontroller.
The projector options connects the projector with the software and gives access
to project a calibration pattern at a set amplitude. The options also controls
the projector mount motions used to focus the projector.
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• Layer parameters: One of the highlights of this software is the ability to
customize parameters depending on the type of layer that the user needs.
A multi-scale part which combines macro- meso- and microgeometries, for
instance, requires different light intensities. This also means that the time
required to crosslink these different sized masks also varies. The combination of
support and feature layers grants the possibility of manufacturing a coarser body
(i.e. support) without scarifying the integrity of microstructured features. The
main limitation of these settings is that it does not consider layers containing
all, micro-, meso- and microstructures. A solution for this issue is executed in
Chapter 5.

• Advanced features: A different way of manipulating layers is implemented in the
software, where several process parameters can be used in the same build job.
This option allows setting incremental amplitudes, exposures, and thicknesses
when changing layers or on the same layer. This feature is an experimental
option mostly used to calibrate photopolymer resins, and is further explored in
Chapter 4 Section 4.3.

Figure 3.33: Open architecture platform AMLab v1.0 GUI showing the DLP category of
the program where the main parameters to execute the manufacturing process are set. The
black window shows the projected images and the bottom window shows status messages
and the platform log.
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Slicer

The slicer tab discretizes the object into different masks at specified layer thicknesses.
The slicing method implemented is the one discussed in Section 3.3.2. It also has
the grayscale surface manipulation created by Luongo et al. [86]. This interface
enables a certain level of geometry manupulation where the geometry can be resized,
multiplied and translated. Note how the layer thickness seen in Figure 3.34 has the
value 18.125 µm— the set values have to be multiples of the minimum allowable
step size by the Clearpath motor (0.625 µm). If another value is set, the program
corrects it by rounding to the closest allowable number.

Figure 3.34: Open architecture platform AMLab v1.0 GUI showing the Slicer interface, as
its name suggests, it is where objects are sliced according to the user’s preferences.

Advanced settings

AMLab has two sets of configurable parameters: immediate and default. Immediate
parameters refer to the parameters that must be set before starting a build job, which
are established in the DLP and Slicer tabs. Default parameters changes the recorded
parameters that first appear in the DLP and Slicer tabs. More interestingly, they can
access machine parameters such as linear stage feed rate, which controls the building
speed when the build plate moves up and down in between projected images, as well
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as repositioning offset which governs the distance that the building stage travels in
between layer projections. These two parameters are crucial in the manufacturing
process not only to optimize the building times, but also because every material
has different properties that require customized motions. For example, a viscous
material will require more space to re-flow to the vacant space left by a previously
cured layer. Other materials have higher adhesive forces with the membrane, which
requires slower feed-rates to guarantee that the object will not deform or detach
during the building process.

If Incremental Amplitude = Y
m=0
while m<Ifn:

Project image for Ef @ A0
Move R-Tf
m=m+1
A0+An

end 

If Incremental Amplitude = Y
m=0
while m<Ifn:

Project image for Ef @ A0
Move R-Tf
m=m+1
A0+An

end 

If Incremental Thickness = Y
m=0
while m<Ifn:

Project image for Ef @ A0
m=m+1
A0+An

 

If Incremental Exposure = Y
m=0
while m<Ifn:

Project image for Ef @ A0
m=m+1
A0+An

 

Start

Go to O

Move to R

Input settings:
Printer options
- Set building plate origin: O
- Reposition offset: R
Support Layer Parameters
- Layer thickness: Ts
- Exposure time: Es
- Light amplitude: As
- Burn layer #: Bsn
- Burn exposure: Esb
- Burn amplitude: Asb
- Support images #: Isn
Feature Layer Parameters
- Layer thickness: Tf
- Exposure time: Ef
- Light amplitude: Af
- Burn layer #: Bfn
- Burn exposure: Efb
- Burn amplitude: Afb
- Feature images #: Ifn
Advanced Features Options
- Fixed layer: Y/N
- Incremental amplitude: Y/N

- Starting amplitude: A0
- Step size: An

- Incremental exposure: Y/N
- Starting exposure: E0
- Step size: En

- Incremental thickness: Y/N
- Starting thickness: T0
- Step size: Tn

- Greyscale correction: Y/N
- Set ?
- Set ?
- Set ?

Is Isn > 0 ?
Yes

No

Move R-Ts

Move R-Tf

Is Bsn > 0 ?

Yes

No

Project image for 
Esb @ Asb

n=n +1

Project image for 
Es @ As

n=n+1

n=0

m=0

500 ms
delay

500 ms
delay

Is n=Bsn -1
Yes

No

Move R-Ts

Move R-Ts

500 ms
delay

Is n=Isn -1

Yes

No

Is Ifn >0
Yes

No

End of print

Home

Is Bfn > 0 ?

Yes

No

Project image for 
Esb @ Afb

m=m +1

Project image for 
Ef @ Af

m=m+1

500 ms
delay

500 ms
delay

Is n=Bfn -1

No

Move R-Tf
Move R-Tf

500 ms
delay

Is n=Ifn -1

Yes

No

Home

Are there 
advanced 
options?

Yes

Yes

No

End of print

Is the layer fixed?

If Incremental Amplitude = Y
m=0
while m<Ifn:

Project image for Ef @ A0
m=m+1
A0+An

end 

Yes No

If Incremental Amplitude = Y
m=0
while m<Ifn:

Project image for Ef @ A0
Move R-Tf
m=m+1
A0+An

end 

Figure 3.35: Flow diagram showing the machine motion algorithm using the graphical user
interface input settings of the software AMLab v1.0.

Vat Photopolymerization Process Chain 81



CHAPTER 3. DEVELOPMENT OF AN OPEN ARCHITECTURE MP VPP

Once all the desired parameters and settings have been decided, the build job is
ready to start. Figure 3.33 shows the algorithm following all the logical decisions
previously set and then sent to the MCU and the projector. The principal machine
motions are a series of loops where the build plate is following the up-and-down
motion. While the projector is casting light, the build plate is in the lower position
leaving always a space equal to the set layer thickness. After a layer is crosslinked,
the build plate is lifted the prescribed offset distance and lowered the same distance
minus the layer thickness. When the build plate arrives to this position, the system
allows 500 ms delay to ensure recoating on the layer gap. Again, this parameter can
be modified to satisfy the material requirements.

Note the number of input settings that the user is allowed to modify and combine.
This is both, exciting and intimidating. Exciting because it gives the researcher the
power to explore and optimize the process to levels that a closed system would never
match, but it is also intimidating because experimental plans become overwhelmingly
extensive.

3.4. Application Fields

From the beginning of the platform development, inerest from several research groups
triggered multiple collaborations to test all sorts of applications. This section covers
different projects which the Author of this dissertation participated in.

As a highly experimental platform, some projects involved trial and error approaches,
especially for microstructured features and material calibration. Overall, from the
day the platform was first used in September 2018 until the moment this thesis was
written (November 2020), the platform ran a total of 2128 build jobs with average
build success of 67.43%.

3.4.1 Microfilters

Motivation

Molded pulp manufacturing is usually utilized for packaging solutions or food con-
tainers. The material used in this manufacturing process is a pulp made from paper
fibers and water. The natural source of this pulp make the products fabricated with
this method both: recyclable and biodegradable. This sustainability is attracting
researchers and industry to improve the material properties, optimize the process,
enhance the surface aesthetics and expand to new markets. In collaboration with
Carlsberg, the Technical University of Denmark is working to develop of a paper
beer bottle through the project Green Fiber Bottle [161].
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Molded pulp manufacturing is a multi-step process where a multipart mold has to
form the object’s shape, release water and dry the final shape. To accomplish these
different tasks, a mesh and a porous material are used in the mold.

Execution and challenges

Saxena et al. studied the benefits of using AM to produce one-part molds with
tapered microchannels as well as methods to simplify the mold design [162]. The
open architecture MP VPP platform was able to manufacture microfilters with high
aspect ratio tapered channels. One side of the filter had a 400 µm diameter and the
other side was tapered down to a 200 µm diameter.

1 cm

400 μm

400 μm

Figure 3.36: Green Fiber Bottle concept (left hand side) [161], prototyped microfilter
(center), and CT scans of the microchannels [162].

One of the challenges found during this project was the building area limitation
which was several times smaller than the one needed to validate the microfilter full
design. Cleaning the microfilters was a time-consuming task, and heavily dependent
on the operator. All things considered, the ability to create such small cavities is
not possible to achieve by conventional manufacturing processes. More advanced
processes such microtooling may break the tool or may be extremely expensive in
comparison with the MP system. This finding has encouraged the open source
MP VPP research team to further develop the platform and work toward a DLP™
scanning system that can support a larger build space without sacrificing resolution
[163].

3.4.2 Soft tooling

AM is becoming a revolutionary manufacturing method in fields where custom-made
products are key (dental, orthopedic, hearing aid, etc). However, as a stand alone
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technology, it cannot compete with dinosaurs like injection molding (IM), where
thousands of parts can be manufactured in seconds. IM moulds are extremely
expensive due to their material (tool steel), and tight tolerances required by the
cavities. However, the mold cost is compensated due to the high production volumes.
Conversely, AM is an affordable technology for very low production volumes. Due to
slower production times, it is not feasible to achieve the same production volumes of
IM with AM. A new hybrid manufacturing method, soft tooling (ST), has become a
bridge that connects the customization capabilities of AM and the fast fabrication of
IM. This method uses AM inserts that are assembled in a mother cavity mold of an
IM [104]. The major drawback of this process is that it does not take full advantage
of the abilities of AM in creating full 3D geometries that traditional manufacturing
methods may not be able to produce.

Freeform injection molding

Freeform injection molding (FIM) tackles the limitations of ST IM, where a shell made
of a special photopolymer material that dissolves in an aqueous solution is injected at
low pressure with an IM machine. This method, pioneered by the company AddiFab
[164] aims to overcome the challenges found in ST IM, by using the full potential
of AM parts creating complex structures and the material variety and mechanical
properties achievable with IM. Besides achieving geometries impossible to replicate
by a conventional IM, the process eliminated IM artifacts such as parting lines or
flashes. However, this process will replicate the surface quality of the sacrificial mold.
Consequently, optimizing the process to obtain high quality surface quality is key.
Figure 3.37 shows a time lapse of the mold dissolving process.

Figure 3.37: Mold dissolution in freeform injection molding (FIM) [164].

Further application fields of FIM were explored. For example, an investigation
includes the use of a metal or ceramic slurry as injecting material, namely lost-form
FIM. High precision metallic and ceramic parts are usually fabricated with subtractive
manufacturing methods that are costly (especially for customized parts) and often lack
flexibility in terms of 3D complex geometries. Industrial fields such as microtooling
and dentistry could highly benefit from this advanced FIM manufacturing technology
once it reaches maturity. The process chain in advanced FIM involves two additional
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steps (Figure 3.38). After manufacturing the mold, a low viscosity slurry is injected
inside the cavity. Ideally, this step should have be conducted at as low a pressure as
possible in order to maintain the integrity of the mold. Then, the mold is dissolved
in water to obtain the unsintered green body. The slurry composition has binding
material in order to hold the geometry together before sintering so it needs to be
chemically debinded. Finally, the part is sintered and the metal or ceramic particles
are fused together forming the final object. Further research in this topic was carried
out by Zhang et al. [104] and by Basso et al. [103, 165].

Design Lost-form mould Green body Brown body Sintered body

Additive manufacturing
Dissolving

Debinding
Sintering

Figure 3.38: Lost-form FIM process for metal slurry workflow. (1) A thin wall shell is
designed. (2) The mold is fabricated using MP VPP. (3) The mold is dissolved in water
and a green body is obtained. (4) The green body is chemically debinded obtaining a
brown body. (5) The brown body is sintered obtaining a full metal object.

1 2 3 4

Figure 3.39: Lost-mold FIM mold fabricated with the open architecture platform. (1)
Mold injected with silicone. (3) Object created after dissolution: the rough features on the
surface are the tesselated structure visible in the original tesselated mesh. (4) Detail of the
internal channels successfully replicated.
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Figure 3.40: 3D scan measurements in the tooth and drill molds. The obtained geometries
were then compared with their original meshes. Bottom left shows the deviations from the
nominal values.

Initial studies used a desktop commercial laser writing (LW) machine. However,
the machine was not precise enough nor had enough resolution to achieve the high
resolution features in the mold. Moreover, thin structures like pillars were destroyed
during the building process. Pillars are key in this process because they are trans-
formed into microchannels once the geometry has been molded, and this is highly
attractive for industries that develop microtools with internal cooling channels. The
open architecture MP VPP platform was then used to manufacture these molds.
Figure 3.39 shows the replication of a drill mold with such microchannels. The
high resolution of the machine and the replicability of features can be seen in the
third picture where the original tessellation structures are visibly imprinted on the
surface of the demolded object. The silicone mold was then scanned with a 3D
scanner (3Shape D800 10 µm of resolution) and was compared with the original
design using the software GOM Inspect. Figure 3.40 shows the quality map with
the deviations from the nominal values in a color heat-map. An open-tooth mold
was also manufactured with both LW and MP. Looking at the deviation plot at
the bottom right of Figure 3.40, it is evident that the MP mold outperforms LW
in mold manufacturing accuracy where MP has 8 ˘ 1 µm of deviation whereas
laser writing has 27 ˘ 5 µm. Overall, it is worth mentioning that the affordable
commercial system performed better than expected with regard to deviations. It is
also noteworthy that after demolding, the deviations are significantly higher in both
LW and MP. This indicates that the intermediate steps greatly affects the integrity
of the demolded part, which could be due to water swelling.
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Challenges

FIM is still in infantry and further studies and experiments are needed. The major
drawback of this process is that the material used must be water-resistant, otherwise
it will be destroyed during the dissolving process. Moreover, these methods should
not be taken as a substitution of IM or PIM. FIM requires two additional steps of
mold manufacturing and mold dissolution, and 3DIMS requires four. At this stage,
high production volumes are virtually impossible or unviable economically.

Metrologic methodologies to assess the quality of the parts are also needed. Currently,
measurements can be carried out through CT scanning which is extremely costly
and time consuming in terms of data acquisition. Another method is the manual
injection with silicone, which is a destructive approach, or measurements of the
final molded part. Subsequently, the mold is measured either by CMM measuring
devices or 3D scanning, faster than CT-Scanning. This last method is challenging
because the extra steps in the process could lead to confusion in terms of error
tracing, where the deviations of the manufactured part from the nominal geometries
could be due to the initial mold or the other intermediate steps. To conclude,
because the intricate geometries generated with FIM or 3DIMS present a challenge
for conventional measurement systems, scanning methods seem most suitable to
study further.

3.4.3 Microstructure control

Motivation and initial study

When the projector and the material are properly calibrated, the black and white
images generated in MP allow for high resolution geometries. However, the surface
of the object will present a staircase effect due to the layers and the image pixels.
Even with layer thicknesses on the order of single-digit microns, whenever there
is a cross section change, the pixels will be present on the surface. This effect
hinders applications where mirror-like surfaces are required in order to control the
light diffraction. To overcome these surface artifacts, grayscaling is used where
photopolymerization is triggered at different energy levels allowing the grown pixel
to vary in size. Greene [166] used anti-aliasing to grow pixels, creating voxels (3D
pixels) showing the possibility of achieving smaller features than the nominal DMD
size.
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Figure 3.41: Grayscale correction compensates the logarithmic photopolymer growth. To
the left, a full 0 - 255 grayscale image is projected and only a partial slope is generated.
On the right, full straight slopes are generated in a 18 µm layer thickness boundary [86].

According to the Jacobs working curve (Equation 2.6), photopolymers follow a
logarithmic growth, triggered at a certain critical energy. If a mask with grayscale
values from 0 to 255 is projected, it is expected to obtain a single layer slope, however,
only a partial slope will be created. This is because the lower grayscale values will
not transmit enough energy to trigger photopolymerization (Figure 3.41). Luongo et
al. developed a calibration method to re-calibrate the grayscale curve and the full
grayscale correction algorithm can be found in the article about the topic [121].

Application

The digital era has brought exciting technologies and access to information at the
click of a button. A growing concern, however, is the ease at which individuals
can accidentally access to counterfeit products. Solutions like quick respone codes
(QR-codes) on the packaging or the product itself, allow identification of real products
and expose the counterfeit. Research is investigating the possibility to replicate QR
codes directly on injection molded plastic products. Research is studying different
manufacturing approaches to create these features: microtooling of stainless steel
molds or soft tooling. This last one could potentially enable finer microstructures at

88 Vat Photopolymerization Process Chain



3.4. APPLICATION FIELDS

significantly lower price [167, 168].

Figure 3.42: Different designs of QR-code manufactured with the open architecture MP
VPP platform. On the left, the QR code was manufactured on a flat surface, whereas on
the right the QR-code was designed on a freeform surface [169].

Using the grayscale correction enables the creation of sloped structures that, if
designed at the right angle, they can diffract light it the object is tilted at differ-
ent directions. A master project by Jensen and Bertelsen studied tow QR surface
concepts, where the slopes were created in a single layer fashion by applying the
described grayscale correction. The second concept involves the creation of a struc-
tured freeform surface with a sinusoidal pattern using 1 µm layer thickness [170].
Grayscale correction was not applied in this approach because the microfeatures
were too small to be characterized and corrected for using the slope effect. This,
however, motivated the Author to pursue an alternative grayscale study were single
pixels were grown with grayscale, in order to investigate and upgrade the grayscale
calibration (more details to come in Chapter 5).

The final application of these structured surfaces was to used them as inserts for a
novel manufacturing method known as soft-tooling, where AM is used together with
injection molding (IM) [104].

Challenges

This method is material and layer thickness dependent and needs to be tested in
different materials in order to obtain a more global solution. Doing so is time
consuming and an optimized methodology that can be extrapolated to multiple
materials is needed. Cleaning practices (manual operation) affect the final quality of
the part. Additionally, some cracks were visible on the surface of some geometries,and
their origins was unclear. This phenomena is further studied in Chapter 4. The
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mechanical properties of photopolymers makes them challenging to withstand the
pressure of an IM process, and these studies found that such small features could
not survive as many shots as other moulds that were made also with VPP. However,
the structures used in previous literature were not as delicate as the ones used in
these studies [104].

3.5. Chapter Summary

This chapter has dissected all the elements that comprise a mask projection vat pho-
topolymerization system. By decomposing it into physical and digital frameworks, a
deeper understanding of this technology is achieved and it facilitates a learning guide
for both enthusiasts and newcomers in the field. Previous machine configurations
built for different projects gave insightful information to the Author, which laid the
foundations to construct a new open architecture MP VPP platform (Figure 3.43).
Some existing subsystems were corrected and upgraded like the vat re-design which
enhanced the membrane endurance and manufacturing quality. Some elements were
replaced like the double z axis which was substituted by a single, more precise linear
stage. The acquisition of a high-resolution projector required the team to rethink
the way the projector was focused. Thus, a projector mount was thus constructed
which not only allowed for an accurate focus platform, but also enables the system
to interchange projection lenses.

The platform is controlled by a single software, AMLab, which enables full com-
munication and customization of machine settings and process parameters. This
accessibility opens the doors for the researchers to fully explore the process and
study different application fields where the platform could be leveraged. So far, the
machine has been verified in fields like soft tooling, micro filters and microstructure
including bio-inspired surfaces and holographic surfaces. All the resources con-
cerning the MP VPP open architecture platform is found in the GitHub repository:
3DOpenSorurce, where the software code and the machine documentation is available.

Achieving a final and functional part, however, it is not as simple as the plug and
play seen in commercial systems. For each material, layer thickness specification and
object size, the process parameters are greatly affected and need to be adapted for ev-
ery occasion if maximum performance and resolution is desired. These considerations
and calibration methods are explored further in the next chapter, Decomposition of
the Open Architecture Manufacturing Process.
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Figure 3.43: Open architecture MP VPP.
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Chapter 4

Decomposition of the Open Architecture

Manufacturing Process

“ %sudo ALL=(ALL:ALL) ALL #Allow members of group sudo to execute any
command.”

— Sudoers File Syntax

Ideally, a manufacturing chain process is optimized to deliver a product with mini-
mized intermediate steps and operator influence. This translates into the desired
plug-and-play workflow. Unfortunately, AM is in its infant state when compared
with mature manufacturing technologies such as injection molding. This is especially
true for open architecture systems such as the platform described in this disserta-
tion, where experimentation is still essential throughout the process chain. This
chapter describes all the activities necessary to streamline a manufacturing job. The
activities include the software preparation, material-specific machine calibration
(MSM calibration) and experiment execution, necessary in order to understand and
execute the process and accomplish functional parts such as the ones described
in the previous chapter. In a conventional process, one would expect to achieve
repeatable results from the manufacturing chain. However, this chapter demonstrates
how many factors must be considered and how sensitive this process is, especially
when microfeatures are present. This chapter is intended to serve as a field guide
for the vat photopolymerization process. It described which tools can be used to
calibrate for a new material and which experiments can be executed to identify the
parameters for microstructure manufacturing. In light of the findings during this
chapter, the conclusions are left unresolved since further experimentation is needed
in order to achieve a robust manufacturing process. Special attention is given to
the investigation of controlled microstructure growth which will set the stage for an
advanced slicing method with geometry-adapted grayscaling, explained in Chapter 5.
The last step of the manufacturing process, post-processing, is not discussed in this
chapter since it will be covered in Chapter 6.

4.1. Initial Steps

Before manufacturing an object, a task needs to be drafted in order to assess which
manufacturing process best suits the object to be manufactured. Every object has
material requirements which link to the desired mechanical, optical or aesthetic
properties. Some projects include features bound by certain tolerances to fit into an
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assembly or to perform a specific function. For example, a traditional 8-pin LEGO
brick has very tight tolerances that allow it to fit in or accept adjacent pieces, and to
have a certain detachment force when they are separated. Vat photopolymerization
has many advantages such as its resolution and speed of building when compared to
other AM manufacturing methods. However, it is also important to recognize VPP
weaknesses to ensure that VPP is still compatible with the project specifications.
One of the biggest drawbacks of VPP is the photopolymer resin. Photopolymers lack
strength and degrade upon UV light exposure after fabrication, leading to surface
turning yellow due to reactive photoinitiators (especially in unpigmented resins)
and cracking. Due to the layer effect, it is not possible to manufacture completely
transparent objects. Additionally, medical applications require biocompatible resins
due to the toxicity of conventional resins [2].

