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SUMMARY

Although constrained surface vat photopolymerization possesses fast printing speed and
unrestricted building height compared to free surface stereolithography, it usually suffers from
large separation forces required to detach cured parts from constrained window. To reduce the
separation forces, introducing oxygen inhibition layer has recently proven to be an efficient
method. Apart from conventional constrained surface vat photopolymerization, a thin layer
where polymerization is inhibited continuously exists during fabrication process, hence avoiding
the formation of vacuum between cured parts and vat surfaces. As a result, continuous fabrication
that otherwise is challenging can be achieved. However, current methods are still not favorable
to maintain oxygen inhibition layer for sufficient fabrication time. Recently, air-diffusion-channel
constrained surface has been proposed for improving the stability of oxygen inhibition.
Specifically, a thin layer of polydimethylsiloxane is added to the porous acrylic surface, thereby
continuous oxygen supply is obtained owing to high oxygen permeability through PDMS. To better
understand the mechanics behind this method and further improve its capability, simulations of
the separation force and oxygen inhibition are conducted using COMSOL, a finite element analysis
software. Simulation results indicate that oxygen plays an important role on separation force and
there is a relationship between channel area ratio and effective printing time. Specifically, oxygen
inhibition mechanics, polymerization process and oxygen diffusion through the constrained

surface are comprehensively considered for an optimal structure of constrained surfaces.

Xi



Chapter 1 Introduction

1.1 Introduction to additive manufacturing

Along with rapid development of the modern society, numerous manufacturing
techniques have been developed hitherto. Undoubtedly, they have been widely applied for all
types of purposes such as producing merchandises and scientific exploration. Although all these
techniques have the capabilities to turn raw materials into final products, the mechanisms behind
them are quite different, by which modern manufacturing techniques can be broadly categorized
into three types: net shape process, subtractive process, and additive process. Just as their names
imply, net shape process does not add nor subtract materials from raw materials but simply
involves shape changes. For instance, die casting capitalizes on forcing molten metal into a mold
cavity, which is composed of two tool steel dies. After the metal solidifies again, its shape is
reproduced from the mold. Despite the fact that this method produces excellent fabrication
quality with good dimensional accuracy and smooth surface finishing, high cost of dies and related
components have hindered its applications especially for those involve prototyping designs.
Subtractive process is another type of fabrication methods that has been widely used over the
past centuries. In contrast to net shape process, this method removes partial materials from
original workpieces, and further obtains final shapes. To name a few, milling and drilling are two
commonly used machining methods in industrial manufacturing. During the process, feeding
rotary cutters are adopted to remove materials via removing undemanding materials. Similar to
net shape manufacturing, subtractive manufacturing brings in good resolution and smooth
surfaces. However, it usually requires more materials than what is needed, hence huge amounts
of waste are indispensable [1]. Recently, the third type of manufacturing process, namely, additive

manufacturing (AM) has attracted ever-increasing attention. Compared to the other two



processes, AM adds material together to create three-dimensional (3D) objects with the aid of
computer control. In other words, AM allows creation of final objects from a digital model directly,
thereby rapid prototyping can be easily achieved [2]. Moreover, as this method does not need to
remove internal materials via cutting tools or casting via specific molds, 3D objects with complex
shapes that otherwise are difficult or even impossible to create now become possible to fabricate.
In addition, this process is normally done by layer by layer or points by points, thus avoiding the

hindrances from spatial limitations.

Owing to the ease of creating 3D objects via AM, the term 3D printing nowadays is also
widely used to refer to AM especially when low-cost personal machines have become popular
after 2010 [3]. Moreover, various types of raw materials have been adopted in 3D printing,
including plastics [4], metals [5], ceramics [6], biomaterials [7], composite materials [8], etc. As an
example shown in Figure 1, a 3D structure with complicated geometry is printed by a commercial

3D printer (CoLiDo DIY Printer) with Polylactic acid (PLA) filaments.

Figure 1. An example of 3D printed product



1.1.1 Generic process of additive manufacturing

As a special manufacturing technique, AM does not require either molds or cutting tools,
it creates physical parts according to digital designs, namely, computer-aided design (CAD), via

several steps as described below (Figure 2).