Figure 4.1 shows a workflow that can be used to assess if a project is suitable for the
MP VPP process. Once decided, there are several steps to follow. If the material
is new in the catalog, the machine used needs to be calibrated and the material
characterized, which will be explained in Section 4.3. Depending on the size of the
object, a lens needs to be selected, keeping in mind that an increase in building
area will affect the object’s resolution and the minimum achievable feature size.
Depending on the application and the user needs, the resolution might be more
important than size which allows for rescaling of the object. As discussed earlier,
after the geometry has been created or fixed, it is tesselated into triangles. This
step also requires inspection to ensure that no features are lost. If resolution is lost
or the tessellation yields an open mesh, repairs should be made. After these initial
steps, the part is then ready for slicing. This workflow is not necessary for every
manufacturing process, but is typically required for new projects.
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Figure 4.1: Initial steps of the manufacturing process, which assesses the viability of an
object to be manufactured with the MP VPP technology.
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4.2. Machine Warm-up and Build Job

The overall manufacturing process of an open architecture platform is a convoluted
network of choices, the answers to which govern the different routes the user should
follow. When a material is known and a product has already been characterized
and the machine calibrated, the workflow is simplified to uploading the generated
slices, setting parameters, and manufacture and post-process. As seen in Figure
4.1, when a new task is executed, material calibration and slicing are the steps to
follow. However, these two paths are also directly connected to the manufacturing
process because they are part of the experimental iterative process in order to obtain
a stable part. Although some steps of these stages do not require manufacturing,
validation of the final decisions such as material process parameters, layer thickness
and generated mask resolution require manufacturing of samples. Therefore, before
approaching those steps and to give the reader more understanding of this process,
it is important to describe the machine warm-up and manufacturing process.
Figure 4.2 shows the rather convoluted workflow of activities related to the machine
warm-up operations. The first stages involve the machine startup which includes
making sure that all the periphery devices (Arduino USB and projector USB and
HDMI) are plugged into the computer, leaving some warm-up time («1 hour) for
the projector to stabilize.

Before proceeding to further steps, the user needs to assess the condition of the
membrane. At various stages during manufacture, the membrane can be damaged
(e.g., scratches can be introduced during membrane change, if samples are improperly
detached, or by using a spatula). Membrane change is critical: if insufficient tension
is applied detachment might be hindered or could result in early membrane failure.
To maintain consistency, the membrane should be stretched using a torque wrench
capable of measuring the torque applied so every screw is subject to similar preloading.
This ensures a repeatable membrane tension is achieved. Future experiments could
include the influence of membrane tension on the object quality. Membrane handling
and placement must be done properly, as dust might get trapped between the glass
window and the membrane which will be visible on the surface of the manufactured
object. Contact with the membrane must also be minimized because it scratches
easily.

The next step is the projector focus, if needed. This step should be carried out
when a new lens is installed or if the projector is out of focus. The latter case is
checked if, after manufacturing, no defined pixels are seen on the surface of the object.

The final step is the buildplate leveling, explained in Section 3.2.1. This step should
be conducted with resin in the vat since dry-leveling the buildplate may lead to
membrane scratches.
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Figure 4.2: Warm-up machine steps. This process includes machine calibration such as
focusing and buildplate leveling.

4.2.1 Projector focus

The importance of a well-focused projector is shown in Figure 4.3 which shows how
the microstructures lose resolution considerably when the projector is out of focus.
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Unfocused Focused

Figure 4.3: Difference in microstructure definition when the projector is unfocused (left)
and focused (right) [171].

As described in Section 3.2.4, the focus procedure requires the motion of the projector
mount and a CMOS camera to visualize the pixels. There are two focus protocols:
one where the operator adjusts manually, observing the pixel sharpness to determine
when they are within the focus range; and the other is an automatic method where
the focus is found mathematically.

Manual focus procedure

This method is outlined in the shaded area of Figure 4.2. The process is as follows:
• Unlock and home the projector so that the position coordinates can be recorded.
• The projector is moved to a former height, recorded previously in the logbook

(otherwise the projector should be arbitrarily risen to an approximate position
to find focus).

• The CMOS Flea3 camera is placed on the membrane. This step is critical and
extra care must be taken. The membrane, although strong and capable of
withstanding the frequent detachment forces, creeps easily leaving scratches on
the surface which are then translated onto the surface of the object (more in
Section 7.1.2). The software SpinView is used to detect the projector’s image.
This software is a freeware from the CMOS Flea3.

• AMLab software is used to project a calibration image composed of checkerboard
quadrants with squares of 8ˆ8 px, 4ˆ4 px , 2ˆ2 px and 1ˆ1 px. The image
should look like the unfocused checkerboard in Figure 4.4 (top).

• The projector is risen or lowered in small steps until a crisp image is seen and
the operator determines it is focused (Figure 4.4).

• The camera should be probed to the edges of the image beside the center.
This is done to ensure the kinematic mount is leveled and parallel to the glass
window. Sometimes small adjustments to the micrometer screws should be
done, which will require readjustment of the projector mount height.

• Once the image is focused, the projector is lowered 17.526 mm (barrel distance)
to move the focus plane from the CMOS sensor to the membrane.
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• The height is recorded in the logbook and the motor is locked to prevent losing
focus.

This method proved to be adequate to find a sharp image. However, besides being time
consuming, it is susceptible to the subjective assessment of the operator. Moreover,
as the projector magnification lowers, the assessment becomes more challenging.
Figure 4.4 shows the difference between the 2x lens focus and the 1x lens focus. It
is easier to assess a good focus of pixels in 2x than in 1x lens, where they become
smaller and the light scattering complicates the assessment. This dilemma motivates
the implementation of an automatic focusing strategy.

2x Lens 1x Lens

Unfocused

Focused

Figure 4.4: Manually found focus with two different lenses.

Automatic focus procedure

Although the previous method has proven to be successful to obtain sharp images on
the focus plane, the previous manual operation depends on the operator’s expertise.
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In order to obtain a repeatable, accurate focus, an automated focus finding pilot
study was proposed by Ingwersen et al. [171]. In this section, the main tools used to
find focus are briefly described. Mathematical derivations and in-depth analysis of
this method is described in the master thesis written by Igwersen and Mortensen
[172].
The variance of Laplacian (VL) is used to obtain a quantitative value of how sharp
(i.e. focused) an image is using the following equation:

fV L “ V
“

|∇2Ipx, yq|
‰

where |∇2I “ |
B2I

Bx2 | ` |
B2I

By2 | (4.1)

Where I is the intensity of a pixel in the position along x and y. Since the mask
images are black and white, the pixel intensities can be equated to the digital number
associated with their grayscale value in an 8-bit gradient ranging from 0 (black)
to 255 (white). The higher the variance of intensities, the sharper the image. The
focus is found using a method called depth from defocus, first presented by Nayar
and Nakagawa [173]. In this model, it is assumed that the physical phenomenon of
defocus happens around the optimum focus, this phenomenon is then represented
with a 2D Gaussian distribution.

Figure 4.5: Depth from defocus procedure as described by Ingwersen et al. [172].

Figure 4.5 shows the depth of focus computing steps. Considering that the camera
has NˆM resolution, K amount of images are captured across the optical axis (the
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region that the projector will raster) at a specific step size St. The images are
evaluated using the variance of Laplacian at a position (i, j) of the captured image
with sample size sˆs. These images yield a K amount of focus variance evaluations
(FK). The evaluation determines the position of maximum optimal focus in the stack,
kmax “ argmax

kPK
F pkq. Then the position of the neighboring images are obtained,

F pkmax´1q, F pkmaxq, F pkmax`1q, and used to interpolate a Gaussian function.
The maximum point in the interpolated Gaussian function (k̂), is the estimated
optimal focus of the stack of images at the position (i, j). This is then repeated
finding a new range of raster which refines the step size St until the position of the
optimal focus converges.

The depth from defocus method is then implemented in a search algorithm which
combines a multi-scale global search with the Gaussian curve-fitting described. The
multi-global search is described in the work carried out by Liu et al. [174]. Figure
4.6 shows the graphical representation of the motion procedure and Figure 4.7 shows
the rastering and positioning algorithm that the projector mount follows.

t=0

t=1

t=2

Fmax
0

D0

D1

D1

R0
0

Rn
1

S0

R0
1

D2

Good focus threshold

Fmax
1

Fmax
2

S1

D2

Rn
2R0

2

Figure 4.6: Search algorithm process. Starting from a broad stroke of the linear stage, the
algorithm selects the optimal focus point, then it narrows the search range and step size.
This process is iterated until an optimal threshold is reached.

This method requires seeding of an approximate focus area, determined by the
manual focus procedure previously described. Since the entire projector mount stroke
spans 325 mm, the total captured data in that range would be mostly noise and will
increase the search time. As seen in Figure 4.6 the search algorithm starts within a
Dt search range (10 mm is a good range to start the algorithm). The t value is the
search iteration counter, starting at 0 and corresponding to the first search distance
D0. Another manual setting is the step size St, or S0 in the case of the first search
iteration. The integer D0 must be divisible by St. It follows that the number of
images the CMOS camera will capture is Kt “ 1` D0

St
. The image capture starts at
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R0
0, which is the first position in the D0 range and finishes at R0

t . After applying the
Laplacian evaluation, the image with maximum variance is obtained and its position
F 0
max returned. Then the distances between F 0

max and the extremes (Equation 4.2) is
evaluated and the maximum of these determines the next search range (i.e. D1). The
new step size is also redefined using Equation 4.3. The search algorithm is repeated
and refined until a user defined focus threshold is reached. The threshold defines how
accurate the focus needs to be: higher accuracy will result in higher focus search times.

Start

        Go to  

Capture image

Input settings:

- Initial region of interest :         with 
boundares:              (i=0...n, 
t=search iteration) , where:

-  
- Initial step size:  

End of autofocus 
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Move step size
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No
Capture image

Find optimal focus image   

Find maximum distance:

Update search range:

        Go to  

Capture image

Is the current position               ?

Move step size

Yes

No

Capture image

Is           within the ideal focus threshold? 

Find optimal focus image 
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No

Lower projector 17.526 mm

Update step size:

Figure 4.7: Flow diagram of the focus search algorithm.
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Dt`1 “ maxp|F t
max ´R

t
0|, |F

t
max ´R

t
0|q (4.2)

St`1 “
Dt

Dt´1
St (4.3)

In future iterations, the program could trace the minimum step size achievable by
the projector mount (1.56 µm) which would capture all the possible images that
would show the optimal focus position. However, finding focus with this method
would take «100 minutes, whereas the multi-scale search finds the optimal focus
is only 4 minutes [172]. Figure 4.8 shows a focus found with the multi-scale global
search algorithm. Both pictures were taken with a Flea3 CMOS sensor camera
with the same image resolution, the difference in image color is because the manual
focus picture was taken with a camera with RGB color channels, and the automatic
focus picture was taken with a monochromatic camera. The automatic focus search
shows promising results of focus find within a 95% confidence interval of ˘220 µm.
The depth of focus is ˘200 µm, and thus, is just slightly outside the focus range.
This deviation could be fixed with a more precise linear stage, but for now, this so-
lution is used to get to an approximate focus plane with a further manual adjustment.

Manual focus Automatic focus

Figure 4.8: Comparison of manual and optimal focus found with the multi-scale global
search.

Future work in this investigation includes a rastering mechanism capable of taking
images at different areas of the image plane to detect if the projector is aligned with
the glass window. The micrometer screws could also be motorized to precisely position
the projector to the optimal elevation using the focus algorithm. Challenges with
this method are the manual handling of the camera and the physical contact between
the camera and the membrane. If a motorized positioning system is implemented,
the focus find could be more stable. The motorized camera could be positioned
with a high precision linear stage allowing it to move over the membrane in a know
position with no contact. This will help prevent membrane scratches due to the
contact focusing method.
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4.2.2 Setting up the manufacturing process

Before the build job starts, several parameters need to be set. The software described
in Section 1.3.2, allows the user to set three different kinds of parameters depending
on the resolution needed for the object. Figure 4.9 shows all the available configurable
options in the open architecture platform which can be adjusted in the AMLab
software. There are two options called support layers and feature layer. The principal
use of these options is to set thicker layers to the bulkier part of the object using
the support module and then refine the layer thickness when there is presence of
microstructures using the feature module. Allowing these options helps optimize
the build time. One drawback of these settings is that the microstructures will
always have to be placed on top of the object. Future updates in the software could
include smart slicing with an adaptive slicing which adjusts the thickness of each
layer depending on the shape of the cross section, and complexity of adjacent layers.
This method could ensure higher quality in critical areas and optimize building
time through not-so-critical areas where a rougher surface quality is acceptable. By
implementing this kind of slicing algorithm, the overall building time is significantly
reduced as shown by Minetto et al. [153]. Nonetheless, the support/features options,
proved to be a satisfactory system to test materials and create microstructures on
surfaces. Using this system enables faster build rates (and corresponding object
iterations) which is important for experimental purposes.
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Set support layers 
parameters

 Layer thickness: Lt
 Exposure time: Et 
 Light amplitude: La # 
 Burn layers: Bl 
 Burn exposure: Be 
 Burn amplitude: Bm

Import support layers

Set feature layers 
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 Burn layers: Bl 
 Burn exposure: Be 
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Default printer 
parameters

Optional

Set support and 
features layer defaults

Set projector default

Set printer setup
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Figure 4.9: Parameter selection settings preceding the build job.
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The advanced features module, can be considered an extension of the standalone
feature module. When the layers are uploaded as features, the layers can be built as
a regular object layer by layer with constant parameters. If the advanced features is
activated, it is possible to vary the parameters during the build job by adjusting an
incremental step size.
The parameters used during a build job are:

• Layer thickness (µm): This is the layer thickness set during the slicing process
(further described in Section 4.4). If the user sets a different slice thickness the
Z resolution will be altered. If the advanced features is activated, the thickness
can be reduced or incremented by a specified step size. This is useful to test
light penetration depth at different energy levels.

• Exposure time (Et): This is the time the projector will be casting light on the
glass window surface. The exposure time selected will greatly influence the
overall building time and more importantly, the way microstructures grow, as
will be shown in the following Section 4.3 and in Section 5.2. The exposure
time in the AMLab software is entered in milliseconds (ms).

• Light amplitude (La): The amplitude quantifies the amount of light reaching
the photopolymer. This parameter will greatly influence the triggering energy
to start the photopolymer crosslinking. The irradiance is measured in watt per
projected area in cm (W {cm2). However, the projector software has unitless
input values, defined as light amplitude, ranging from 0 to 1600. These values
do not give much information other than the higher the number, the higher the
intensity delivered to the material. For this reason, the value does not reveal
the exact energy used and does not help characterize the material to better
understand the photopolymerization phenomena. Instead, these values were
measured with a power and energy meter (Power and Energy Meter Console
by Thorlabs, with a sensor which detects 200 - 1100 nm wavelength, a power
range of 50 nW to 50 mW and a sensor size of ∅9.5 mm— smaller than the
DMD). The importance of knowing the set-values real irradiance conversion
is that it varies depending on the lens and neutral density (ND) filters used.
The reason for using ND filters are twofold: (1) they allow to use higher set
values to crosslink, which is important because when a 1x lens is used, the
required set value necessary to trigger photopolymerization is a value below the
linear range that the projector needs in order to cast a stable amount of light.
This non-linearity leads to uncertainty of how much energy is delivered to the
photopolymer and results in build job failure with over- and undercuring, as was
seen in previous studies [120]. (2) When higher values are set in the projector
the black pixels receive scattered light from white pixels. At low values, this
additional energy is not enough to trigger photopolymerization, however, as the
intensity is increased, scattering to the black pixels may reach enough energy to
trigger phtopolymerization curing the black area of the whole DMD. ND filters
absorb this residual light and prevents this event from happening. Depending
on the material used, one or two filters are used in the 1x or 0.5x lens. The
2x lens does not need ND filters because it has 4 times less intesity than the
other two, therefore, the set values needed to trigger photopolymerization are
already within the linear range. Because the filter allows 8% light transmission
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within the 385 nm wavelength, it blocks unwanted light and allows the user to
set higher values reaching the stable light range according to the manufacturers
specifications. Figure 4.10 show the projector irradiance using 2x lens with no
ND filters, 1x lens and 0.5x lens with the combination of 0, 1 and 2 ND filters.
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Figure 4.10: Set-value to irradiance conversion graph for different lenses and ND filter
combination.

With these curves it is possible to calculate the energy delivered to the photopolymer
depending on the exposure time and the projected area. Equation 4.4 is used to
obtain the energy E (J).

ErJs “ LarW {cm
2
s ¨ Amrcm

2
s ¨ Etrss (4.4)

Where La is the light amplitude (or irradiance), Am is the mask projected area, and
Et is the exposure time.
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4.3. Characterization and Calibration

The open architecture machine has an additional black box to unravel: photopolymer
resin. VP machine manufactures often develop their own resins and do not allow
third-party resins to be used in their systems. Conversely, other companies cater
their business models toward machine development allowing third-party resin use. In
the first case, the company offers a closed environment where the process parameters
have been studied and fixed. This has the advantage of freeing the operator from
the arduous task of finding the right parameters for the build job. The user only has
to make a few decisions like which layer thickness is necessary for the object (the
layer selection offer is also limited). Again, for proprietary reasons, little is disclosed
regarding the specifications of the resin. Only approximate values are released in their
specification sheet such as tensile, flexural and thermal properties. Moreover, these
properties are only meant to serve as a reference because they strongly depend on part
size, geometry, build orientation, layer thickness, temperature and post-processing
parameters.
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Figure 4.11: Material characterization techniques and MSM calibration methods.
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Understandably, photopolymer resin manufacturers do not disclose all the details
about their formulation, and the limited information provided is rarely sufficient to
aid the user of a third-party-resin friendly machine or open architecture platform who
needs accurate parameters to achieve a robust manufacturing process. Consequently,
a new step is added in the process chain for photopolymer characterization and
machine-specific material calibration (henceforth MSM calibration), as seen in Figure
4.11. The characterization techniques include the assessment of material properties
and measurement procedures that can be executed with the material or liquid and
solid form. MSM calibration includes the methods to find the right parameters for
objects at macroscale (> 5 mm), mesoscale (1-5 mm) and microscale (< 1 mm).

4.3.1 Characterization techniques

The characterization techniques can be divided into five categories depending on the
measured properties: (1) thermal, (2) chemical, (3) rheological, (4) mechanical and
(5) dimensional. These characterization methods are recommendations in order to
fully assess photopolymers whose properties are unknown. Some of these properties,
such as modulus, might be given by the manufacturers, but even so, are greatly
dependent on the process parameters (such as layer thickness and how crosslinked
the polymer is after manufacturing).

Thermal properties

Thermogravimetric analysis (TGA): This technique analytically determines the ther-
mal stability and the volatile fraction of materials by monitoring its weight loss as
temperature is increased at a certain rate in a controlled atmosphere. The sample is
placed in a crucible that rests on a balance inside a furnace. This technique reveals
properties like enthalpy, heat expansion coefficient, and thermal capacity [175]. The
technique requires a small sample of the photopolymer either in liquid or solid
form. When liquid photopolymer is heated, its viscosity is reduced, allowing faster
recoating. Analyzing liquid photopolymer can give information like the maximum
service temperature before degrading the resin. This technique is especially useful
for solid photopolymers that will be subject of high operating temperatures. For
example, in soft tooling molds, where heat will affect the stability and lifespan of the
mold. By assessing the thermal properties of a solid photopolymer, one can identify
if the selected photopolymer is suitable for the process and which IM parameters the
mold can withstand.

Differential scanning calorimetry (DSC): This method is the most popular method
used to analyze thermal properties due to its speed and simplicity. It uses two pan
samples placed in holders inside a furnace. One sample is the material of interest,
and the other is a reference pan used to calculate their difference. The device
allows the user to program the temperature increase or decrease at certain rates,
and specify holds at particular temperatures. The process starts by running the
temperature profile with an empty furnace to establish a baseline, then the weight of
the sample and the pans is measured. Next, the samples are placed in holders and
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the temperature profile is starting using a purge/sweep gas such as Nitrogen. The
DSC monitors the difference in heat flow (i.e necessary heat to increase the sample’s
temperature) between the sample of interest and the reference sample. DSC devices
often result in a software capable of reading the resulting graphs and identifying
values such as the melting temperature, glass transition, and heat capacity [176].
There are DSC modules with included UV light (photo-DSC) which measure the
heat flow that occurs during the exothermic crosslinking reaction. This is the most
useful setup for photopolymers since it enables the user to evaluate the photopolymer
reactivity which allows for the identification of process parameters more efficiently
than actual manufacturing experimental methods [177]. For solid samples, photo-
DSC can give information such as the crosslinking degree. Similar to TGA, the
standalone DSC is especially useful for applications where the material will be subject
to high temperature and its degradation properties need to be studied. However, for
photopolymers in general, photo-DSC gives more relevant information.

Chemical properties

Fourier transform infrared spectroscopy FTIR: This technique obtains the infrared
spectrum of emission, absorption or photo-conductivity of a liquid, solid or gas. This
technique applies infrared radiation at various wavelengths. The spectrum shows the
absorption or transmission peaks whose location through the wavenumber (λ) bands
can be used to determine the material structure and molecular composition. For
unknown materials, the raw data needs a reference database to identify the materials.
In the case of photopolymers, the peaks of interest are located at 1636 cm´1 which
shows presence of aliphatic C = C bonds (methacrylate stretch), 1618 cm´1 shows
the vinyl ether stretch C = C and the peaks on 1608 cm´1 and 1582 cm´1 show
aromatic C = C. After photopolymerization these peaks are either reduced in the
case of partial crosslinking or fully disappear due to full crosslinking. Another area
of interest is the peak shift from 1715 cm´1 to 1724 cm´1 due to unsaturated α
and β carbonyl groups (C = O) in the crosslinking reaction. This transformation of
reactive groups is revealed due to increase in the bond order [178].

After identifying these peaks, it is possible to quantify the monomer-to-polymer
conversion. In order to do this, the FTIR of the uncured photopolymer and the
sample of interest need to be performed. There are different methods to determine
the absorbance ratios of aliphatic to aromatic C = C area, described in detail by the
work of Rueggerberg et al. [179]. The method E was identified as the method with
highest correlation between C = C concentration and absorption, and is the method
followed in this dissertation. In this method, a line is drawn from the aliphatic peak
absorption at 1639 cm´1 to the aromatic peak absorption, 1607 or 1582 cm´1, and
the area between the peak curve and the baseline was used where the ratio between
aliphatic/aromatic of the cured and uncured resin is determined using the following
equation:

χr%s “ 1´ Ac
Au
¨ 100 (4.5)
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Where χ is the absolute conversion, Ac is the area of the studied peak of the C=C
acrylate monomer group of cured photopolymer, and Au is the area of the uncured
acrylate monomer.

Rheology

Rheometry measures liquid photopolymer properties such as the viscosity and dy-
namic moduli including shear storage G1 and shear loss G2. The device used to
measure these properties is a rheometer, which applies a controlled motion at certain
speed. The device has two plates, and the sample is placed between the two plates.
The top plate applies a rotational or oscillatory force. The sample’s resistance to that
motion is measured as deflection angle (µrad), torque (mNm) and speed (min´1).
With these measured data, it is then possible to obtain shear stress (Pa), shear rate
(s´1) and viscosity (mN¨ m) of the sample.

Parameters such as critical exposure (Ec) and penetration depth (Dp) can be calcu-
lated with a rheometer equipped with a UV module [180]. By adding the UV module
under one of the rheometer plates, the rheological properties of the solid-to-liquid
transition are obtained. More advance modules also include a real-time FTIR which
can obtain the wave forms of fast curable resins as the resin cures.
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Figure 4.12: Viscosity of several resins, the dashed lines are the values when the resin
bottle is not mixed (shaken) and the solid lines represent the mixed bottles.
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Figure 4.12 shows a logarithmic graph of different commercial resins measured by the
Author: IM 2.0 (AddiFab) an unpigmented resin that dissolves in water and is used
for the sacrificial moulds discussed in Section 3.4.2; FTD Red and Black Industrial
blend (Funtodo); and Peopoly Grey (Peopoly). These last two are conventional
resins pigmented in red, black and gray respectively. With these measurements it
was shown how stable the resins are while increasing the shear rate. This indicates
that these photopolymers behave like Newtonian fluids and are not affected by
shear. This finding is important for mathematical modeling of VPP bottom-up
systems because the up and down motion of the build plate could induce shear in the
material, influencing its material behavior modeling. Another interesting takeaway
is the influence of shaking the bottle before use. As it can be seen, the dashed lines
represent the unmixed bottles, whereas the solid lines represent mixed bottles. This
shows that viscosity is slightly decreased after shaking the bottle which blends the
resin and enhances homogeneity. The unpigmented resin (IM 2.0) shows a negligible
change before and after mixing. This indicates that resins with pigments may change
properties if the bottle is not mixed, and this could occur while the resin is stagnant
in the vat, which is not recommended by manufacturers.

Mechanical properties

Dynamic mechanical analysis (DMA): This is a hybrid technique which characterizes
mechanical and thermal properties of a material as a function of stress, temperature,
frequency, atmosphere, time or a combination of these parameters. A sinusoidal
deformation is applied to a sample of known dimensions under the aforementioned
conditions.

DMA is applied to crosslinked photopolymer resins to obtain properties such as the
glass transition temperature (also possible to obtain with DSC), and the storage
and dynamic moduli. Steyrer et al. [181] used DMA to study the influence of
photoinitiator concentration in a photopolymer formulation. Correlation was found
where increasing the photoinitiator concentration yielded higher glass transition tem-
peratures and storage modulus, which were also indicators of the curing conditions
during and after manufacturing.

Tensile test: The tensile test is a destructive method used to calculate the mechanical
properties of a material. There is not a tensile test standard for plastic AM parts,
however, it is a good approximation to use the ISO standards for injection molding
specimens:

• Determination of tensile properties—Part 1: General principles, ISO 527-1
[182].

• Determination of tensile properties—Part 2: Test conditions for molding and
extrusion plastics, ISO 527-2 [183].

• Test specimens, ISO 20753:2018 [184].
Mechanical properties such as elastic modulus, tensile strength and elongation
strongly depends on the crosslinking degree of the photopolymer. The crosslinking
degree depend on the chosen process parameters such a light amplitude, exposure
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time and layer thickness. Due to the layered nature of an AM part, the build
direction influences the final mechanical behavior, however, VPP is known to have
less anisotropic behavior than other AM techniques. Naik et al. show that the build
direction did not have much impact in the final mechanical properties such as Young’s
Modulus and ultimate tensile strength (UTS) [155]. Rather, the build direction had
a more significant impact on the fracture strain where a flat dogbone test specimen
presented higher fracture strain than other build orientations at different angles.
The flat dogbone specimen, on the other hand, had the worst performance in terms
of Young’s Modulus and UTS. Some studies report higher ultimate stress when
the part is built flat on the building plane [185]. All studies do agree that thinner
layer thicknesses result in higher Young’s Modulus and UTS, while thicker layers
tend to increase the elongation at break. Dizon et al. reports a complete review
of mechanical characterization of AM polymer specimens, some of it dedicated to
VPP polymers. The wider agreement is that the build orientation effect does not
have as much impact as the layer thickness making the parts more isotropic than
other technologies [65]. Reports of the impact of the pixelation characteristic of MP
VPP show that the gap between pixels present a poorer crosslinking behavior, thus
becoming a stress concentration zone and initiators of fracture. However, this can be
mitigated with a post-curing step [186] After a part is built the part is considered as
a green body and need additional UV light treatment to finalize crosslinking and
improve the mechanical properties. Salmoria et al. shows that the post-curing and
thermal treatment can also reduce the anisotropy specially for thin layer objects [113].

Some of these seemingly contradictive results show how dependent the performance
of the object is to the manufacturing process protocol. It is challenging establish
authoritative conclusions of how the material will behave since these studies were
conducted in different machines (all of these commercial systems), with varied
materials and process parameters.

Observation and metrologic methods

Depending on the size of the object of interest, several observation and measurement
techniques can be used.

Coordinate-measuring machine (CMM): This method measures physical samples
by detecting discrete points on the surface with a probe head. The measurement
repeatability of a CMM probe can reach 0.001 mm. Although CMM achieves excellent
repeatable measurements, the samples characterized in this dissertation are at the
microscale and this measurement technique requires parts larger than 5x5x5 mm3.
Although this system is not used during this work, it is an excellent solution for
streamlining several macrosize objects with a high degree of accuracy.

Optical microscopy (OM): Optical microscopy allows for direct observation and image
capture of meso- to microsize features at high resolution. The microscope used in
this dissertation is a laser scanning digital microscope (LSM) Lext 4100 (Olympus)
with a lateral resolution of 0.12 µm and vertical resolution of 10 nm. OM allows for
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capturing high resolution images with 3D measurement information. LSM captures
images at varying depths, therefore a 2-1/2 D image can be reconstructed. Due to
the single light source, it is not possible to obtain a true 3D image of the measured
sample. Compared to other image capture approaches, LSM enables a controlled
depth of focus, which is translated into high resolution and the ability to capture
images of transparent materials.

Scanning electron microscope (SEM): This type of imaging technique uses an electron
beam to raster the surface of a sample. The interaction between the sample’s atoms
and the electron beam produce signal changes. The most common SEM has a
secondary electron detector used to detect the secondary electrons radiated by the
atoms excited by the electron beam. While the resolution of a LSM is limited by the
wavelength of the light source used (around 200 to 250 nm), SEM is limited by the
electron beam spot size. A desktop SEM, for instance, can provide a resolution 20 nm.
The major drawback of this technique is that it requires a conductive sample since
non-conductive samples accumulate charge and significantly distort the resulting
image. This issue is usually solved using carbon or gold coatings. Unfortunately, the
features highlighted in this work are too small, so the coating will cover the regions
of interest.

3D scan: 3D scanners have multiple light sources and cameras. Most setups have
a moving stage to move the sample relative to the light and cameras. The light
source projects a pattern such as a line over the surface which the camera captures.
Every projected line represent a surface contour. Combining several lines together
yields a 3D reconstruction. This method proved to be a reliable technique for ini-
tial assessment of complex 3D structures with difficult access by other techniques.
However, the resolution of the available 3D scanner (3Shape D800 with 8 µm of
resolution) does not compete with the LSM nor the SEM. Thus, it is not suitable for
the measurement of microfeatures.

Computer tomography (CT) scan: This technique takes a series of X-ray images at dif-
ferent angles producing a series of cross sectional images that are then reconstructed
using a dedicated software. This method is ideal for complex structures since it de-
tects out of reach features in the object such as undercuts and cavities. Conventional
CT scan resolution ranges between 5 to 150 µm and high resolution CT scanners (i.e.
µCT scan) achieve resolutions down to 0.5 µm. However, it is a very time consuming
method that requires specific parameters for different materials. This method is ideal
to directly measure the cavities of freeform soluble molds, however, a major lim-
itation is the inability to differentiate between crosslinked and uncrosslinked material.

Considering the advantages and disadvantages of these techniques, and due in part to
the available equipment, in this dissertation LSM and SEM are used more frequently
for imaging and dimensional measurement.
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4.3.2 MSM calibration methods

When a new material is used, the machine used needs to be calibrated in order
to find process parameters suitable to realize a functional object with the desired
specifications. Some of the previously described methods are useful to gain more
insight about the material used. However, when an unknown material arrives it is
paramount to conduct a parameter study to set adequate parameters.

The MSM calibration procedure is twofold: (1) macroscale MSM calibration (ą5
mm) and (2) meso- (5 - 1 mm) microscale (< 1 mm) MSM calibration. Conventional
methods to calibrate a machine include a thorough design of experiments where at
minimum parameters such as layer thicknesses, exposure time and light amplitude
are studied. This method is time consuming, especially for an open architecture
system which allow for numerous parameter combinations. Another issue is that, as
the scale becomes smaller, controlling the crosslinking rate to achieve fine features
becomes more cumbersome. Two proposals are presented here to calibrate a machine:
one initial method for macro- and mesoscale geometries, and another for microscale
geometries.A preliminary step to calibrate a machine for a specific material is to
construct a Jacobs curve which will give information such as the curing depth (Cd)
at different energy exposures (E). The slope in those curves is the penetration depth
(Dp) which is material dependent. The following experiments were conducted with a
red photopolymer resin by Funtodo. A 1x lens with one ND filter and 2x lens were
used. Figure 4.13 shows the resulting Jacobs curves.
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Figure 4.13: Jacobs curve for the same material with different lenses.
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The curve for the 1x lens presents higher deviation in the film thickness with ˘14 µm
standard deviation, whereas with 2x lens the deviation is reduced to ˘5 µm. It is
also visible that at the same energy levels, the 1x lens achieves increased thicknesses.
This is counter-intuitive since 2x lens irradiates more energy than 1x lens with an
ND filter. Interestingly, this may be explained because the 1x lens with the ND
filter induces more concentrated energy per cm2 to the sample than the 2x lens. The
difference between the standard deviation is because the 1x lens was softer than
the 2x lens. It can be deducted that even though 1x lens penetrates deeper into
the material, the crosslinking degree is less dense than for the 2x lens. For both
curves there is a Dp of 0.3 which agrees with the literature since it is solely material
dependent and the slope values should agree. The critical energy, Ec, for 1x and 2x
lens are 0.25 and 2.91 respectively, this shift is explained by the increased area in
the 2x lens.

Although these parameters are useful to further characterize the material, this does
not give much information in terms of the crosslinking growth in the XY plane. This
also means that MSM calibration a material requires assessment with each lens since
the curing depth changes. Li et al. explored a less time consuming method in which
a mathematical prediction of the Jacobs curve can be approximated by knowing
three physical characteristics of the material: solid and liquid absorbance and gel
gelation time [187]. However, this is challenging for cases where either the right
equipment is not available (FTIR and UV-DSC) or when the material is unknown.

Two other methods are explored: (1) assessment of an adequate initial process
window and (2) microstructure growth control with their own characteristic curves.

Initial MSM calibration macroscale objects

Conventional parameter studies in AM and AM system performance include a test
subject with several features such as pillars and cavities with different shapes and
angles, as described in the standard ISO/ASTM 5290:2019 [110]. If other factors
besides the mentioned process parameters (i.e layer thickness, light amplitude and
exposure time) are taken into account for the MSM calibration methodology such as
the building orientation, the presence of support material, or the post-processing
protocols, the MSM calibration step becomes overwhelming and time consuming.
With an open architecture system, this becomes even more overwhelming due to
the wide variety of process parameters that one could study. Therefore, a method is
presented here to establish an initial parameter window.

The goal of this initial parameter window MSM calibration is not to substitute
the conventional design of experiment procedure, nor to eliminate the conventional
measuring method with the test subject and the corresponding measuring techniques
recommended by the standard [110]. The goal of this method is to find an initial
set of parameters among a wide range of them which allow to narrow down the
possibilities to a local solution, and then refine the search within that window. Of
course every object built has its own end use: those parts that require tight tolerances

114 Vat Photopolymerization Process Chain



4.3. CHARACTERIZATION AND CALIBRATION

will require a finer MSM calibration, whereas others might just require material
stability.

One phenomenon seen while experimenting with different materials for different
applications (Section 3.4), was the presence of cracked surfaces over time. At first,
the source of this surface cracking was unknown due to the pool of possibilities
which include the post-processing method, aging, and process parameters in general.
Finally it was found that geometries with flat surfaces and cavities were more prompt
to generate the cracked surface. It was then investigated if this cracking effect could
help to assess the integrity of a part by measuring the crosslinking degree by means
of FTIR, surface roughness measurements (Sa) and dimensional measurements via
optical microscope.

To accomplish this, the experiment tested the same object at different intensities and
exposure times covering the set amplitude range between 100 to 800 (2.44 to 16.67
mW{cm2). In this experiment lens 1x was used. Table 4.1 shows the parametric
window studied.

Table 4.1: Experimental parameter range to determine an initial parametric window.

Etrmss Lar´s{rmW {cm
2]

500 100/2.44 200/4.78 400/9.14 800/16.67
1000 100/2.44 200/4.78 400/9.14 800/16.67
2000 100/2.44 200/4.78 400/9.14 800/16.67

Sa FTIR Width

Quadrant 
number

Figure 4.14: Square mask used in the experimental plan to find an initial parameter
window. The red squares shows the areas where Sa was measured, the green dashed circle
show the area where the sample was measured with FTIR and the dash dot blue arrows
show the nominal width measurements.
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The samples created had a 10 µm layer thickness square mask of 1342 ˆ 1342 (Figure
4.14). This mask is usually used for fine MSM calibration with advanced features, the
numbers across the surface are meant to locate features. According to the parameter
selection, a total of 12 different combinations were conducted with three repetitions of
each combination. After manufacturing, the parts were cleaned in isopropyl alcohol
(IPA) in ultrasound for three minutes and post-cured at 45˝C for 10 minutes. Each
sample was then examined with the laser scanning confocal microscope Lext 4100.
The surface area roughness Sa was measured in three areas of each sample (area 1,
13, and 25 as seen in Figure 4.14). Then the entire 1342 ˆ 1342 pixel square was
measured, the nominal value is obtained by multiplying it by the pixel pitch size,
7.56 µm, which gives a nominal dimension in X and Y of 10.145 mm. Finally, the
samples where characterized with FTIR to obtain the crosslinking percentage.

Figures 4.15, 4.16 and 4.17 show the resulting samples with exposures times of 500,
1000 and 2000 ms at the corresponding amplitude values. It can be seen that the
samples cured in a lower exposure time (500 ms) present cracks until they reach
amplitude 16.67 mW{cm2. The samples cured in 1000 ms at amplitude 2.44 mW{cm2

also present cracks on the surface. Overall it was seen that samples with energy
delivered below 1.11 J will have cracks. Looking at Figure 4.15, the lower amplitude
level 2.44 mW{cm2 was not achieved most likely because it didn’t reach the minimum
critical energy to trigger the photopolymerization. There is a difference in crack
shapes between amplitude 4.78 and 9.14 mW{cm2, where the former shows irregular
soft cracks and the latter shows more dense, linear crack propagation. This is most
likely due to the curing degree where at lower amplitude values, a lower crosslink
density is achieved for the second scenario. At 9.14 mW{cm2 cracks are generated in
the numbers, which act as a stress concentrators, whereas the softer cracks seen in
the 4.78 mW{cm2 appear in random areas. The rest of the samples, especially the
ones replicated in 2000 ms, showed no signs of cracking.
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Amplitude set value [-] / [mW/cm2] at 500 ms

200/4.78 400/9.14 800/16.67100/2.44

Scale 2 mm

Figure 4.15: Samples cured in 500 ms. At lower amplitude levels, the surface is not suffi-
ciently crosslinked and the surface cracks. Note the difference in crack propagation between
4.78 mW{cm2 and 9.14 mW{cm2: the first one has a random, soft crack propagation (due
to its lower crosslinking degree), and the second presents a more brittle crack propagation
generated in the numbers (due to its higher crosslinking density).
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Amplitude set value [-] / [mW/cm2] @ 1000 ms

200/4.78 400/9.14 800/16.67100/2.44

Scale 2 mm

Figure 4.16: Samples cured in 1000 ms. These samples only show crack formation at 2.44
mW{cm2. The cracks seem to start having a brittle fracture propagation, similar as the
cracks in 4.15 at amplitude 9.14 mW{cm2 cured in 500 ms.
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Amplitude set value [-] / [mW/cm2] at 2000 ms

200/4.78 400/9.14 800/16.67100/2.44

Scale 2 mm

Figure 4.17: Samples cured in 2000 ms. These samples do not show any fracture behavior,
2000 ms of exposure at the given amplitude levels, is enough to create highly crosslinked
surfaces.

2 mm

Figure 4.18: Aberration combination disappearing as the light amplitude and exposure
time increases.

An interesting pattern was seen on the cracked surfaces resembling the combination
aberration discussed in Chapter 3 Figure 3.22, which appears when several optical
aberrations overlap. Though originally thought to be due to the projector, these
aberrations were later found to be due to contact flaws between membrane and glass
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window (e.g. dust particles or air bubbles) that diffract the light unevenly. However,
it was seen that as the light amplitude was increased, this aberration was minimized
and eventually disappeared. Figure 4.18 shows how this aberration fades as the
intensity increases.

After the cleaning stage, it was apparent that the samples that generated cracks had
a matt surface, whereas the ones that did not generate cracks reflected the light and
even showed iridescence due to the glossy finish. This finding was confirmed by the
surface roughness area measurements. Figure 4.19 shows the Sa with the different
samples. The results show that the samples below 1.16 J energy were prompt to
cracking with Sa values between 75 up to 250 nm. Below 50 nm, the glossy effect
starts to appear, and starts plateauing around 25 nm. These results show that it is
possible, and meaningful, to qualitatively assess a surface by its appearance.

When comparing the mask xy dimensions, Figure 4.20 shows that those values below
the nominal value are the ones showing cracks on the surface. However, this graph
also shows that too high energy dosage produces overcuring and the part might
surpass the nominal value by 200 µm. Sample 1000 ms at amplitude 2.43 ms is
closer to the nominal value, however, it presents cracks. If a parameter window is
chosen by just geometrical measurements without observing the roughness as well,
the material might not be properly crosslinked leading to eventual cracks or worse,
uncrosslinked photopolymer leaching out of the part. This is specially crucial for
medical application components, and is also reflected in the FTIR results.
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Figure 4.19: Surface roughness Sa of samples at different exposure times and irradiance.
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Figure 4.20: Width measurements of the 1342 ˆ 1342 mask square. The dashed line
represents the nominal value 10.145 mm.
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Figure 4.21: Region of interest of the acrylate stretch at 1636 cm´1 and the vinyl ether
stretch 1619 cm´1 C=C double bonds.
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Figure 4.21 shows the FTIR spectra of the Funtodo red photopolymer. The upper
spectra shows the uncured photopolymer with two peaks at 1319 and 1636. The lower
spectra show the peaks of the cured samples at the different parameters. Looking
closely, it can be seen how these peaks are reduced as the irradiance increases. Using
Equation 4.5 and studying the plots, it can be seen that the 1636 peak flattens as
the double bond carbon concentration reduces, and the crosslinked network density
also lowers.
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Figure 4.22: Crosslinking percentage of samples at different exposure times and irradiance.

From Figure 4.22 it can be seen how the crosslinking percentage never reaches 100%.
This is due to trapped monomer which is one of the main free-radical termination
mechanisms, occlusion, described in Section 2.1.1. It can be seen that the crosslinking
degree increases in a similar trend as the width in Figure 4.20, where at higher
energy levels the crosslinking rate (as well as the overall dimension) starts plateauing.
Indeed, at higher energy dosage the crosslinking degree reaches 99.2%, however, at
this stage the part is overcured by around 100 - 50 µm. In this situation it is up to
the user to decide the trade-off between acceptable tolerances or crosslinking degree.
It is important to note that slightly lower curing degrees might not lead to monomer
leaching out of the object, and for further investigation a toxicological analysis will
be paramount (especially for medical devices).

Looking at the results, a parameter window can be drafted where geometrical,
chemical, mechanical and aesthetic considerations are taken into account. If the
samples with cracks, overcured or undercured by more than 50 µm, and less than
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98.6% crosslinking degree are discarded, an initial testing window including three
combinations can be assessed: 500 ms - 16.7 mW{cm2, 1000 ms - 4.78 mW{cm2, 2000
ms - 4.78 mW{cm2. It is important to note here, that these parameters should be
tested with the final object, and the project specifications will also determine which
delimiting factors would be more important in the final decision, since by choosing
one parameter set could come with a trade-off by means of geometrical accuracy,
mechanical properties or surface quality.

This method allows the user to quickly establish an initial parameter window study
by manufacturing simple flat features, some of which may induce surface cracking.
This method allows the user to discard unfit parameters which may seem suitable in
dimensions (for example 1 s with 2.4 mW{cm2), but is prone to surface crack and
failure. A suggestion for future test subjects is to include a geometrical assessment
(comprised of different features at various sizes) and a flat area where cracks are more
likely to generate. A cracked surface is not only a symptom of unsuitable process
parameters, but low crosslinking density may lead to uncured photopolymer leaching
which leads to toxicological issues [188, 189].

A limiting factor of this approach is that the cracking effect has mostly been observed
in affordable commercial resins, whereas high-end photopolymers might not present
surface cracking. Moreover, geometries with true 3D structures do not show these
cracks as abruptly or at all. However, surface roughness measurements may be a
good indicator to find a parameter window to assess.

Studying the whole parameter space for a material is a challenge and requires further
study and mathematical modeling to predict the right parameters for a specific part.
Unfortunately, the process parameters are not solely material or layer thickness
dependent— it is also heavily affected by the object’s geometry as will be shown in
the next subsection.

Micro-structure manufacturing MSM calibration

Since most of the build jobs allocated to the open architecture platform require
microstructure replication, the advanced features module from the AMLab software
is used. This module allows for replicating features with different process parameters
on the same layer, thus allowing for assessment of several fine features reproduction in
one single sample. This setup becomes handy in using a checkerboard quadrant with
varying square sizes. The advanced layer setup has 36 images of the checkerboard
arrayed over a support layer with numbers used to identify each checkerboard with
the chosen set of parameters (Figure 4.23). The advanced layer feature module
allows the user to choose the varying parameters, exposure time, light amplitude or
layer thickness. Every selected image is then sequentially projected with the selected
parameters with increasing value. After the sample is manufactured, the parameters
can be analyzed and identified using Equation 4.6.

Pn “ P0 ` spn´ 1q (4.6)
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Where P0 is the initial process parameter, s is the chosen step size, n is the quadrant
position on the sample and Pn is the parameter value at the n position.
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Figure 4.23: Checkerboard advanced feature layers strategy.

Table 4.2: Checkerboard square dimensions in pixel number and nominal value with a 2x
lens (pixel size of 15.1 µm).

Square size [px] Nominal value at 2x lens [µm]
32ˆ32 483.2
16ˆ16 241.6
8ˆ8 120.8
4ˆ4 60.4

This checkerboard sample allows for selecting parameters by simply observing it
under the microscope without the need of the confocal microscope. By looking at
the features, one can easily identify regions where the corners of the squares meet
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which represent adequate parameter choice. However, when looking and measuring
with the microscope, it can be seen that the parameter window is narrower than just
observing might suggest. This is specially important with varying microfeature sizes,
or when tight tolerances are of interest.

An initial study to assess the material at microfeature level could include using the
available span of parameters in the projector. For example, varying the amplitude
36 times in steps of 20 from 50 to 800 (although this system allows values above
800, these should be avoided due to the projector overheating and potentially and
permanently damaging the LED). Note that these are the unitless values accepted
by the projector, all of which can be converted to the real units using Figure 4.10.
The chosen values cover the whole available range and will indeed show the area
where the checkerboard patterns meet. However, this method is too coarse and, as it
is shown below, the nominal window is narrow.

To investigate how the checkerboard grows until reaching the nominal window, it
was decided to execute an experiment where the checkerboard was projected at while
increasing the amplitude in steps of 1 in intensity. This investigation allows seeing
how a mask with different feature sizes grows, and also may give a parameter window
for microstructures.

The red Funtodo photopolymer material from the previous experiment was used
with the 2x lens. The magnified pixel size allows for easier focusing and pixel growth
investigation. The size of the checkerboards and nominal values are reflected in
Table 4.2. The parameter range was 0 to 108 set values (0 to 0.0133 W{cm2). For
this experiment the exposure time was fixed to 500 ms. Due to the limitation of 36
checkerboard layers per sample, three samples were used: (1) from 0 to 36, (2) 37 to
72 and (3) 73 to 108. Three repetitions of each sample were replicated and the center
of each quadrant was measured. Special attention was placed in the first sample,
where the pixel growth is triggered. Each quadrant with features was measured, thus,
76 measurements were taken (19 big quadrants ˆ 4 sub-quadrants). Measurements
started in the 17 position (6.56 mW{cm2) which is the amplitude where features
started appearing. The second sample was measured every two quadrants, and the
third sample every five.

The left column in Figure 4.24 shows the state of the checkerboard squares at the
beginning of the growth (undercure). The next column shows when the corners touch
which is within the nominal values with a tolerance window of ˘5 µm. Note that
in the third column, which is above this nominal window, the dimensions seem to
be similar to the nominal values in the second column. This shows the importance
of performing measurements in the case of tight tolerances, because even though it
seems an optimal value, it measures above the desired dimensions as shown in Figure
4.24. The picture below shows the state of the quadrant when the part is completely
overcured, with merged corners and residual photopolymer growing between the
cavities.
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Figure 4.24: Checkerboard growth at different light amplitude levels.
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Figure 4.25 shows the square width growth as the irradiance increases for each square
size. As shown in the graph, the smallest features start appearing at slightly higher
amplitude, 0.00686 W{cm2, whereas the other features are seen at 0.00656 W{cm2.
This amplitude shift is also visible once the growth reaches the nominal window
where the smaller features are also delayed in growth before reaching the nominal
window. As can be seen, the growth rate is faster at the initial crosslinking stage,
eventually stabilizing and following a linear growth similar as the one seen in the
Jacobs curve. This growth also depends on the size of the square, where the 32ˆ32
checkerboard experiences a higher growth rate and the rate is reduced as the size of
the squares decrease. This is because, although they all have the same amplitude,
the energy dosage is proportional to the area of white pixels.
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Figure 4.25: Checkerboard width growth for the different square array sizes: 4ˆ4, 8ˆ8,
16ˆ16, 36ˆ36. The features were exposed to a constant exposure time (500 ms) and
increasing irradiance values.

The graph also shows that for smaller square sizes, the acceptable parameter window
of light amplitude is larger compared to bigger squares (see the difference between
32ˆ32 and 4ˆ4). This indicates that calibrating a geometry based on the bigger
features can help ensure that smaller features are within tolerances. This conclusion
agrees with the study described in Section 4.4. The stability and repeatability of the
process can be seen by the narrow standard deviation, most of which is found in the
initial growth phase, where the features are weak and are more prone to deformation
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due to external influences such as the cleaning, post-curing, and handling. This
study shows that same parameters can be used to achieve features of different scale,
however, it can also be concluded that the parameter window permittable while
still achieving features of several sizes is quite narrow. This requires an extensive
measurement campaign which is time consuming and still, material dependent. In
Chapter 5, a method is presented where the parameter window can be widened by
using grayscale values.

4.4. Slicing

Slicing the geometry can be a straightforward task when the manufacturing param-
eters used for the object are known. However, whenever new materials are used
or a new geometry is manufactured, special consideration must be taken. Figure
4.26 shows a workflow for establishing appropriate layer thicknesses. When slicing a
geometry, as described in Section 3.3.2, some preliminary error could rise from the
chosen layer thickness and the cross section pixelation effect. Accounting for these
errors would help for quality assurance examination and uncertainty analysis of the
process chain, so these can be quantified and separated from other process chain
errors. A basic method to calculate the inherent error from the pixelation would be
to count the pixels of a mask, multiply them by the pixel pitch, and subtracting this
value from the known value at the height of that mask (Equation 4.7).

MPe “ n´ Pmax ¨ p (4.7)

Where MPe is the error due to pixel mask, n is nominal value in the CAD or .stl,
Pmax is the number of maximum pixels in mask and p is pixel pitch.
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Figure 4.26: Workflow of the slicing process.
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This method, although accurate and straightforward, is manual and time consuming
because it requires inspection of each layer to identify, and measure the different
features. A more automated method to quantify this error is to reconstruct the
geometry and comparing it with the original CAD or .stl file. This method is
used as a pilot study in David Bue Pedersen PhD [190], which was implemented
with a reconstructed sphere section where the stairstepping effect and the projector
pixelation were the major error contributors. Although this method has potential as
a preliminary error qualification tool, it was disputed that the representation was
too coarse to render a true matching surface representation.
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Figure 4.27: Surface comparison between the original .stl file and the reconstructed slope-
pillar geometry using the generated slices.

Figure 4.27 shows a test geometry used to assess its deviations from the nominal
value. The test object consists of a slope and different sized pillars. The slope is
an appropriate shape to study the staircase effect and the rounded pillars show
how resolution is significantly lost as the diameter is reduced. The layer thickness
simulated is 10 µm. The pillars have two arrays of 1 mm high pillars with 500 and
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300 µm diameters and another two pillar arrays of 0.5 mm height with 100 and 50
µm diameters. The lens used is 2x magnification, therefore the pixel size is 15.1 µm.
As can be seen from the smaller pillars, one error can be spotted by looking at the
smaller pillar slice (right black and white image in Figure 4.27). The reconstructed
circles are resolved into more granular masks with a maximum 3ˆ3 pixels which
translates into a maximum width and height of 45.3 µm, losing 4.7 µm from the
nominal value.

The 3D reconstruction was created using the open source software 3D slice, often
used to reconstruct medical images from MRI and CT scans. This method had a
limitation when reconstructing micrometer size features because it loses resolution in
the tesselation by smoothening of the edges. This is not as critical for bigger features
like the 500 µm pillars, as it is for the smaller ones which proportionally accumulate
more error. After the reconstructing the sliced geometry, it was compared to the
original .stl using the surface inspection software GOM Inspect.

For the 500 µm pillars, 60 data points were taken (15 per circle quadrant), 36 points
for the 300 µm, 12 for the 100 µm and 6 for the 50 µm, with a total of ten pillars in-
spected for each diameter of interest. The green areas in the surface comparison from
Figure 4.27 represent areas that measure within ˘ 3 µm from the nominal geometry.
High deviations are spotted on the edges of the features— these are identified as
the GOM Inspect aligning shift. In order to compare the .stl with the reconstructed
image, both surfaces need to be aligned with the software. GOM Inspect allows
automatic and manual alignment, depending on the point of reference of alignment
entered by the user which in this example, results in ˘80 µm accumulated error due
to the geometry shift. Aligning such small features with this software turned out
to be impossible, most likely because this software is not made for such features.
These deviations should be considered as outliers which do not represent the real
deviations, they are caused by a software limitation. This finding may indicate
that software such as GOM Inspect needs more powerful alignment algorithms to
enhance their measurement capabilities for the microfeatures space. The staircase
reconstruction averages ˘ 5.33 µm deviation. This error can be explained by looking
at the detailed view of the staircase in Figure 4.27 (top). The original mesh goes
through the staircase where maximum and minimum values oscillate above and below
the original slope.

Three test objects were manufactured with the photopolymer material Funtodo,
unpigmented. The machine was calibrated for 10 µm layer thickness, with exposure
500 ms and irradiance 11.32 mW{cm2 (set value 150). After post-processing, the
part was measured and the deviations were compared with the errors measured from
the mask reconstruction. At first it was intended to use a 3D scan so the same
surface comparison method could be used. However, the resolution of the 3D scan
was insufficient to identify the pillars. Therefore, a laser confocal microscope was
used (Olympus Lext 4100, Infinite Laser Microscope), and the points measured were
taken in the same spots as the ones from the previous campaign to keep consistency.
Figure 4.28 shows the test object with detailed pictures of the pillars.
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Figure 4.28: Manufactured features of the slope-pillar test object.
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Figure 4.29: Errors of the reconstructed geometry and the actual manufactured object.
The top graph shows the deviations including the outliers coming from the shift error of
the inspection software and the bottom box chart shows the same results discarding the
outliers, where the error deviations are better represented.

Vat Photopolymerization Process Chain 131



CHAPTER 4. DECOMPOSITION OF THE OPEN ARCHITECTURE MANUFACTURING
PROCESS

Figure 4.29 shows the error deviations comparing the reconstructed surface with the
actual object surface. The top box plot shows the data with the outlier shift errors,
which becomes more evident as the features become smaller. The outliers on the
other hand, are more scattered as the pillar diameters increase. It was decided to
exclude the outlier data points which are identified as the blue or red areas seen in
Figure 4.27 since they do not represent the actual reconstruction error. Removing the
outliers, a more representative data set is obtained where the deviations are visible
and conclusions can be drawn. As expected, the errors from the object are greater
than the GOM Inspect deviations. However, as seen in the 50 µm pillars, the error
is smaller than the reconstructed mask. As the pillars increase in diameter, the devi-
ations become approximately five times greater. Two reasons can explain this result:
(1) the GOM Inspect software does not correctly calculate the pre-manufacturing
errors and (2) the build job was calibrated for the smaller feature, therefore the
measured value is close to the nominal value of the pixel mask at this scale.

Table 4.3 shows the numerical values from the box plots, representing the extreme
values of the interquartile range (IQR) between 25 and 75 percentile. The manual
error calculation using Equation 4.7 is also shown. As can be seen, the values from
GOM Inspect are higher than the values calculated with Equation 4.7 meaning that
both the 3D reconstruction might add errors and that GOM Inspect realignment is
not able to align the structure to reflect the calculated mask errors from Table 4.3.

Table 4.3: Comparison of pillar errors in mask pixels (calculated from Equation 4.7) and
errors from GOM Inspect software and build job errors.

Pillar (mm) Mask pixels (µm) Mask GOM Inspect (µm) Built (µm)
Max Min Max Min

0.5 -1.7 -2.5 -5.2 29.7 6.1
0.3 2.0 -2.4 -4.5 22.4 6.7
0.1 5.7 4.2 -3.9 10.0 4.0
0.1 -4.7 -4.3 2.3 1.0 -3.6
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Figure 4.30: Deviations of the test object from the nominal deviation.
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As seen in Table 4.3, where the numerical values of the box charts, representing
the extreme values of the interquartile range (IQR) between 25 and 75 percentile,
the bigger pillars should have the smaller deviation. For example, while the smaller
pillars accumulates an error of -4.7 µm, the 500 µm with 33ˆ33 pixels in the mask,
only show a loss of 1.7 µm. Since the parameters chosen were set according to the
smallest square in the calibration checkerboard, the smallest pillars more accurately
meet the nominal value, and the error range (4.62 µm) is within the expected error of
the mask pixel (4.7 µm). This means that the deviation is mostly due to the masking,
rather than the manufacturing process. Figure 4.30 shows the linear increase in the
deviations, showing the pillar overcuring as the pillars increase in size. This is a
good indicator that if the light is modulated independently for the needs of different
pixel surface areas, improved accuracy could be achieved.

The deviations on the pillar heights (Table 4.4), are higher than the GOM Inspect
reconstruction errors (˘ 5.33 µm). Pillars of 1 mm height have a deviation of 61 - 77
µm, and pillars of 0.5 mm height have a deviation of 30 - 40 µm. This deviation from
the nominal is most likely due to the linear stage repositioning error and membrane
wear as it was seen in previous studies [120].

Table 4.4: Measured average height values and standard deviation (SD) of the pillars with
different diameters. The subtraction between the nominal height and the measured values
is specified below the average value.

Feature ID Nominal height (mm) Measured height (µm) SD(µm)
I 0.5 mm 1 939 28
DeviationI 0.5 mm 61
I 0.3 mm 1 982 23
Deviation I 0.3 mm 78
I 0.1 mm 0.5 456 7
Deviation I 0.1 mm 45
I 0.05 mm 0.5 470 7
Deviation I 0.05 mm 30

In conclusion, accounting for errors accumulated in preliminary steps could help the
user to identify and isolate dimensional deviations in the final manufactured object.
However, the method presented needs further development because the software used
both for reconstructing and for inspecting are not accurate enough to represent the
real error. Although Equation 4.7 gives the highest error accountability, it involves a
manual process and ideally, a 3D reconstruction and automated inspection would
speed up this preliminary error assessment. It was also seen that by optimizing
parameters for the smaller pillar, errors within the expected mask pixel error was
achieved. This means that if the parameter for a certain pixel area is correctly
found, deviations can be greatly minimized. Deviations were shown to increase in the
manufactured object reaching 30 µm errors for the 500 µm pillars. This is because
the light irradiance used to achieve precise 50 µm features, when emitted onto bigger
pixel areas such as the other pillars, is excessive and causes overcuring on the pillars
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leading to higher deviations. As seen in the previous section, this can be avoided if
the microstructure is replicated with the MSM calibration is adjusted according to
the bigger square in the checkerboard. However, as discussed, this optimal window is
narrow and time consuming to find. Overall, this phenomena sets the motivation and
grounds for an advanced slicing method using grayscale values that proportionally
distributed the right amount of irradiance depending on the desired pixel surface
area and shape— this is further described in Chapter 5.

4.5. Chapter Summary

This chapter decomposes the steps involved in the manufacturing chain of mask
projection vat photopolymerization objects, from the initial project plan to assess if
MP VPP is the right technology to perform the task, to the activities surrounding
material characterization and MSM calibration, and geometry slicing.

In an experimental, open architecture platform like the one described in this project,
the path to follow when a new project arrives with an unknown material requires
navigation of a series of laborious decision-dependent paths. Ideally, a full material
characterization is performed where the materials mechanical and chemical proper-
ties are identified. However, these are not essential in order to realize a functional
object. Moreover, due to great dependency of these characteristics on the process
parameters, it is often more suitable to MSM calibrate an open architecture platform
for a material using advanced options such as the described module.

The main goal of constructing an open architecture MP VPP platform is the ability
to access, modify, and combine every parameter involved in the building operation.
This quickly becomes an overwhelming task due to the seemingly infinite combination
of process parameters. Two MSM calibration methods covering macroscale and mi-
croscale are presented here. The macroscale MSM calibration method allow the user
to find a suitable initial process window. Minimizing exposure time will optimize the
overall building time, however, it is important to explore longer exposures to achieve
stronger crosslinked networks to prevent surface cracking and monomer leaching.
Another concern is the dimensional accuracy, and remaining within the tolerances
that the part requires. The method consists of an initial wide parameter window
where cracks are visible on the surface and thus, investigating the integrity of the ad-
jacent samples could quickly narrow the process window. The techniques used in this
method include a laser scanning microscope (LSM) to measure feature dimensions
and roughness, and FTIR to assess the crosslinking degree. The microfeature method
allows for inspection of several process parameters within the same sample, hence,
reducing production time and optimizing the measuring step. Examining the growth
of the checkerboard squares, revealed that the growth rate at varied sizes differ from
each other due to the energy dose difference. While small microfeatures ranging from
60 - 200 µm show stable growth accepting a wider parameter window, larger features
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from 400 - 500 µm narrows this window making an object with multiple feature sizes
more susceptible to higher deviations when using the same parameters (in this case,
light amplitude).

As seen from the Jacobs curve, the energy required to cure a layer, will depend on the
energy dosage received and the optical characteristics of the material, which together,
determine the penetration depth (Dp). This is a major trade-off of this process
where the photopolymer is a black box and there is not an established method to
determine the ideal parameter for every layer thickness. This is why it is imperative
to decide which layer thickness is acceptable for the object’s optimal performance.
Considerations such as resolution, build time and mechanical properties must be
made beforehand. If tight tolerances and resolution are paramount for the project,
the error contribution of the layer effect could be taken into account by reconstructing
the generated layers and comparing them with the original file. The experiment
described here showed potential as a premanufacturing tool for this decision stage.
However, the presence of microstructures increases the difficulty of aligning each
mesh, and possible alignment errors might ensue. The reconstruction program used
in this experiment was an open source software specifically designed for medical CT
scans. Future experiments could include the use of professional software, however,
these tend to be proprietary and prohibitively expensive.

During the slicing reconstruction experiment, it was seen that the error in the mi-
crostructures was linearly increasing as the feature size increased. This phenomenon
agrees with the investigation carried out to calculate the microfeatures process win-
dow, where larger features are more sensitive to energy dosage, most likely because
the scattered light is higher than in smaller features. In the following Chapter 5, an
pilot study using grayscale values is proposed in order to control the light scattering
and achieve uniform multi-scale features.
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Chapter 5

An alternative MP VPP Mask Method

“ This year our members have put more things on top of other things than ever before.
But, I should warn you, this is no time for complacency. No, there are still many
things, and I cannot emphasize this too strongly, not on top of other things.”

— Society for Putting Things on Top of Other Things, Monty Python

The open architecture platform has proven to be a reliable tool for novel applications.
However, the conventional manufacturing process previously described is not reliable
when a geometry includes macro-, meso- and microfeatures that all contribute to
the functionality of the final product. As described in Chapter 4, when multi-scale
features are present, the parameter window narrows leading to higher inaccuracies.
This chapter describes a masking approach pilot study that uses grayscaling gradients
(henceforth referred to as grayscaling) to adapt the intensity according to the features
of the part without sacrificing resolution.

5.1. Motivation and Method

5.1.1 Prior art

The use of grayscaling to optimize MP VPP is not an entirely new technique in
the field. Commercial MP systems use anti-aliasing pixelated surface effect and
achieve smoother surfaces [191, 192]. Several research groups have used grayscaling
for different reasons. The quality and uniformity of the image plane depend on
the quality of the DMD in DLP™ systems and their optical assembly. Wang et al.
measured the light projected from the DMD at different image plane locations proving
a non-uniform irradiance distribution when the mask projection is projecting pure
white pixels (equivalent to 255 in grayscale). This phenomenon causes over cured
areas, usually in the image center due to higher intensity on the center compared to
the corners of the image plane [82]. The research group developed an algorithm that
corrected the higher intensity values by adjusting them to lower grayscale values in
the center of the image which transitions to pure white at the edges. The limitation of
this method is that the correction is based on the assumption that all pixels are ON,
and it does not account for the light irradiated by unique masks. Yoon et al. used a
similar approach, first correcting for the DMD non-uniformity by modulating the light
using grayscale values[193]. The method was validated creating 200 µm micropillars
distributed on the DMD area. This method, however, was only applied to one
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particular 21/2D structure, so it did not require adapting layer by layer. Bonada et al.
implemented grayscaling to increase the Z accuracy (layer thickness) for overhanging
features [42]. Overhangs are more prone to overcuring since the light is not bound
by the glass window nor the building plate. Using grayscaling allowed a finer depth
control of the crosslinking reaction. The methodology uses a modified Jacobs curve
model which implements gradient descent as the part is being built to optimize the
exposure dose for each pixel depending on whether the neighboring layer corresponds
to an overhang or not. Samples built with the optimized mask resulted in fewer
instances of overcuring. This model, however, assumes that photopolymerization
only happens in the Z direction, thus ignoring the XY growth. Peterson et al. used
a modular grayscaling method to assess the mechanical properties depending on
the crosslinking density [194]. This study corroborates the hypothesis that using a
higher intensity during the building process results in parts that can withstand more
strain before failure. In this study, several configurations were tested in a lattice
octet where, depending on the area that the grayscaling was applied, it resulted in
different mechanical responses. This could potentially be used in lattice components
which need higher compliance in certain areas while maintaining stiffness in critical
sections to avoid failure. This method, however, neglects the dimensional stability
of the specimen and requires localized modification (i.e. it does not automatically
detect areas where grayscale should be applied). Lastly, Wang et al. developed
a study using a double-mask projection, achieving large envelope masks using a
scanning projector generating higher resolution features [195]. The study shows
that by applying specific process parameters at more sensitive areas resulted in high
accuracy geometries, however, samples presented poor mechanical properties in the
interface where there was a parameter change.

The presented pilot study differs from the aforementioned methods in that it aims
to adapt each mask using grayscaling to obtain uniform images on the image plane.

5.1.2 Theoretical background

When an image is projected on an image plane, the individual intensity of each
pixel contributes to the total intensity of the neighboring pixels, preventing the
projected image from reproducing the desired image from the original mask. This
phenomenon might be even more pronounced as the layer thickness decreases due to
light reflection on the building plate. If the light scattering is not accounted for, it
hinders the replication of the sharp projected image. This scattering is translated
into smoother surfaces or sometimes, overcured features as seen in Chapter 4..

Light scattering approximation model

This model is a simplified pilot study intend to examine the effect of counteracting
the light that is ordinarily scattered outside the projected mask. In the model, it
is assumed that the light from a single pixel attenuates following equation 5.1, and
that the light from a pixel is considered uniform.
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Ipxq “ I0 exp´σx (5.1)

Where Ipxq is the attenuated light irradiance in W{cm2 at a distance x, I0 is the
intensity of a single pixel, x is the distance from the origin pixel and σ is the
attenuation constant which depends on the material. Figure 5.1 shows the irradiance
attenuation of a single pixel using this exponential light scattering equation.

OFF OFFON

I0Ix1 Ix1

OFF OFF

Ix2 Ix2

x x

... ...

I

0 22 1 1

Figure 5.1: Exponential irradiance attenuation of one active pixel.

In order to apply the light scattering effect on an image mask, the image is processed
using a convolution matrix or kernel. Figure 5.2 shows the concept of this image
processing. In this example, the original image is represented by 1 and 0, where 1
is the ON pixel at the input irradiance value, and 0 the is OFF pixel. This image
is then processed with a kernel filter (in this example with a 3ˆ3 size). The kernel
is positioned above each pixel of the image and performs a weighted sum of the
neighboring pixels (those within the kernel area). The resulting value is the new
intensity value of the input pixel. This action is repeated for each pixel on the
image plane. As Figure 5.2 (d) shows, the output image is much brighter than the
original desired image, generating bright areas where it should be dark. If this ir-
radiance reaches the critical energy to trigger photopolymerization, overcuring occurs.

This residual light is responsible for the overcuring which can be measured experi-
mentally using calibration test samples at multiple amplitudes and exposure times,
where the growing behavior at microscale and the range of overcuring can be seen.
The overcured region (Figure 5.3) is calculated by measuring the total width and
height of the cured features, subtracting the nominal value of the voxel width and
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dividing by two. This value is then averaged and substituted in x from Equation 5.1
(in meters). In the present pilot study, the sample with highest overcure x value was
used as it is the most extreme overcuring scenario. The value Ipxq is considered as
the irradiance level at that distance x. Therefore it is assumed to have a really low
value, as such, it is multiplied by an arbitrarily small number (e.g. 0.01) and then
the attenuation constant σ can be calculated as follows:

Ipxq “ 0.01I0 (5.2)

σ “ ´
lnp0.01q

x
(5.3)
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Figure 5.2: Image processing of a mask using a convolution matrix. (a) Original generated
mask (represented in blue with the value 1). The black area of the mask is represented
in dark purple with value 0. (b) 3ˆ3 kernel filter with coefficients descending following
Equation 5.1. (c) Output of a single pixel after applying the kernel filter. (d) Final image
after applying the kernel filter throughout the whole mask area (the pixels with value 0
are also computed).
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Figure 5.3: Voxel growth and overcured area measurement.

Richardson-Lucy deconvolution to correct masks

The image obtained after applying the scattering filter is a prediction of what it is
expected to be projected on the image plane. The projected image is then corrected
using an iterative procedure known as Richardson-Lucy deconvolution. This function
(Equation 5.4) is used to recover a blurred image based on the original image (d) and
a point spread function P . In the present case, P is the scattering function (Equation
5.1) using the calculated attenuation constant (σ) and the measured overcured region
(x). The first iteration uses d as ût. The computed result will be a slightly corrected
image. The resulting image ût`1 is computed again following equation 5.4. This
process is repeated until the image converges.

A good corrected mask should be as similar as possible (if not equal) to the original
mask after the kernel filter is applied. Figure 5.4 shows a graphic example where
projection of an original mask is simulated to predict the projected mask. Next, this
projected mask is deconvoluted to obtain the correction mask which is simulated
again to give the final, projected corrected mask. The example demonstrates how
achieving the original mask is not as simple as projecting the corresponding pixels,
but requires compensation by the correction mask to realize the projected corrected
mask. Note that there is still dim light surrounding the mask. This is because some
degree of scattering is physically impossible to avoid, but as long as the image stays
with levels under the critical energy, it will not trigger crosslinking.

ût`1
“ ût

ˆ

d

ût b P

˙

(5.4)

5.1.3 Experimental procedure

In order to validate this model, two experiments were conducted. The first involves
the study of single voxel growth, and the second examines growth of squares and
application of the image correction. Both experiments were executed using the same
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material (Funtodo Industrial Blend red), 10 µm layer thickness, and projection lens
of 1x and 2x (the initial pixel growth study was carried out at higher magnification
to allow full visualization of the voxel growth). The manufactured samples were
cleaned for three minutes in an ultrasound chamber, dried with compressed air and
post-cured in a UV chamber for 5 minutes at room temperature.

The first experiment started with the hypothesis that by calculating the overcured
area of a pixel, the model could be scaled larger features. Unfortunately, single voxels
require more energy than the amount needed to cure larger features and may require
a more advanced model. However, results show that with energy dose control, it is
possible to achieve sub-voxel features that previously were only demonstrated by
nanomanufacturing methods.

The second study uses a calibration image similar to the checkerboard, but with
separated features reproduced at different energy levels. The parameter showing the
highest overcuring levels was then chosen to calculate σ, and this parameter was then
applied to layers of a more complex 3D geometry (Stanford bunny [151]), ultimately
showing the result with and without the image correction algorithm. The corrected
image is then resolved as a grayscale image where different amplitude levels to the
overall mask to yield a uniform crosslinked surface.
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Figure 5.4: Simulation images of the scenario where an original mask is projected, resolving
an image with varying amplitude levels throughout the projection area. Inserting an
arbitrary σ value and applying the Richardson-Lucy deconvolution produces a lower
intensity image, which when projected, yields a mask closer to the original desired mask.
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Measurements of the different amplitude set values of the projector were made where
each set value was also measured at the range of the available grayscale values
by projecting images with duty cycles that correspond from 0 to 255 (Figure 5.5).
This graph allows conversion to irradiance and energy dose. Knowing these values
and further material measurements are imperative to ensuring that the projected
grayscale values reach the critical energy necessary to trigger crosslinking.
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Figure 5.5: Grayscale conversion of the projector unitless set values to irradiance values.

5.2. Single voxel growth study

Before applying the grayscaling algorithm, a study growing single voxels was con-
ducted in order to gain a better understanding of the crosslinking behavior at such
small scales. The initial hypothesis includes estimating the overgrown area behavior
and applying this behavior to future model iterations.

The mask used in this experiment is a quadrant-based mask similar to the one used in
the checkerboard experiment described in Section 4.3, but instead of a checkerboard,
the area was covered with an array of single pixels spaced apart by 10 pixels to avoid
voxel merging. Three repetitions were reproduced per sample parameter combination,
and two series of experiments were conducted.

The first experiment involves varying exposure time and light amplitude while the
other is held constant. These parameters shown in Table 5.1 were chosen such that
each net energy dose is achieved with two scenarios: a low amplitude, high exposure
and a high amplitude, low exposure. The objective of the experiment is to investigate
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if the voxel growth is the same at equivalent energy doses.

The second experiment, based on the results obtained in the previous experiment,
kept the exposure time constant at 0.5 s and the light amplitude was increased
covering the available light amplitude range. The objective of this experiment was to
observe the growth behavior of single voxels when they are exposed to high energy
doses and measure the overcure areas.

Table 5.1: Process parameters used in the first voxel growth study.

Amplitude [mW{cm2] Time [s] Energy dose [mJ{cm2]
3.6 1.8 6.4
3.6 4.1 14.8
3.6 6.2 22.6
3.6 8.1 29.3
3.6 9.3 33.7
6.3 1 6.4
14.8 1 14.8
22.6 1 22.6
29.3 1 29.3
33.7 1 33.7

5.2.1 Results

Figure 5.6 shows the area increase as the energy dose is augmented. Contrary to
the conventional Jacobs curve where the cure depth is simply a function of net
energy exposure, Figure 5.6 shows that the cured area depends strongly on whether
the energy exposure is achieved by high irradiance vs. high exposure time. If the
exposure time is kept constant and the amplitude is increased the growth results
in a slope or Dp (penetration depth) 10466, showing more prominent growth rate
compared to the constant amplitude growth with 813 Dp.

Looking at the voxel quality in Figure 5.7 which corresponds to voxels grown at
constant exposure (left) and constant amplitude (right). It can be seen that for the
constant amplitude growth, the crosslinking is not dense enough to withstand the
pulling forces so the voxel is stretched with a 10 µm height surpassing the nominal
height, reaching values above 100 µm. On the other hand, voxels at constant exposure
time but using higher amplitudes preserve shape and reach the nominal area value
(229.52 µm2). Constant amplitude voxels never reached the nominal area value even
after 9 s of exposure. An additional sample was created doubling this exposure,
which lead to a crosslinked film across the whole image plane area due to black
levels reaching the critical energy to trigger crosslinking. However, the stretched
voxel phenomena could present a potential method to generate high aspect ratio
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fibers at sub voxel resolution. One prospective application could be generation of
super-hydrophobic surfaces, however, this needs further investigation. Figure 5.8
shows SEM pictures of single voxels replicated with a 1x lens.
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Figure 5.6: Voxel growth of a single pixel at constant exposure time and constant amplitude
using proportional values to obtain same energy dose levels.

100 μm 100 μm 100 μm 

Constant exposure Constant amplitude

Figure 5.7: Voxel grown at constant exposure (left). Elongated single voxel deformation
(right) grown at constant amplitude, where the crosslinking density is not high enough to
withstand the pull forces between the glass window and the building plate.
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Figure 5.8: SEM captures of array of grown single voxels.

The second experiment shows stable voxel growth and stable pixel height with no
deformations. Figure 5.9 shows the voxel growth progression from the initial growth
to an overgrown state covering an area greater than 4ˆ4 pixels. Interestingly, it
can be seen that the initial growth takes a diagonal shape which could be traced
to the diagonal mirror tilt. The two features measured in this study include the
grown voxels with heights exceeding 5 µm, and their surrounding areas (referred
to OC for overcured surface). The images were measured and processed using the
particle analysis module from the image processing software SPIP. In order to detect
the OC area, a threshold was applied to differentiate the average surface area from
taller cured areas. This threshold was set at an elevation of 1 µm above the overall
surface (seen in blue). As can be seen, each detected, circular voxel is surrounded by
a shaded area. This OC area is the weak scattered light from the original ON pixel
which gives enough critical energy to trigger mild crosslinking in the area surrounding
the pixel, but not enough to generate a full grown voxel. The shape of the OC
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area always spills into the neighboring voxels of the grown one. This behavior can
be related to the simple light scattering model shown in Figure 5.2. As the light
amplitude increases two conclusions can be drawn. (1) pure square voxels are never
generated, they are always rounded due to the Gaussian growth; and (2) the growth
is not uniform, tending to grow toward the ´x direction (according to the coordinate
system in Figure 5.9), and as the amplitude increases, the growth also tends to shift
towards the y direction. This could be due to the pixel tilt direction, scattering the
light selectively toward that direction.
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Figure 5.9: Exponential irradiance attenuation of four active individual pixels.

Figure 5.10 shows the voxel area and volume growth throughout the amplitude range
available by the projector. The voxels require a critical activation energy of 0.00352
J{cm2 to trigger crosslinking. As it can be seen, there is a steady linear increase
as the amplitude increases, an while an eventual plateau where the voxel growth
stops was expected, the trend shows no signs of saturation growth. By translating
amplitude into energy dose (i.e. product of amplitude and exposure time), and using
the voxel width values instead of the area, it is possible to calculate the penetration
depth as described in Section 4.3. Table 5.2 shows the Dp values for the Jacobs curve
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for a boundless layer and the Dp for the 10 µm layer thickness measuring width in
the xy plane growth instead of depth (z). It can be seen that there is a big difference
between the conventional Jacobs curve with 300 mm{Jcm2 and the penetration
depth from experiments 1 and 2, which range from 0.08 mm{Jcm2 for constant
amplitude to 0.53 mm{Jcm2 for constant exposure. As expected, the Dp value from
the second experiment agrees better with the slope from the constant exposure since
both experiments involve increasing the amplitude. It can be concluded that the
Jacobs curve cannot be used to predict microstructure growth in the xy direction.
Moreover, unlike the Jacobs curve where Dp depends solely on the material, micro
features present different growing behavior depending on the amplitude and exposure
parameters. This increases the complexity to predict the behavior of voxel growth.
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Figure 5.10: Voxel area and volume growth at increasing irradiation amplitudes. The OC
volume stands for the overcured volume, which is the difference between the full grown
voxel and scattered light producing additional growth in the surrounding area. The total
volume is the addition of the voxel volume and the OC volume.

Figure 5.10 also shows the volume growth of the voxels and the OC volume growth.
As seen in the image, early in the growth the OC area gains more volume than the
actual grown voxel. This is then stabilized as it reaches the nominal volume level.
Past this boundary, the OC volume closely follows the same volume as the full grown
voxel. The volume growth is interrupted by two drops, these drops are located in
the rightmost side of the calibration samples. The periodicity might indicate that
the DMD loses homogeneity on that side of the mirror array. Interestingly, although
the height of this OC area is lower in height than the voxel volume, the big spread
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around the voxel almost surpasses the full-grown volume. When bigger features are
created, the OC area could be reduced applying the correction image which could
possibly limit the irradiated light outside the projected area.

Table 5.2: Dp values for the different calibration curves.

Amplitude Dprmm{Jcm2s

Conventional Jacobs curve 300
Single voxel growth experiments
Exp 1: Constant amplitude 0.53
Exp 1: Constant exposure time 0.08
Exp 2: Constant exposure time wide amplitude range 0.63

In conclusion, single voxels did not reach a plateau, but instead, grew linearly until
the maximum amplitude was reached. Using higher exposure times at such amplitude
resulted in sample failure due to the black DMD pixels projecting residual light and
delivering energy to cure a thin film covering the entire DMD area. As such, it was
not possible to obtain the maximum growing range of a single voxel. Due to this
event and the voxels sensitivity, it was decided to use features with larger areas for
the mask correction pilot study.

Further light scattering correction model is needed in order to add the single voxel
growth measurements to the correction model. The growth is too irregular to
correlate with the phenomena that would happen with larger areas where the black
area is affected by the illuminated pixels. While this data was not implemented in
the following experiments, the study shines some light to further understand how
crosslinking behaves at single digit dimensions. Current investigations and better
experiments include enhancing the model used in the following section to account
for the intriguing voxel growth behavior.

5.3. Image correction pilot study

The following experiment shows the initial validation of the image correction model.
First, a series of calibration samples were reproduced with a 1x lens across the whole
projector amplitude range with exposure times 500, 1000, 2000 and 3000 ms, and a
10 µm layer thickness. The projected mask is shown in Figure 5.11. The mask has a
4ˆ4 features with variable aspect ratios. However, only the diagonal with squares
measuring 4ˆ4, 16ˆ16, 32ˆ32 and 64ˆ64 (30.24, 120.96, 241.92 and 483.64 µm in
width respectively) were considered for in-depth analysis..
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Figure 5.11: Increasing aspect ratio features at different parameter combinations. As the
exposure time and amplitude reach extreme values, the OC area starts growing.

Figure 5.11 show the growth behavior. As seen in the image, the initial growth hints
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at the features to be replicated, however, the energy dose is not enough to fully
replicate them. It is noteworthy to observe the crosslinking behavior as the energy
dose passes the limit required for the nominal size, at which point skirt becomes
visible around the features with increasing severity for larger features. This skirt can
be related to the same OC area, seen in the single pixel study which is produced by
scattered light. Looking closely to this skirt or OC area it can be seen the crosslinking
is not uniform and produces microcracks which are most likely responsible for the
wider cracks observed in Chapter 4.

Figure 5.11 shows the square measurements at different exposure times. Samples
replicated at 2 and 3 seconds show higher overcuring, however, the 3 s samples were
more challenging to measure due to extreme OC areas as shown in Figure 5.11.
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Figure 5.12: Width measurement of increasing size squares at 0.5, 1, 2 and 3 seconds
spanning the whole amplitude range.

To obtain the value of the overcured region (x), Equation 5.5 is used, where xm is
the measured width of the features and xn is the nominal value. Figure 5.13 shows
the overcure x values of each feature size with a linear fit. Note that the values below
0 are the not fully grown features (hence the negative values). It can be concluded
that the 4ˆ4 pixel feature indeed has less overcured area, however, it presents less
predictable behavior with a 0.09589 R-square value. This means that features closer
to single digit microsize most likely require a different set of parameters in order
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to gain stability which is in agreement with the results obtained in the single-pixel
study. Further experiments are necessary to establish this behavior change boundary.
The larger features show more stable growth which means that they can share the
parameter window.

x “
xm ´ xn

2 (5.5)

For the first validation of the correction model, the overcure value was subtracted
from the 64ˆ64 feature size subject to the 3 second exposure time and amplitude
0.02728 W{cm2 with an average overcure x range of 22.39 ˘ 2.78 µm. Note that as
this is a preliminary pilot study to validate the model, the initial choice of x is a value
based simply on the maximum x-growth range with extreme process parameters.
This is based on the hypothesis that a geometry with such values will yield an overly
cured object. Using Equation 5.3, it is calculated as 205680 and rounded to 205000.
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Figure 5.13: X-range measurements with linear fit at different feature sizes and energy
dose ranges.

The parameters used to obtain the x-range were then used to reproduce a 3D geome-
try that resembles a bunny. Figure 5.14 shows two mask samples of the generated
layers. The one on the left is the original mask and the right is the corrected mask
after applying the model filter. Figure 5.16 shows the impact on manufactured
bunnies, where the left column of pictures correspond to the non-corrected bunny,
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and the right column corresponds to the bunny after generating mask images.

Comparing both columns, the difference in surface quality before and after the
correction can be seen. The non-corrected bunny appears shinier as an indication
voxels blended together and a smoother surface. Although smooth surfaces are
usually desired, this surface is actually farther from the nominal, sliced target. The
corrected image, on the other hand, yields a finer detailed surface where the vertical
and horizontal aspects of the voxels are visible. This is especially apparent in Figure
5.15 which shows detailed views view of both bunnies. The non-corrected bunny
diffracts light preventing the laser scanning microscope from capturing the image,
whereas the corrected bunny allows for visualization of single voxels.

No correction

79

75

119

149

191

255

σ = 205000 

.

Figure 5.14: Generated mask layer sample before and after the correction with σ = 205000.
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Figure 5.15: Comparison between between non corrected bunny and σ corrected bunny.
The top layer corresponds with the cross section masks from Figure 5.14.
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Figure 5.16: Bunnies built with the same light amplitude (0.02733 W{cm2). The left
column is the bunny with no correction and the right has correction with σ = 205000.
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These preliminary results show a promising path where the model proved to enhance
the quality of a geometry would otherwise lose resolution. Further experiments with
higher sigma and lower process parameters did not show a significant difference,
therefore more iterations need to be tested. Moreover, the model is oversimplified
using the light scattering equation. Future model updates will include iteration of
the model implementing a Gaussian distribution as used in the Jacobs model.

5.4. Chapter summary

This Chapter presents a simple initial mask correction model in order to resolve
multi-scale features taking into account the scattered light depending on the size of
each layer. The model uses a Richardson-Lucy deconvolution algorithm to inform the
degree and location of grayscale compensation required. The compensation corrects
for light that is scattered outside the projected mask, thereby reducing the overcured
area inside the mask. The objective is to obtain uniformly cured images.
Initial experiments included a study to gain a better understanding of the growth
behavior of a single voxel, and how the process parameters influence this growth. It
was concluded that single voxels are possible to grow at lower size than the nominal
pixel size, which can be beneficial to reproduce single digit geometries. Further
experiments are needed to ensure voxel strength since, at low amplitudes with varying
exposure times, weakly cured voxels would deform due to the “pull” effect during the
build job. Stronger values volumes exceeding six times the size of the original voxel.
Overall it was concluded that single voxels do not have the same growth behavior as
larger features which do not show such deviations.
Finally, the correction model was used on a Stanford bunny to validate the initial
stage of the model. The parameters were found using extreme energy doses. Future
experiments will include more iterations of varying parameter combinations. Although
this model represent a simplistic approximation of the phenomenon of the light
scattering in the xy plane, the satisfactory results— which yielded fine details with
the visualization of single voxels in a macroscale geometry is a good starting point
as proof of concept.
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Chapter 6

Assessment of Post-Processing Practices

“ I’m in the waste management business. Everybody immediately assumes you’re
mobbed up. It’s a stereotype, and it’s offensive.”

— Tony Soprano, The Sopranos

In order to become a fully functional product, VP specimens undergo several post-
processing steps. Little is reported in literature about this adipose stage of the
process. In this chapter, the Author intends to illustrate each stage, compile methods
found in literature and reveal the outcomes and challenges of different post-processing
approaches. Most post-processing studies found in literature accentuate specific
research around the post-curing step. In addition to post-curing, this chapter stresses
the importance of the previous steps, where it was found that cleaning efficiency,
material strength and potential toxicological concerns are also strongly related to
the strategy chosen prior to post-curing.

Traditional manufacturing process chains and assembly lines have evolved since the
industrial revolution to become fully automated production facilities. Automation
lowers operation expenses, increases efficiency, precision and productivity, including
final post-processing activities such as part cleaning, surface coating treatments
and quality control. This level of automation, however, considerably differs from
AM. Whereas established manufacturing chains often minimize manual labor and
its impact on the quality of manufactured parts, AM industries are still in the early
stages toward realizing fully automated ecosystems. The ability to produce highly
complex geometries is coupled with an increased time-consuming post-treatment,
which differs from the popular thought that AM is a plug-and-play technology.

In its current state, AM is still cannot produce net-shape geometries: cavities and
overhangs require support structures; some AM approaches need heat or chemical
treatments to reach their optimal mechanical properties; and due to the layer effect
present in almost all techniques, additional machining or polishing is necessary to
enhance the surface quality. These practices are mostly carried out manually.

Researchers are working on optimizing AM workflows by automating all stages,
however, post-processing steps such as cleaning are still heavily dependent on human
operators [196]. Some investigations are working toward more automated approaches.
For example, Lopes et al. [197] developed a hybrid technology bringing stereolithog-
raphy and direct build job production together to fabricate structural electronics. By
doing so, they developed a system capable of fabricating the device without removal
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from the machine. However, it was necessary to stop the process to perform manual
sub-processes such as cleaning.

Table 6.1: Summary of AM categories with their essential and optimal post-processing
approaches. Some of the optimal processes are necessary to achieve maximum quality
in terms of mechanical properties or surface quality. Composite materials with metal
or ceramic powders usually require additional steps such as debinding and sintering no
matter the process category. For this reason, these steps are included in the optional
post-processing in the presence of composite materials.

Process
category Material Essential post-processing Optional post-processing Ref.

DED Metals Building plate separation and
workpiece grinding.

Support removal, heat treat-
ment, hot isostatic pressing
and polishing.

[198–201]

PBF

Metals, poly-
mers, ceram-
ics and com-
posites.

Loose powder removal, build-
ing plate separation.

Support removal, heat treat-
ment, peening, hot isostatic
pressing and polishing.

[8, 201–203]

LOM
Metals, poly-
mers and
composites.

Waste material removal. Machining, pyrolysis. [9, 197, 204,
205]

MEX Polymers and
composites.

Support removal. For ceramic
and metal composites: debind-
ing and sintering.

Chemical baths (e.g acetone),
dying,metal plating and sand-
ing.

[204, 206,
207]

MJT Polymers. Support removal, post-curing. Sanding, polishing, dying and
metal plating. [13, 208]

BJT

Polymers,
metals, ce-
ramic, sand
and compos-
ites.

Loose powder removal, curing,
debinding and sintering.

Infiltration (for metal bind-
ing), machining and polishing. [11, 201]

VPP Polymers and
composites. Cleaning, drying and curing. Support removal, polishing,

debinding and sintering. [1, 177]

Table 6.1 summarizes the most common post-processing practices depending on the
AM technology used. Different process categories share some similarities, mainly
with respect to the support removal. Not every AM part requires support, but as
the geometry complexity increases, the need for support is more likely. For example,
in metal AM such as directed energy deposition (DED) or powder bed fusion (PBF)
support is almost always used. Due to the high temperatures required in these
processes, the support prevents deformation of the workpieces as they cool down.
Moreover, the built parts are also welded to an adhesion plate which require additional
machining to detach it from the surface. PBF also needs further machining because
the microstructure anisotropy produces internal defects and pores that induce crack
initiation. All of these defects lead to early failure [209]. Moreover, most campaigns
need cleaning for loose material in the form of powder, liquid, or sheets (in sheet
lamination). All of the activities performed from platform detachment, to material
removal, polishing, etc. Until the desired characteristics are achieved, are considered
post-processing. Although VPP is a technology capable of rendering high resolution
features, as shown in previous chapters, its full potential can only be realized by a
properly planned post-processing campaign.
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6.1. Post-Processing Steps

20:15
60min 60C

Part removal Cleaning Drying Post-curing

Figure 6.1: The four main post-processing steps for VPP parts consist of: part removal,
cleaning, drying, and post-curing.

The four main steps governing post-processing of VPP specimens are: part removal,
cleaning, drying and curing (Figure 6.1). Part removal involves the detachment
of the object from the building plate. Although it seems a straightforward step,
extra care needs to be placed in this stage. The part is usually detached using a
spatula and the stress induced on the part can easily break the object or eject it
leading to part loss or contamination. Cleaning deals with the removal of residual,
uncured photopolymer that covers the part at the end of every building job. Drying
mechanically removes residual solvent from the workpiece surface with compressed
air. Some approaches also include air drying, where the solvent evaporates; or oven
drying. The last step is curing, which further crosslinks uncured photopolymer on
the surface and up to a certain depth, enhancing the mechanical properties and
allowing the workpiece to be safely handled. Each post-processing step affects the
final part quality, and the choice of the overall process design governs the effectiveness
of the post-processing campaign. The diagram in Figure 6.2 shows a decision making
workflow that users may encounter during this last process of VPP manufacturing.
In this chapter additional attention will be placed on cleaning and drying, with a
more in depth study of the cleaning step.
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Figure 6.2: General decision-making diagram for post-processing campaigns.

6.1.1 Cleaning

The liquid uncured photopolymer surrounds the freshly manufactured part after every
build job, therefore, it is imperative to remove it before proceeding with the following
steps. Liquid photopolymer is usually hazardous in its liquid form, therefore, it
must be handled with caution during these final steps. A laboratory coat, nitrile
gloves and safety glasses are the minimum level of personal protection equipment
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(PPE) necessary to safely proceed with these operations. Cleaning is done using
a solvent, which dilutes the liquid photopolymer and helps removing it from the
part surface. Different techniques are used to increase the cleaning efficiency, often
including agitation, sonication or simply manual cleaning.

Solvents

Organic solvents are carbon-based compounds that dissolve, extract or suspend
other materials such as resins, oils, or paints without chemically reacting with
them. A good cleaning solvent for VPP must remove the residual photopolymer
from the surface, but also must penetrate into the workpiece in order to avoid the
possibility of uncured photopolymer leaching out after post-curing. Organic solvent
molecules (e.g. ethanol or isopropyl alcohol, IPA) penetrate the material, expanding
gaps between photopolymer chains causing diffusion of the non-crosslinked resin [210].

There are four main physical properties characteristic of solvents: (1) volatility, which
defines the ability of the solvent to vaporize; (2) boiling point, which is closely related
to volatility. Usually solvents have low boiling points, and the lower the boiling
point the higher the volatility; (3) flash point, which is the minimum temperature
at which solvents will ignite in the presence of an ignition source; and (4) color and
mass. Solvents are usually clear and colorless with a characteristic smell. Their
molecular weight is also known to be low. Although organic solvents can make
for efficient cleaning agents, their volatility can be hazardous. Consequently, some
manufacturers use compounds to substitute the volatile organic compounds (VOC)
from their formulas in order to decrease their volatility [211].

The type of solvent used depends on the material or machine manufacturer recommen-
dations. Figure 6.3 shows the solvent recommendation based on sixteen companies
that manufacture VPP systems or develop materials (3D Systems, Anycubic Asiga,
B9 Creations, Carbon, EnvisionTEC, Formlabs, Lithoz, Peopoly, Photocentric, Shin-
ing 3D, Stratasys, Prusa, Uniontech, XYZ Printing and Zortrax). Among them, nine
recommend IPA, while the rest suggest either IPA or ethanol, or propylene glycol
ether-based solvents (PGE) or IPA (Peopoly and Formlabs, respectively), whereas
Anycubic only recommends Ethanol and Photocentric recommends a PGE-based
solvent. The rest of the companies do not provide solvent recommendations. Based
on these finding, it was decided to focus the investigation on IPA and PGE, since
IPA is the most used solvent for this application and PGE is a safe substitution of
organic solvents.
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Figure 6.3: Solvent recommendations by sixteen commercial VPP manufacturers.

Technical grade isopropyl alcohol. IPA is the most recommended solvent in commer-
cial VPAM systems and research, due to its efficacy, price, and availability [212].
IPA is colorless with a low flash point (12°C), and an alcohol-like odor. It has a
high evaporation rate making it highly volatile and flammable. These properties
bind users to comply with strict safety requirements to keep the workplace safe
from fires and/or explosions. IPA users may suffer dizziness and drowsiness from
prolonged exposures, and skin irritation or corneal burns if it is mishandled. These
concerns are the reason why some photopolymer or VPP system manufacturers
look for other options for part cleaning. Despite the disadvantages of IPA, it is
a solvent that effectively washes out the non-crosslinked resin, making it the pre-
ferred option. The interaction is based on the liquid state of both, alcohol and
photopolymer, as well as the resin composition, which consists of monomers and
oligomers. The carbon molecules and functional groups creates non polar-non po-
lar interactions with the IPA, binding with the resin and washing it out by the solvent.

Overall, IPA has very low toxicity, it evaporates rapidly and leaves traces of oil.
The first company that developed stereolithography, 3D Systems, initially used
denaturalized ethanol, IPA or methyl alcohol. However, they reported part distortion
due to part swelling after being in contact with different solvents, ultimately showing
1.3% swelling in 20 hours [1]. The experiment compared the behavior of alcohol
against two PGE-based solvents, tri-propylene glycol monomethyl ether (TPM) and
di-propylene glycol monomethyl ether (DPM). TPM showed almost no swelling and
DPM only swelled up to 0.3% after 20 hours. Finally, 3D Systems discouraged the
use of alcohol for the interest of part accuracy. Interestingly, current 3D Systems
washing campaigns include the use of IPA, as well as a substitute, EZRinse-C, with
an undisclosed composition, but is referred to as a mixture of organic components in
the MSDS. It could be concluded that, although IPA can induce more part swelling,
the contact time can be managed to avoid the swelling effects seen in their earlier
investigations. Thus, it is assumed that IPA is mostly used for its cleaning efficacy,
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price and availability despite its VOC properties.

Propylene glycol ether solvents. The hazards associated with VOC solvents are
a major concern in industrial applications where newly developed machinery and
facilities have to comply with the more stringent safety regulations, often meeting
the needs of multiple countries. Thus, machine and material manufacturers within
the VPP industry developed safer alternatives. Consequently, there is a growing
interest with the use of PGE solvents because they are formulated as a mixture of
isomers with high flash point, low volatility, low flammability and sometimes are even
biodegradable. For example TPM has an oily quality, ether-like odor, and is colorless.
As discussed, 3D Systems reported the benefits of DPM and TPM [1], showing
less swelling and safer handling. TPM was concluded to be even more beneficial
because it withstands more resin loading (i.e. the amount of residual photopolymer
in the solvent before it saturates and loses its cleaning efficiency). In a white paper,
Formlabs reported [213] the benefits of using tripropylene glycol methyl ether, a
PGE-based solvent where the main benefit is easier solvent handling compared to
IPA. Because of its safer characteristics, storage of PGE in flammable liquid cabinets
is rarely required. PGE, although less hazardous than IPA, also needs to be handled
with caution, especially in the case of skin contact which may cause skin whitening
[212]. Moreover, at the end of the cleaning cycle, both IPA and PGE are treated as
toxic waste because they are saturated with uncured photopolymer.

Cleaning devices

The choice of solvent is just the first step of the post-processing decision-making plan
(Figure 6.2). The next step is the medium where the solvent is delivered. Verhaagen
et al. [112] reports the challenges encountered during the washing step of additively
manufactured objects where 30% of the manufacturing process is allocated to just
cleaning. There are two main methods for the cleaning step, (1) agitation, and (2)
sonication.

Agitation is usually carried out by a device equipped with a propeller which rotates
generating a vortex or bulk motion in the solvent containing vessel. The agitation
can also be created by blades, air jets or magnetic stirrers. In the absence of a
mechanical device, agitation is also accomplished manually. As a matter of fact, some
objects require additional manual rinsing to wash out localized liquid resin. This is
carried about by iterating air pressured drying and quick rinsing. Agitation is a safe
option when the solvent used has a low flash point because solvent containing vessel.
These systems are usually more affordable than ultrasonic devices. The cleaning
efficiency of mechanical agitation is lower than ultrasonic cleaning. Some mechanical
agitators generate a vortex that vigorously moves the objects around the cleaning
space, which might be too aggressive when microsized features are present.

Sonication or ultrasound is a cleaning technique that uses high frequency vibration
(30 to 80 kHz range [214]) to agitate the cleaning agent (in this case, the solvent).
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The cleaning can be achieved by three different mechanisms: (1) a chemical reaction
between impurities and solvent; (2) impurities dissolving into the solvent; and (3)
cavitation that mechanically removes surface impurities from the objects surface
[215]. Liquid photopolymer does not react with the solvent, therefore dissolution
and cavitation are the main mechanisms that contribute to the cleaning. The high
frequencies of ultrasound enable the solvent to reach less accessible features like as
microcavities. Cavitation enhances the cleaning efficiency by generating microscopic
vacuum bubbles filled with vapor. When the bubbles collide with the sample’s
surface, a small implosion generates enough energy to eject impurities from the
surface [216]. Higher bubble pressure and density will increase the cleaning efficiency
[215]. Although cavitation enhances cleaning results, caution is advised since it could
exert permanent damage over the object’s surface [217]. Therefore, it is important
to define a cleaning protocol where the cleaning parameters such as frequency and
temperature are controlled to avoid surface damage. Temperature is a parameter
that can be controlled depending on the ultrasonic device used. However, with or
without selecting a certain temperature, ultrasonic waves raise the media temperature
over time due to the high frequencies. High temperatures can be hazardous with
solvents such as IPA (12˝ flash point), since they are more susceptible to explosions.
A method to achieve a safer environment while cleaning with solvents is to use
distilled water in the ultrasonic device and keep the solvent and the object in a closed
container to avoid fumes. The container should not be air tight to avoid pressure
increase and the container’s explosion [218]. Benefits of using ultrasound may include
improved Young modulus as reported by Jayanthi et al., because the vibration also
encourages reactive chains to move, therefore increasing the probability to increase
crosslinking, which can also be triggered by the ultrasound temperature gradient [219].

Experience has shown that mechanical agitation is convenient for samples with no
microfeatures present, while samples with cavities and microfeatures will typically
survive the cleaning under ultrasonic conditions.

Overall, the two parameters to take into account during the cleaning steps are
temperature and cleaning time. As mentioned, temperature may be selected by
the user, but controlling temperature in a conventional ultrasonic device might be
challenging since there is always a temperature increase. The temperature increase
could also cause a hazardous environment in the presence of VOC solvents. The
cleaning time, as well as the type of solvent, is sometimes given by the material’s
manufacturers. However, it is not as common a parameter since it depends on
the objects surface area to be cleaned, so the cleaning time often requires specific
testing. Cleaning time should be minimized to avoid part swelling, which at lower
crosslinking degree that, leads to more severe swelling [220]. Therefore, the time
should be optimized such that the part is thoroughly cleaned in the least amount of
time.
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6.1.2 Drying

Drying is the intermediate step between cleaning and post-curing. Drying is usually
carried out manually using compressed air. The advantage of manual air drying is
that it provides an immediate opportunity to inspect and correct for inadequate
cleaning. This is important because, if liquid photopolymer remains unnoticed
on the surface after cleaning, it will be permanently cured on during post-curing.
Parts can also be left to dry in air, however, depending on the solvent it can be a
time-consuming task that may last for 24 hours [221]. Additionally, air drying does
not facilitate the mechanical removal of solvent, impurities or uncured photopolymer.

During the cleaning step, depending on the solvent type, cleaning time, and crosslink-
ing density, the sample may swell [220]. Swelling is normal as it helps diffuse uncured
monomer out of the sample. However, due to toxicological concerns, it is important
that most of the monomer leaches out before the product reaches a consumer, espe-
cially for medical application components [222, 223].

A small experiment was carried out to investigate the effect of an additional drying
step in order to avoid excessive leaching. After the samples are dried with compressed
air, the method involves treating the samples in a desiccator with pulsed vacuum to
extricate solvent and remaining monomer from the sample before post-curing. The
experimental test samples are cubes with side lengths measuring 10 mm, made using
a soluble photopolymer (general purpose IM 2.0 by AddiFab). In total 14 samples
were fabricated, each of which were cleaned with IPA for 5 minutes in ultrasound
(Elmasonic P) at room temperature. The solvent eventually reached 45˝ due to
the ultrasound vibration. Seven samples were left to air dry for four hours and the
other seven were placed inside the pulsed vacuum desiccator for four hours. The
weight loss was monitored for each sample every hour. Finally all the samples were
post-cured in a post-curing light pulsing unit (Otoflash by EnvisionTEC [224]) for
1500 flashes with weight loss measurements taken every 500 flashes.

Table 6.2: Weight control stages during and after the post-processing routine.

Control stage Description

S.1 Weight after 1h pulsed vacuum or air dry.
S.2 Weight after 2 h pulsed vacuum or air dry.
S.3 Weight after 3 h pulsed vacuum or air dry
S.4 Weight after 4 h pulsed vacuum or air dry
S.5 Weight after 500 flashes.
S.6 Weight after 500 flashes.
S.7 Weight after 500 flashes.
D1 - D7 Daily weight loss control.
W1 Weight loss a week after.
M1 - M2 Weight loss during two months.

Table 6.2 outlines the weight measurement control routine used to generate the
weight loss profile in Figure 6.4. After the post-processing routine, the samples were
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periodically weighed daily for a week, then a week after, then one month after, and
finally, another month after. All samples were stored in a desiccator inside sample
bags with silica gel desiccant bags to prevent humidity from permeating the samples.

Figure 6.4 shows how the pulsed vacuum achieves higher weight loss than air drying
samples. Most of the wight loss happens during the first drying hour. The post-
curing (S5 to S7) has a negligible effect on the weight loss. The pulsed post-cure is
a fast curing with a flash rate of 10 flashes per second, therefore the 1500 flashes
are completed in only 150 seconds. Although some heat is generated during the
treatment due to the lamp power (66 W), it is not enough to contribute significantly
to the weight loss. During the monitoring days, weeks and months an interesting
event happens: weight loss for the vacuum-treated samples eventually plateaus, while
the non-vacuum samples continue to lose, surpassing the total weight loss of the
vacuum treated samples. One hypothesis for this phenomena is that, aided by the
underpressure from S1-S4, the microporosity near the surface of the vacuum-treated
samples is reduced resulting in a densified layer that eventually slows the diffusion-
based drying or leaching from S4-M2. Conversely, for the non-vacuum samples, a less
dense structure with a higher degree of microporosity is maintained which facilitates
more bulk diffusion from S4-M2. Although further investigation is necessary, this
phenomenon indicates that treating samples with pulsed vacuum could help limit
leaching. The leached components likely include, solvent and uncrosslinked monomers
(long carbon chains may be too big to extricate from the object). Further experiments
are needed to investigate the exact composition of the leached components.
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Figure 6.4: Weight loss monitoring between two drying campaigns, with vacuum and
without vacuum during the period from S1-S4. The shaded area represents the processing
steps and the white represents the data collection monitoring the weight loss of samples
stored under the same conditions.

166 Vat Photopolymerization Process Chain



6.1. POST-PROCESSING STEPS

6.1.3 Post-curing

Once a part in finished, it is considered a green part, meaning that the workpiece
is not fully crosslinked and still has reactive species. The reason why a geometry
comes out as a green part and not a fully ready-to-use part is because, as it is being
fabricated, the layers need to bond together. If a layer is fully crosslinked during the
build process, the probability of reactive branches being available to crosslink with
polymer chains from neighboring layers may be reduced, and delamination will most
likely happen after the object is finished. Post-curing is the main contributor to
the final elastic modulus and UTS, which sometimes double compared to the green
body mechanical properties [225]. Due to the increased crosslinking density, the
part becomes more brittle than the green part and therefore, the ultimate strain is
decreased. If no specific instructions are disclosed by the manufacturers, additional
experiments are needed to find adequate post-curing parameters. Excessive time in
the post-curing chamber can reduce the UTS and elastic modulus beyond intention,
resulting in an overly brittle part [185]. On the other hand, a low degree of before
post-curing induces higher shrinkage during the post-curing process, reaching 8%
volume shrinkage in extreme cases [1, 113]. The final behavior, however, depends on
the material used.

The post-curing device can take many shapes, but typically include a lamp covering
the UV spectra to cure unreacted photopolymer and reflective surfaces to direct
the light evenly over the sample. There are devices, such as the mentioned flashing
light module (Otoflash by EnvisionTEC) that use high power light with a spectral
distribution ranging from 300 to 700 nm. However, experience with this device
showed to be too aggressive with microfeatured surfaces, eventually producing more
pronounced cracking than a more gentle UV curing chamber, such as the Form Cure
by Formlabs. More advanced devices may include temperature control which has
shown to be even more beneficial in combination with UV light flood, achieving
stronger samples than those treated only with UV [219]. Higher curing degrees can
be achieved if a vat is used that heats the resin during the build. However, increased
resin temperature increases the chain growth rate, and therefore is more prone to
overcuring. This is visible in the work carried out by Steyrer et al., which showed that
higher build job temperatures produce stiffer mechanical properties in green parts
and in some cases, depending on the building orientation, higher tensile strength
[114]. Despite these advantages, it was also shown that parts manufactured at high
temperatures (70˝) showed worse surface quality compared to room temperature
samples. An option to gain the high crosslinking rates obtained with heat while
keeping the dimensional tolerances is to use heat during the post-curing step rather
than in the building stage. Salmoria et al. showed improved dimensional stability and
less anisotropy using a thermal post-treatment in combination with UV irradiation
[226]. This study also compared the use of heat treatment with an oven and with
a microwave, showing higher elastic modulus, tensile strength and UTS than with
the green samples. However, conventional oven showed higher anisotropy with more
uniform stress distribution, which was seen by inspecting the dogbone cross sections.

In essence, these different reports on post-curing show that with careful consideration,
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a designed strategy can help the MSM calibration so the material used meets the
expectations of the end-use part [227].

6.1.4 Storage

Although this is not part of the mentioned post-processing workflow, samples manufac-
tured with photopolymers should be stored suitably, and according to specifications.
Material manufacturers should also provide storage instructions, however, this is
not always the case. Therefore, common sense storage guidelines should include
minimizing sunlight exposure and avoiding humidity. As mentioned, overcuring
makes VPP samples stiffer but they also become more brittle, so cracking may occur
after some time [228]. Swelling might also occur if the object is not properly stored,
resulting in dimensional distortion. Therefore a good storage should include an
ambient temperature, dry environment.

6.2. Effects of Solvent Selection

Post-processing in literature is focused mostly on the post-curing of parts likely due
to the high impact on the mechanical properties of the manufactured part. However,
the Author is aware of no studies that report on the effect of the selected solvent.
This section investigates use of two different solvents with the aim of determining
why IPA is more widely used than safer options such as a PGE-based solvent. As
mentioned, some reasons might be availability and price. This study also intends to
answer questions such as: Does the solvent choice affect the mechanical properties?
Is there a difference between the cleaning efficiency? Why does IPA have more
widespread use? Do all materials react the same to the solvent? The goal of this
experiment is to evaluate the difference and how the choice of solvent affects the
functionality, geometrical and mechanical characteristics of parts.

6.2.1 Materials and methods

Two different solvents were used to clean two materials at different cleaning times
during an ultrasonic bath. The solvents used are a technical grade isopropyl alcohol
(98%) and a PGE TEK 1969 (Lumi industries, PGE-based solvent) which differ
highly in flash point, molecular weight and price. A complete list of properties for
both solvents is listed in Table 6.4.

A design of experiment was executed where two different materials: IM 2.0 by Addifab
(IM), made from a blend of 4-(1-oxo-2-propenyl)-morpholin, multifunctional acrylates
and monoacylphosphine oxide based photoinitiator; and Industrial Blend Deep Black
by Funtodo (DB), a mixture of acrylate and diacrylate monomers with phosphine
oxide based photoinitiators. These two materials are used for different applications.
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IM is a special material that dissolves in water and it is used to fabricate freeform
molds as described in Section 3.4.3 [164]. DB is an affordable, hard photopolymer
used for prototyping or applications that might undergo temperatures ranging from
-45˝C to 225˝C.

Dogbones were manufactured flat on the building plate of the open architecture
platform. In the absence of a standard for tensile testing and test specimen design
for polymer AM parts, the ISO 527 1-Determination of tensile properties and 2
Test conditions for molding and extrusion plastics are used [182, 183]. The dog-
bone design followed the recommendations of ISO 527-2 for small test specimens
(type 5B) with 1 mm thickness and 10 mm of gauge length. Ten specimens were
manufactured per experimental condition. Three factor design of experiment was
conducted with the following factors and levels: material (IM and DB), solvent
type (IPA and TEK) and cleaning time in an ultrasonic bath (3 and 10 minutes).
Table 6.3 shows the elements of the design of experiment. Dogbones were sliced
at 10 µm and built using the 2x projector lens. The building parameters were
adjusted for each material after conducting a calibration campaign as explained in
Section 4.3. IM samples were built with an amplitude and exposure time of 0.01125
W{cm2 and 500 ms, respectively. DB were built with an amplitude and exposure
time of 0.01487 W{cm2 and 500 ms. The cleaning campaigns were the core of the
test, however, drying and post-curing processes followed the campaigns. Drying
was executed manually using compressed air before post-curing the samples for 5
minutes at 45˝C. Additionally, five samples of each material were tested without
applying the post-processing routine in order to have a reference point (untreated
samples were solely wiped with a paper towel to remove residual liquid photopolymer).

The samples were weighed between post-processing steps and subject to the tensile
test after cleaning and after post-curing (five samples tested at each stage). The
tensile test device used is a Multitest 2.5-i by Mecmesin, with load capacity of 2500 N.
The testing routine followed the standards stipulated by the ISO 527-1 at 1 mm{min.
Finally, the broken samples were examined with a digital microscope (VHX-7000
Series by Keyence).

Table 6.3: Factorial design to determine the difference between solvent type and cleaning
times using two different photopolymer resins.

Factor Low High
Material IM 2.0 DB
Solvent IPA TEK
Time 3 minutes 10 minutes
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Table 6.4: Properties of isopropyl alcohol and propylene glycol ether-based solvent TEK
1960 from Lumi IndustriesTM.

ID Supplier name CAS Formula Molecular
weight

Flash
point

Boiling
point Price

IPA
Technical grade iso-
propyl alcohol 98%
(VWR chemicals)

67-63-0 C3H8O 60.10 12˝C 8˝C (760
mmHg)

3.08€
(1 L)

TEK
1969

50 - 100 %
Dipropylenegly-
col monomethyl
ether (mixture of
isomers) 99%

34590-94-8 C7H16O3 148.20 75˝C 180˝C (760
mmHg)

12.50€
(1 L)

1 - 5 % Dimethyl
succinate 1 - 5 %
Brij® L23

106-65-0 C6H10O4 146.14 94˝C 109˝C (790
mmHg)

1 - 5 % Tricosaethy-
lene glycol mono-
n-dodecyl ether
, Polyoxyethy-
lene(23)lauryl
ether (Lumi Indus-
tries and Alchemia
S.r.l.)

9002-92-0 C58H118O24 1199.56 150˝C -

6.2.2 Results

This study investigates the cleaning effect of two solvents under the hypothesis that
the cleaning campaign impacts on the integrity on the manufactured samples in
terms of removal of uncured resin and mechanical properties. Figure 6.5 shows the
resulting stress - strain plots, and Figure 6.10 shows the main effect plots in terms of
weight loss. The two materials, IM and DB, have different properties and respond
differently, therefore the discussion will be focused on the effects of the solvents on
each material separately.

IM reaction to solvents

The most unanticipated result is the negative effect of either solvent on the IM
photopolymer. As seen in Figure 6.5, the control samples (just wiped with a
paper towel) show a higher strength value («33 MPa) than the samples cleaned in
ultrasound. This is true for both cases, before and after post-curing by UV. There
is almost no difference between solvent treatment (i.e. 3 vs. 10-minute) on the
samples before curing, however, both of them are around 5 MPa weaker than the
uncured control sample. When the samples are cured, this drop is doubled and even
more pronounced for the IPA-treated samples. Table 6.5 shows the strength values
cleaning with IPA and TEK for 3 and 10 minutes. There are two highlights from
the solvent-treated post-cured samples: (1) the TEK-treated samples show higher
strength values; and (2) longer cleaning times negatively affect the photopolymer
strength for IM.
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Figure 6.5: Stress and stress behavior of AddiFab IM 2.0 and FunToDo Deep Black cleaned
with two different solvents, IPA and TEK. All four combinations of materials and solvents
are studied both before curing (BC) and after post-curing (PC). The control samples were
not subject to an ultrasonic bath, but rather, were cleaned only by a paper towel dipped
in IPA.

Table 6.5: Strength values for post-cured samples, cleaned with IPA and TEK.

Cleaning time (min) Strength IPA (MPa) Strength TEK (MPa)
3 19 23
10 16 20

The reaction to the different solvents and cleaning times could be potentially explained
by looking at the cross section of the broken dogbones. Figure 6.6 (left) shows a
picture of the dogbone cross section after cleaning and curing with IPA and TEK for
3 minutes. Three distinct areas can be identified:

1. Burn-in layer: This thick area corresponds to the first cured layer during the
building process, whose purpose is to secure the sample to the build plate.
The burn in layer measures approximately 300um thick, while the rest of the
sample is built with 10um layers.

2. Tension area: This area is only visible after curing and if the sample is
cleaned with a solvent. Figure 6.8 shows all cross sections at the different
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experimental combinations. The tension area is a crust with a certain depth.
It is hypothesized that when cleaning a sample, the solvent penetrates in to a
certain depth, swelling the structure and allowing more of the uncrosslinked
monomer to diffuse out of this permeation zone. Then, after drying and
post-curing, the swollen, monomer-deficient zone condenses creating an area in
slight tension. This area, in turn, induces compression in the inner zone (i.e.
compression area). The depth of the zone appears to correlate with the time
of exposure to the solvent.

3. Compression area: This area is the zone trapped within the burn-in layer and
tension area. It is defined as compression area due to the opposite reaction
forces that might occur due to the shrinkage of the tension area.

200 μm 
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Burn-in layer

200 μm 
IPA TEK

Figure 6.6: Distinct areas inside the dogbone cross section.
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Figure 6.7: Tension area variation depending on solvent type and cleaning time. The
tension area is significantly increased when IPA is used, and it is even thicker as the
cleaning time augments.
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As shown in Figure 6.7, the tension area increases with the cleaning time, and is even
more pronounced when IPA is used. IPA molecules are smaller than TEK (Table
6.4), which may allow them to penetrate more effectively into the samples. Two
scenarios may happen that help UV light penetrate deeper into the sample: (1) The
solvent diffuses out monomer making the material is less dense; or (2) the solvent
absorbed by the sample swells the material, separating the monomer or polymer
molecules so light can travel deeper. The difference in tension area between solvents
may explain the lower mechanical properties for IPA samples.
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Figure 6.8: Cross sections of both faces of the broken dogbones using IM 2.0 resin with the
different cleaning campaigns. The unpigmented IM material helps to reveal the different
areas highlighted in Figure 6.6
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IM also reacts negatively to the type of solvent from the dimensional standpoint.
Figure 6.9 shows the different behavior between a sample cleaned with IPA and TEK,
where the latter shows more severe warpage. One theory is that, by penetrating
deeper into the structure, the IPA is able to release more residual stress from the build
phase, such as the stress induced by the burn-in layer. In any case, this difference
leaves the user with the predicament of choosing which properties best meet the end
use of the built object. For example, if mechanical properties are preferred in the
product, TEK cleaning may be the optimal solvent. On the other hand, if aesthetics
and geometrical stability are primordial for the functionality of the object, then IPA
should be used.

IPA TEK 
Figure 6.9: Warpage effect after 10 minutes in IPA (left) and TEK (right).
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Figure 6.10: Main effects plot of weight loss percentage.

The main effects plot in Figure 6.10, shows that the difference in material and solvent
choice have a higher impact on the material weight loss than the duration of the
ultrasonic bath. As seen in the graph. IM loses more weight than DB and the end of
the post-processing stages, which could be explained by differences in crosslinking
density. Figure 6.5 shows the difference in flexibility between IM and DB, where the
former surpasses 50% strains while the latter barely reaches 10% before experiencing
a brittle failure. Overall, DB demonstrates more stability during the cleaning process.
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A final observation is the inability to correlate impact failure cross sections with
the cleaning campaigns. For example, Figure 6.8 shows a clean section cut in three
occasions: when the part is not cleaned nor post-cured; after the sample is cleaned
in IPA for 3 minutes and post-cured; and then before curing while cleaned with IPA
for 10 minutes— while the rest of the samples show clear crack propagation. Some
breaking sections show vertical lines which correspond to the DMD micromirror gap
between mirrors (e.g. sample cleaned with TEK for 3 minutes). Interestingly, the
horizontal layers (10 µm) are not as visible as the DMD marks. The samples with
cracked surfaces might have had an imperfection such as a bubble which generated
the initial braking point. Hence, the clean cross section areas might have a slower
propagation zone due to the lack of imperfections.

DB reaction to solvents

DB is stronger than IM, reaching 34 MPa before breaking. This strength is matched
by IM before cleaning, which is an unrealistic scenario since all objects must be
cleaned for safety, geometrical and aesthetic concerns. After cleaning, DB almost
doubles the stress that IM can withstand before yielding and eventually breaking.
As seen in Figure 6.5, DB has almost no response to the cleaning time nor to the
solvent choice, showing only a slight strength gain if TEK is used.

The tension area is not visible in the DB samples (Figure 6.12). However, it is most
likely present, as shown in the micrographs from a study carried out by Naik et al.,
where a material with similar properties as DB is investigated. The article evaluates
the material anisotropy and mechanical behavior at different strain rates, building
orientations and layer thickness [155]. The fracture sections of each sample pair seen
in Figure 6.12 shows different fracture initiation, however, as seen with IM, no clear
relationship can be made between fracture behavior and type of solvent used.

200 μm 

Mirror zone

Mist zoneHackle zone

Crust zone

Figure 6.11: Cross section of a Deep Black manufactured dogbone showing the different
fracture areas.

The fracture areas of the DB samples show a similar behavior as the fracture areas
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described by Naik et al. [155]. As seen in polymers such as polymethyl methacrylates,
fractures start with a craze area in which the intramolecular Van Der Waals forces
weaken and provoke minuscule gaps that, eventually, as stress is accumulated within
these gaps, provoke total failure. These failure areas depict three regions on the
cross section: (1) a mirror zone, where the crack is generated. It is smooth because
at the beginning of the crack propagation it happens at slow rates; (2) mist; and
(3) hackle zone. The mist zone is a transition zone between mirror and hackle,
and its boundary is not easy to establish since it merges between both mirror and
hackle. The hackle zone is the faster breaking point which mostly leads to total
failure and is characterized for its tough surface. Most DB samples show a similar
crack propagation starting from a dogbone corner or defect and propagating to the
opposite side.

BEFORE POST CURE AFTER POST CURE
CONTROL
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400  μm

Figure 6.12: Cross sections of both sides of the broken dogbones using Deep Black resin
with the different cleaning campaigns. The pigmentation of the Deep Black resin does not
allow to see distinct tension areas, however, the brittle impact failure zone is visible.
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Lastly, the cleaning efficiency between solvents is not as easy to quantify. Besides
the user experience after drying the samples, it can be said that IPA seems to clean
residue more easily, while TEK leaves a fine oil-like film that requires more rinsing
and air drying to thoroughly clean. Figure 6.13 shows the surface finish after cleaning
with IPA and TEK.

IP
A

3 MINUTES 10 MINUTES

T
E

K

Figure 6.13: Cleaning performance of IPA and TEK.

In summary, it can be said that the solvent choice does have impact on the mechanical
properties of VPP specimens, especially for the IM 2.0 material. This is likely to
be expected, as this material is designed to be dissolved in water. Contrary to the
IM material response to different solvents, DB does not seem as sensitive to the
cleaning routine in terms of strength. However, DB samples do gain strength after
cleaning. One takeaway for DB, is that parts can stay longer in the solvent in order to
ensure that the part is fully clean, since time does not have that much impact on the
mechanical properties. However, further experiments are needed to see the solvent
impact of more extreme cleaning times. Overall, material developers should be more
aware of the solvent recommendations and should give more detailed routines to
the user in order to prevent unexpected results or loss of mechanical behavior. As
seen with IM, just the use of any solvent greatly impacts the mechanical behavior,
and maybe none of the solvents used are ideal for that material, even though the
manufacturer recommends IPA.

Cleaning efficiency could be said to be similar in both solvent cases. However, in the
Author’s experience, IPA requires less cleaning effort and thin samples do not warp
as much. Further experiments are needed in order to find a way to quantify cleaning
efficiency.

6.3. Waste Management Solution

As discussed throughout this chapter, uncured photopolymer is toxic and needs
to be removed to safely handle the final object, and to avoid excessive/unwanted
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photopolymer from curing on the surface affecting the part accuracy. VPP industries
and researchers use a significant amount to clean parts, which in turn, becomes
chemical waste as uncured photopolymer is diluted into it [229]. Optimization of this
process includes using the same volume of solvent for several parts until it reaches
saturation, at which point needs to be disposed of properly. Under the hypothesis that
cleaning solvents do not react with the diluted photopolymer and that photopolymers
still crosslink inside the solution, a solution is proposed which lead to a corresponding
patent application by the Author (Patent Application No. PCT/EP2020/050170 -
PCT): a system that crosslinks the waste liquid photopolymer present in the solvent
properly mechanically separate the two. with this solution, it is possible to tackle
two key issues during the cleaning stage: (1) the cured photopolymer no longer need
to be disposed following chemical waste regulations; and (2) the recovered solvent
can be re-used multiple times, thereby reducing chemical waste flow and solvent
expenses. The working principle of the patented idea is shown in Figure 6.14.

Figure 6.14: Working principle of the solvent recovery technique.

6.3.1 Solvent recovery patent

The following sections describe the experimental procedure and results to quantify
the purity of recovered isopropyl alcohol (IPA).

Light source study

The first study investigated the possibility of using one light source to cure waste
with residual resin that cures at different wavelengths. Two different light sources
were used: a 60W incandescent bulb and a 60W UV lamp. Four resins were used
from different manufacturers with different wavelength specifications ranging from
360 nm to 405 nm. The resins were: Funtodo red and Funtodo white, Formlabs High
Temp (all cure at 405 nm) and SOMOS Perform (360 nm crosslinking band). The
60W tungsten incandescent bulb has a spectral power distribution ranging from 350
to 750 nm. The 60W UV LED lamp spectrum follows a near-Gaussian distribution,
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delivering peak spectral power in the 405 nm range but also extends out to 365 nm.
Due its 60W power and UV-focused range, the UV lamp is expected to cure faster
than the incandescent lamp.

The samples were exposed to two different light sources. Due to different curing rates
of the different materials given their varied formulations and wavelength sensitivity,
the resins were evaluated every minute to examine the crosslinking status. The curing
times were analyzed with 1 ml samples alone, and mixed with isopropyl alcohol
(IPA) to emulate residual waste. Finally, all the resins were mixed together and
also evaluated with IPA which represents the worst case scenario in a non-controlled
waste setup.

All resins achieved full solidification with both light sources. However, as expected,
the photopolymers cured with the incandescent light source took longer to cure,
ranging from 30 minutes for the Funtodo resins, to one hour for the SOMOS Perform.
The resins mixed with IPA roughly twice the time to cure, and the mixture of all
resins cured in two hours. On the other hand, resins cured with the UV LED lamp
cured almost immediately, taking 1 minute for the 405 nm resins and 3 minutes for
the 360 nm (SOMOS). The mixture of resins crosslinked in 5 minutes.

Based on these results, it was concluded that a UV lamp can perform an efficient
multi-resin crosslinking for the platform.

Recovery experiment

This study presents a method to mechanically separate the IPA and a solidified
blend of 8 different photopolymers (SOMOS Perforn, Funtodo Red Industrial Blend,
Funtodo Castable Blend, Funtodo Snow White, Peopoly Grey, Peopoly White, S-
Clear by Photocentric and IM 2.0 by AddiFab as seen in Figure 6.15-1). Four
concentrations were prepared: 5, 10, 15 and 30 wt% dissolved in 100 ml of IPA
(Figure 6.15-2). Each solution was weighed in a 10 ml pycnometer to determine
the solution density, including a clean IPA sample as reference to calculate the
purity after the light treatment (Figure 6.16, top). The solutions were divided into
three bags and placed in a mirrored box with a 405 nm ultraviolet lamp of 0.02673
W{cm2 irradiance (Figure 6.15-3), where each bag was cured for 5, 15 and 30 minutes
respectively. The bags were flipped 180° half-way through their curing times (3, 7
and 15 minutes) to ensure more homogeneous crosslinking. After the samples were
cured, the solution turned into a soft sludge with different consistencies depending on
the curing time and the photopolymer concentration (Figure 6.15-5). The contents
of the bags were placed in a conventional press with a grade 1 filter paper on the
bottom of the press (medium porosity and > 11 µm particle retention). For most of
the samples, specifically those with 5 and 10% photopolymer concentration, it was
necessary to squeeze the sludge to release the trapped IPA, as seen on the right hand
side of Figure 6.15-6.
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1

2 3
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6

Figure 6.15: IPA recovery experiment. (1) The waste was a blend of 8 different photopoly-
mers; (2) different waste concentrations; (3) waste being cured inside post-curing chamber;
(4) filtering setup to separate IPA from the solidified sludge; (5) after the light treatment,
the solution has developed a soft looking sludge that becomes solid (i.e. neutralized) after
squeezing and drying (6).

Figure 6.16 show the recovered IPA after filtering. The calculation of the IPA purity
can be done with a hydrometer, gas chromatography or density calculation using a
pycnometer. The ideal method would be gas chromatography, which could provide
exact concentration values in each solution. However, due to equipment limitation,
the pycnometer was used. The purity calculation was executed as follows:

1. Calculate the true volume capacity of the pycnometer: Weigh the pycnometer
and stopper empty and dry, 5 times (mp). Fill the pycnometer with distilled
water until it reaches the rim. Cover the flask with the stopper and wipe excess.
Measure the filled pycnometer again (mp`water). Subtract the filled pycnometer
mass from the empty pycnometer to obtain the mass of the distilled water
(mwater “ mp`water ´mp). Calculate volume occupied by the distilled water,
which is the same as the volume capacity of the pycnometer using the distilled
water density, ρwater (e.g: 0.9979955 at 21˝C):

vp “
mwater

ρdw@21˝C

(6.1)

2. Calculate the density of clean IPA, ρIPA (or obtain from data-sheet if it is
available): Firstly calculating the IPA mass, mIPA “ mp´IPA ´mp, then using
Equation 6.1 to obtain ρIPA, substituting mIPA for mass and vp for volume.
This will be reference for 100% pure IPA.

3. Repeat the previous step to calculate the densities of the initial waste (ρwaste),
recovered IPA (ρrecovered). Finally, interpolating between the pure IPA density
(ρIPA), and the waste density (ρwaste), with the recovered IPA density (ρrecovered),
using Equation 6.2 gives the purity percentage estimation of the recovered IPA
(Precovered, where P stands for purity in %).

Precovered “ PIPA `
pρwaste ´ ρrecoveredqpPrecovered ´ Pwasteq

PIPA ´ Precovered
(6.2)
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Figure 6.16 shows the recovered IPA at different concentrations. Figure 6.17 shows
the IPA purity of the recovered waste (in green) and the total recovered IPA in
orange. As the starting photopolymer concentration increases, the solvent purity
after treatment decreases. However, if the total recovered IPA is calculated (i.e., the
IPA purity after treatment minus the starting IPA concentration), it can be seen
that the recovery efficiency increases as the photopolymer concentration increases,
especially if the waste is treated for longer duration (e.g. 2 hours). For example, if a
solution of 5% of photopolymer waste is treated, only 0.8% of IPA is recovered in
excess of the 95% starting IPA, with the remaining 4.2% left as a mixed sludge. If,
on the other hand, the photopolymer concentration is 30%, it is possible to recover
almost 12 % in excess of the 70% starting IPA, increasing the efficiency to almost
50%. Although 100% recovery was not achieved, the findings with this experiment
will help future paths to achieve higher recovery efficiency. Waste separation was
easier as the concentration of photopolymer increased, creating more solid waste
compared to 5 and 10% recovered IPA scenarios. This dilution might be excessive in
order to achieve crosslinking, therefore a way to mitigate this could be reducing the
size of the waste container and increasing the exposure time.

5% 10% 20% 30% 30% +2h

Figure 6.16: Recovered IPA at different concentrations. At low concentrations (5%), the
crosslinked waste is less dense, therefore more difficult to recover and separate from IPA
(left), whereas at higher concentrations, the crosslinked photopolymer waste is more dense
and easier to separate. This is also visible in the recovery percentages in Figure 6.17.
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Figure 6.17: IPA purity (%) at the studied photopolymer concentrations (left) and total
recovered IPA (right). Increased photopolymer concentration allows for higher recovery
percentage, especially if the waste is treated for longer times.

Pilot recovery platform

Four potential concepts were drafted (Figure 6.18) in order to automate the solvent
recovery process with one device. After some consideration and proof of concept,
it was concluded that a rubber tubing system paired with a pump and UV light
flooding while the waste navigates through the tube would be an efficient way to
separate the waste from IPA (top left).

Waste Container Recovery Container

Silicon rubber tubing

UV lamp

Pump

Recovery Container

UV lamp

Scraper

M

UV lamp

Seperation filter funnel

Recovery Container

UV lamp

Piston + filter

Waste Container Recovery Container

Pump

Figure 6.18: Proposed concepts for the solvent recovery device.
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During the initial investigations it was seen that when the container is irradiated,
the curing area was the one closest to the glass with a certain depth (refer to
Beer-Lambert law for further information), leaving most of the waste uncured inside
the container. The rubber tubing system ensures a continuous flow of waste being
treated as well as reducing the space to allow chains to form. The proof of concept
experiments showed that the crosslinked photopolymer had a slurry consistency,
mainly because the solvent is absorbed or trapped inside the crosslinked product.
Consequently, a hybrid option was considered where the tubing is coupled with two
rolls to squeeze the solvent out of the crosslinked slurry. The first pilot assembly of
this concept is shown in Figure 6.19.

PumpPump

Tube

Tube

PumpUV light

PumpFunnel 

and filter

PumpRollers

PumpFunnel 

and filter

PumpRecovered

solvent
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container
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A

Figure 6.19: Solvent recovery system setup.
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The system working principle is as follows:
1. The waste is driven by a pump through a transparent tubing circuit. The

areas exposed to the sun are covered with tin foil or UV protected foil to avoid
clogging or premature crosslinking.

2. The waste passes slowly through two 405 nm UV lamps. The waste crosslinks
and turns into a slurry.

3. The rollers collect the slurry and squeezes the solvent trapped in it.
4. The filter collects the solidifying slurry and allows the solvent to be collected

by the solvent recovery container.
The solvent recovery efficiency could be increased with the following recommenda-
tions/upgrades suggested for future iterations:

• The choice of rubber tube is imperative to ensure full UV penetration and low
friction coefficient to allow slurry flow.

• Slow feed rate to ensure full photopolymerization.
• When the rollers are wet with IPA, the crosslinked slurry slides over rollers

instead of flowing into the rollers, hence, higher roller roughness could prevent
this from happening.

6.4. Chapter Summary

This chapter reviews the necessary post-processing steps to achieve a final, functional
part. Three main stages are highlighted: cleaning, drying and post-curing. Post-
curing is more established in academic studies since it is the major contributor to
achieve the maximum obtainable mechanical properties, and to obtain safe-to-handle
parts. However, the previous two steps are taken for granted and not much has been
reported about their contribution in the post-processing campaign.

An investigation carried out with two different materials and two solvent types
was conducted to examine their effects on the cleaning efficiency and mechanical
properties. Although quantification of the cleaning efficiency proved difficult to
obtain, an anecdotal conclusion based on the Author’s experience is that IPA is
easier to handle than the PGE-based solvent TEK. The reason for easier handling
may be traced to the faster evaporation of IPA leaving no oily traces, which were
more visible with TEK. From the mechanical standpoint, samples cleaned with TEK
behaved better mechanically, showing higher strength and strain. However, this
response is highly dependent on the material used.

The drying step complements the cleaning step to assess the object’s surface integrity
and whether it is free of liquid photopolymer or unwanted particles. Moreover, drying
the part with an oven might also prevent possible monomer leaching from the object.
This is of great importance for medical application devices.
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Post-curing is a more investigated area where, as discussed, the ultimate mechani-
cal properties and safe handling of the object are achieved. Literature has shown
that, despite being a AM technology, where some degree of anisotropy is always
present, VPP is the least anisotropic. This is due to the high bonding capacity at thin
layer thicknesses. Furthermore, the thinner layer thicknesses produce stronger objects.

Lastly, the environmental concern about the amount of waste generated during
the post-processing campaign motivated the author to develop a complementary
green0 method to recycle the IPA used during the cleaning stage which has the
potential of reducing the IPA used, and generating non-toxic waste by crosslinking
the separated waste. This method lead to a patent application (Patent Application
No. PCT/EP2020/050170 - PCT).
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Chapter 7

Artifacts and error sources

“ Anything that can go wrong will go wrong.”
— Edward A. Murphy Jr.

This dissertation has shown the freedom that an open architecture platform affords
the user. The highly experimental platform also allows researchers working in
this platform to identify manufacturing artifacts, and in many cases, prevent or
mend them before they affect the quality or functionality of manufactured parts.
Drawing more on the Author’s anecdotal experience than quantified experiments, this
chapter surveys the error sources that can affect the final object’s surface integrity,
dimensional stability and performance. The identified error sources are categorized
by the location of the error or artifact in the process chain. Some of the issues
described in this chapter also hint a future experiments which could support the
hypothesized error source or systematically solve some of the issues raised.

7.1. Hardware malfunction

Many areas from the open architecture platform are susceptible to deterioration due
to wear, dust, cyclic use, or mishandling. Some of these failures are easy to spot due
to the machine not starting up. However, some signs of an element not performing
as expected might not be spotted until part failure. Examining the quality of a
manufactured object might hint that something can also be going wrong, and that
steps should be taken soon to mitigate a more catastrophic future breakdown.

7.1.1 Projector and power supply

Some error sources coming from the projector unit were mentioned in Section 3.2.3,
where optical aberrations might occur from the lens array assembled inside the
projector unit or the magnification lens. However the elements that are more suscep-
tible to wear are the LED and the DMD. High set amplitude settings, increase the
power consumption and heat in the LED, thus reducing the LED lifespan. Figure
7.1 (left) show a burn mark on the LED chip after three years of heavy use. LED
wear directly affects the overall irradiation on the image plane, which influences
the parameters found for each photopolymer. It is good practice to maintain a
light measuring routine in order to ensure the LED integrity and that the process
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parameters are kept constant. If the light irradiance changes overtime, it is advised
to redo the MSM calibration steps for the needed materials. The DMD is a likely
source of error with either dead pixels or hinge fatigue. Figure 7.1 on the right
shows a damaged DMD which is believed to be due to hinge fatigue that hap-
pens when the ON-OFF states of the DMD fluctuate between extreme duty cycles
(0/100 or 100/0) such that the hinge favors one state more than the other. In the
image, it is believed to be hinge fatigue because the pixel was not always in OFF state.

Damaged LED Damaged DMD

Figure 7.1: The DMD flickering effect can be seen on the manufactured surface as a straight
line (left). This artifact is a stress concentrator that may lead to failure (right), where the
crack follows a straight path.

Another potential failure source is the power supply. A damaged or old power supply
may be easy to spot if the image plane flickers while projecting light. The DMD
flickering can be seen while focusing the projector or revealed on the part’s surface
as complete regular lines. Figure 7.2 shows an example of a flickering DMD. As it is
seen on the right hand side, these artifacts are deep enough that may concentrate
stress and be the crack initiation point of a specimen.

400 μm400 μm

Flicker DMD

Figure 7.2: Areas where the projector might suffer damage (left) burn mark on LED due
to high operating temperatures due to elevated set amplitude values. On the right dead
micromirror seen during focusing, possibly due to hinge fatigue.
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7.1.2 Membrane

The membrane is a consumable that wears with time due to the cyclic loads of each
build job. Although PTFE-based films are strong (21 N{mm2) [230], they scratch
easily. Scratches can be introduced at various stages of the membrane life. They
appear from the contact of the camera sensor while focusing the projector, from the
spatula contact with the membrane if a part detaches from the building plate and
from the buildplate leveling or just by the cyclic use, producing stretch marks. These
scratches are visible on the surface of the samples. Although the scratches are very
fine, they can still jeopardize the object’s optical functionalities, lower the aesthetic
quality of samples or act as stress concentrators. The difference between membrane
scratches and DMD flickering is the irregular nature of the scratches, compared to
the straight lines of the DMD grid. Figure 7.3 on the right shows the fine lines from
the membrane imprinted on an object’s surface. Figure 7.3 (left) also shows the
artifact previously described as combination which comes from a combination of
aberrations such as coma with tilt (as seen in Figure 4.18). This could be traced
to the projector’s optics, however, it was traced to air trapped between the glass
window and the membrane. As mentioned in Section 4.3.2, the aberration can be
mitigated with higher amplitude. When a new membrane is placed on the vat, dust
particles may get trapped between the two surfaces. As shown in Figure 7.4, the
resulting surface artifact is more destructive than the aberration.

500 μm

Optical aberration

500 μm
Membrane scratches

Figure 7.3: On the left, surfaces affected by optical aberrations, these aberrations occur
when there are air gaps between the membrane and the glass window. On the right, the
surface has thin scratches due to membrane mishandling or creep.
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Dust
Dust

Flicker DMD

800 μm

Figure 7.4: While placing the membrane, dust particles may sit between glass window and
membrane film which diffract the light and distorts the objects surface. On the sample,
DMD-originated straight lines due to light flickering are also visible.

7.1.3 Linear stage

Repositioning errors coming from the linear stage are common, especially with the
absence of an encoder that allows for more accurate repositioning, as discussed in
Section 3.2.1. These repositioning errors are visible on the sides of an object, as seen
in Figure 7.5. The rivets left on the surface are due to jumps or imperfections on
the lead screw. Sometimes, the distance between these lines can coincide with the
lead-screw pitch.

Figure 7.5: Due to repositioning errors in the linear stage, it is possible to observe
pronounced horizontal lines that do not correspond to the layer effect. This effect is
specially true tall geometries.
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Repositioning errors can also be seen on the thickness of the burn-in layer of a built
object. This irregularity, does not affect parts that are manufactured with support or
a calibration part (since the opposite side is the region of interest). However, if the
overall dimension of the object is important (for example, for insert molds built on
the building plate), the object will have to be machined as an additional post-process
step.

7.2. Build process artifacts
Throughout this dissertation, the importance of MSM calibration for a specific
material according to its feature size and crosslinking penetration depth to ensure
good layer bonding has been discussed. When objects are built with insufficient
energy, as shown in Section 4.3, cracks may develop on the surface due to poor
crosslinking between pixels and layers. Figure 7.6 shows an object completely spoiled
by cracks. On the right hand side, the cracks are all parallel to the building plane
following the direction of the layers. It is possible to see how these cracks also
produce layer delamination on the corner of the object. Higher exposure time or
amplitude remedies this effect.

20 mm 20 mm

Figure 7.6: Insufficient parameter energy levels lead to cracks and surface delamination
due to poor crosslink networks.

Before a material is poured inside the vat, it needs to be well blended to homogenize
the pigments and other constituents in the formulation. Sometimes, due to the
mixing some bubbles of trapped air may appear. Some of these bubbles burst when
the liquid stabilizes, however, sometimes they remain during the building job and
are dragged to the building area leaving a circled gap on the object’s surface. Figure
7.7 shows samples where bubbles of different sizes were left on the object’s surface.
Experience with different resins showed that lower viscosity resins tend to retain
more bubbles than higher viscosity. Usually, due to the building plate motions, the
bubbles are trapped in the center of the image plane. This cyclic motion may also
cause the generation of more bubbles. One way to avoid this from happening would
be to reduce the lift speeds.
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500 μm

Bubbles

10 mm

Figure 7.7: Surface artifacts caused by bubbles on the resin.

A last example of a building job artifact is delamination. When masks do not have
enough support in the previous layer, the layer curls after the mask is projected
due to the internal stresses experienced during crosslinking. This curled layer will
most likely not bond to the next layer due to the misalignment, thus producing
book-like effect. These layer are also thicker than the set nominal value due to deeper
penetration depths. This artifact can be avoided using support structures, however,
sometimes the user will have to consider the trade-off of having such delaminated
layers, or going through the hurdle of generating support structures and removing
them after the building job. Support removal also leaves marks on the object’s
surface, hence the dichotomy of building a part with or without support.

Figure 7.8: Unsupported areas are subjected to delamination and warpage.
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7.3. Post-processing
Chapter 6 discussed the importance of careful selection of elements such as the
solvent, cleaning device, drying routine and the post-curing campaign. During these
steps, even though the object has already been fabrication, one minor misstep could
compromise the object’s surface quality or overall functionality. During the ultrasonic
bath, some materials may be too weak to withstand the microscopic bubbles colliding
with the green body surface, leaving small craters on the surface [112]. Figure 7.9
shows these small craters which may not affect the surface quality at first sight.
However, as seen on the right hand side image, these microcraters act as stress
concentrators that eventually generate cracks after the part has been subjected to
further treatments (e.g. heated post-curing).

400 μm400 μm

Figure 7.9: Surface artifacts due to the ultrasound, to the left, surface with dented surface,
most likely due to the ultrasound bubbles colliding on the surface. On the right, surface
cracks starting from the dents.

The success of a post-processing campaign is highly dependent on an experienced
operator. Cleaning might seem like a straightforward routine following the simple
clean-and-dry steps. However, as highlighted in Chapter 6, at some stages, visual
qualification is key to decide further iterative cleaning processes are necessary in
order to remove every trace of uncured photopolymer or dust particles attached to
the surface. In Figure 7.10, two pictures of the same object show the difference
between a sample cleaned by a first-time-user (left) and the right shows the resulting
surface done by an expert user. On the right, it is possible to see traces of cured
residual photopolymer which was trapped on the part’s edges. A good practice to
avoid this from happening is to iteratively rinse and dry. The amount of times this
is usually done is based on the user’s experience.
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400 μm100 μm

Figure 7.10: On the left, a surface poorly cleaned with unwanted photopolymer crosslinked
after post-curing. On the right, the same surface thoroughly cleaned.

Extra care while handling the freshly manufactured parts will avoid additional
permanent scratches on the sample’s surface. Figure 7.11 shows an example of a
mishandled green body object. The sample has, in addition to scratches imprinted by
the membrane, additional dents and scratches due to the building plate detachment.
On the right, there are parallel scratch marks produced by the tweezer grips.

400 μm 400 μm

Handling damage

Sample dropped before UV cure

Figure 7.11: A green body object is subjected to additional damage if it is mishandled.
Mishandling yields scratches, dust defects, or dents over the surface.
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7.4. Conclusion
This chapter intends to be an anecdotal visual guide of possible artifacts, sources and
suggested mitigative actions to prevent them. Some of these artifacts are consequence
of a machine element failing. Knowing their source might help the user the prevent
fatal errors (like the flickering lights). Some errors hint that the platform may need a
system upgrade, like the uneven parallel lines due to the linear stage. Some artifacts,
are not as easy to prevent. For example, the membrane scratches which eventually
appear. However, they can be used to assess the damaging rate of the membrane,
and this information can be used to predict when it is time to change this consumable
before fatal failure.

Overall, being able to identify the origin of artifacts is important to assess “what
is normal activity and what is not”. Acquiring this experience is crucial in order
to successfully manage an open architecture platform, which is also more open to
unknown factors that influence the objects outcome than a closed commercial system.
Developing the skills to recognize these events are strongly related to continuous
exposure to the system, often based on trial and error.
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Chapter 8

Summary and conclusions

“ We can’t change what’s done, we can only move on.”
— Arthur Morgan, Red Dead Redemption 2

This dissertation has dissected the essential components embodying the mask pro-
jection vat photopolymerization process chain. The decomposition was achieved
by constructing an open architecture, state of the art, mask projection vat pho-
topolymerization platform. The platform enables the user to become the process
administrator with keys to all process parameters and the experimental catalog.
Chapter 1 outlined a series of research questions which were answered throughout
the pages of this dissertation.

What is the current scientific and industrial state of the art in VPP?

Starting from the brief history and theoretical principles, VPP has found stable
markets with end-use applications. Med-tech is the most popular area, where VPP
is thriving due to its high resolution, accuracy and stability. As the technology
evolves, VPP is receiving increasing attention in fields such as micro- and nano-
technologies, especially with the development of shape memory materials capable of
performing motions and behaving as micro robots, or even synthesized to show self-
healing properties [3]. Unlike conventional desktop machines, devices equipped with
the technology to build microscale objects are prohibitively expensive and enclosed
in a proprietary system relegating the user to a limited amount of operational choices.

Which subsystems constitute the process chain? Is it possible to build an open
architecture platform that competes with the current state of the art?

Building an open architecture machine grants access to experiment with all pa-
rameters that contribute to building a photopolymer object. Two main branches
differentiate the different elements: physical and digital.

The physical elements include all parts that contribute to the physical creation of the
3D object, including moving parts, the material container and a light source. In mask
projection, a projection system is used to deliver ultraviolet light to controllably
trigger a free radical crosslinking reaction that solidifies the liquid photopolymer.
The projector system has as a MEMs device with millions of micromirrors (i.e.
DMD) with a pitch size of 7.56 µm in the case of this dissertation. These mi-
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cromirrors define the minimum achievable size and resolution in the MP platform
without use of additional optics. Together with the DMD, the projector includes
other internal constituents such as the LED, the lens array, cooling system and
magnification lens, all of which play key roles in the final image plane integrity
and stability. However, the projector quality is overshadowed if other factors are
not controlled. As a bottom-up system, the open architecture platform needs an
optimized photopolymer container, i.e. vat, where every crosslinked layer attaches to
its previous layer or on the building plate. In the machine built in this work, the vat
system has a hybrid off-set window plane with a flexible membrane that allows for
a natural self-peeling mechanism without the need of additional moving parts that
might contribute to unnecessary uncertainty errors. Moreover, a focusing system
implemented in the platform delivers repeatable, fine detail replication. This system
enables the use of different lenses systems which add more modularity to the platform.

The digital part is the ensemble of components in charge of controlling the motions of
the machine. To grant the user the control to vary the parameters and customizable
features, a graphic user interface was developed that controls core parameters, such as
exposure time, amplitude and layer thickness. Additional features include feed-rate
positioning, lift speed and an advanced build job module. With this specialized
software, it is possible to efficiently characterize materials with the same test sam-
ple, where various process parameters are represented and examined at the same time.

The open architecture platform attracted researchers with their own projects and
potential application fields. These projects challenged the machine’s capabilities
and were core motivators to continuously upgrade the platform. So far, this system
was used in fields such as soft tooling, micro filters and microstructures including
bio-inspired and holographic surfaces.

What are the phyisical limitations of a vat photopolymerization mask projection
system? Is it possible to create new MP manufacturing methodologies that chal-
lenge the conventional ones? How does the material affect a robust building
process?

In order to achieve a fully functional part with the constructed platform better
understand the machine’s limits, understanding the whole process chain is key. Every
campaign starts with an assessment of how feasible VPP is to manufacture the
desired object. The next step involves characterizing and MSM calibration for the
material used. While characterizing involves finding optical, chemical and mechanical
properties not given by the manufacturers, MSM calibration is the act of finding the
adequate build parameters depending on the object’s size, specified accuracy and
resolution. The most basic MSM calibration method is the use of a Jacobs working
curve. The curve enables the user to find key parameters such as critical energy
(Ec), curing depths (Cd) and depth of penetration (Dp). Not only does each material
require a specific job parameter window, but every geometry also needs its own set
of energy levels. This is especially true for parts with microscale features.
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The advanced MSM calibration method from the AMLab software demonstrates that
the parameter window narrows as feature size decreases, therefore the parameters
need to be adapted to the feature size accordingly. This was hypothesized to be due
to light scattering, which motivated the development of a model to account for the
irradiance contribution of each pixel to the overall mask. The model is executed using
adaptive grayscale layer generation which adjusts the grayscale levels according to
the neighboring activated pixels. This method was originally designed to work with
data collected from a single voxel growth study, which proved to be more sensitive
to parameter change and made the model less predictable. Consequently, it was
decided that larger area features would better represent the phenomenon in practice.
Although it is in its early stages, the method has shown that fine microstructures
can be reproduced using extreme amplitude values without overcuring the geometry.
Future model interactions include more advanced light scattering models where
the Gaussian light distribution seen in the Jacobs curve will be applied. Moreover,
further study and measurements of single voxel growth behavior might enable a
higher crosslinking control.

How does the post-processing affect the overall product quality? Has every stage
in the post-processing been studied in literature? There is a lot of waste gener-
ated at the cleaning stage, is there a way to generate less waste or recycle the
solvents used?

Post-processing could be considered the under of the VPP process chain. It is a
highly manual procedure which depends on the users manual execution, patience
and “good eye”. The different steps involved in this process (i.e. cleaning, drying
and post-curing) adds variability and uncertainty to the overall process.

Post-curing is the most studied stage, which is used to safely handle the recently
manufactured object. Additionally, post-curing is used to increase the crosslinking
density of the manufactured object to achieve higher mechanical properties and
shape stability. The cleaning and drying steps are overlooked in most studies. In this
dissertation it was revealed that the choice of solvent can depend on the photopolymer
used. If the manufacturers do not disclose proper cleaning protocols, the object’s
mechanical and aesthetic properties might be compromised. Additionally, depending
on the solvent, swelling can be minimized which can prevent future leaching of
uncrosslinked photopolymer. Drying is also an essential stage where artifacts might
be revealed during the object’s inspection. Experiments show that the use of pulsed
vacuum may reduce the severity of leached photopolymer over time, by forcing the
uncrosslinked photopolymer and solvent molecules out of the sample during the
drying step, thus, preventing potential toxicological issues. In summary, while a
good post-processing strategy helps to achieve the maximum potential of a material,
a bad strategy can potentially reduce the part’s mechanical properties, and/or ruin
the specimen’s functionalities.

Lastly, a method to recycle the solvent used during the cleaning stage was proposed.
The solvent used does not react with the washed photopolymer. Therefore it was
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investigated and proven that the waste can be mechanically separated by exposing it to
UV light. With this method, the washed photopolymer is crosslinked and becomes safe
to dispose as general waste, while the solvent is recovered and ready for reuse. This
method yielded a patent application (Patent Application No. PCT/EP2020/050170
- PCT ). Future experiments include additional characterization methods to fully
assess the solvents purity, and the development of a recycling station capable of
efficiently separate solvent from photopolymer.
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