1 CAD

2 STL convert

3 File transfer to machine
4 Machine setup

5 Build

6 Remove

7 Post-process

8 Application

Figure 2. A schematic illustration of generic process of additive manufacturing.

Adapted from [9].

1) CAD model that describe the exact external shape of the final structures is created via
solid modeling software. Besides, scanning techniques such as laser scanning are other methods

to generate digital models.

2) The created CAD model is then converted into a file with stereolithography (STL) format,
which is widely accepted in most modern AM machines. Conventionally, STL uses many polygonal

facets (mostly triangles) to represent 3D objects with any shapes. It is worth noting that the



surfaces represented by STL file should be closed and connected completely. Moreover, errors

may exist when using triangular facets to create approximate models.

3) After generating the STL file, it should be transferred to AM machines. Although this
step is extremely simple, it may affect the final results. For instance, one should firstly determine
the build-up direction for the parts and set up the correct size scaling and position on the platform.
A wise decision for the build-up direction could result in a better resolution, faster building rate,
and small trapped volume. Moreover, in order to avoid rupture of final parts due to heavy and
inclined parts or reduce the adhesiveness between parts and platforms, supporting structures
should be added under certain circumstances. Furthermore, other parameters such as slicing
distance, tool path that affect the quality and resolution of the parts should be considered and

optimized as well.

4) The AM machine used should be set up properly before the real fabrication process
takes place. For instance, printing parameters such as energy intensity and writing speed should
be carefully adjusted in advance. Other physical requirements such as the amount of
photosensitive materials, expiration date of the materials, and position of the printing platforms

should also be inspected prior to the fabrication process.

5) After all the configurations for a printing process are successfully set up, one is able to
start the main step in a typical 3D printing process, namely, the fabrication (printing) process.
Compared with traditional manufacturing methods, building process in 3D printing is almost
automated. That is, only simple operations such as replenishment of photosensitive materials, or

solving power outage are required during building process.

6) The printed parts should either be removed from the platform or cleaned from

excessive materials surrounded after the machine completes the building process. Herein, one



should always inspect the conditions before taking the parts off. For example, the operating

temperatures should reach a sufficient low value.

7) Another key step in 3D printing is the post-processing step. Through this step, the
printed parts can be cleaned up and the supporting scaffolds are removed. It is worth mentioning
that as some printed parts are quite brittle and fragile, thus post-processing often involves

experienced and cautious manual operations that are quite time-consuming.

8) Last but not the least, a great number of printed parts cannot be used directly after
post-treatments. For instance, certain pristine parts possess weak mechanical properties that are
not preferable for real applications. Thereby, other treatments such as baking or UV exposure are
recommended for improving their performance. In addition, priming and painting also bring a

better surface texture and an esthetic appearance to the final objects.

1.1.2 Advantages and disadvantages of additive manufacturing

As described above, AM is a completely different technique in manufacturing compared
with other counterparts (i.e., net shape and subtractive manufacturing), and it has been widely
considered as a revolutionary technology that may change the way how we think about
manufacturing [10]. Besides, AM has already strikingly changed our life especially after personal
3D printers became easily accessible recently. All these positive statements for AM are attributed

to its advantages as follows.

1) Complexity is free. Conventional 3D printing process relies on either layer by layer or
point by point, thus complexity is no longer a problem for manufacturing. 3D objects with any
complex shape can be sliced into multi layers and then created individually with connection.
Therefore, it would be cheaper and faster to print a hollow object with complex design than a

simple cube with same size.



2) Variety is free. As aforementioned, 3D printing creates any objects directly according
to digital model, and the building process is almost automated. Therefore, any change for the final

products could be made on original CAD designs.

3) Lead time is short. Compared with other manufacturing methods, any prototyping
designs can be transferred into physical parts right away after 3D printing. Additionally, one can

directly use and test the fabricated parts after simple post-processing.

4) Assembly is free. In contrast with other methods, parts created via 3D printing methods

are automatically connected, thus assembly is usually not required.

5) Professional skills are not indispensable. As the building process in 3D printing is almost
automated, only few interactions are required. Even an elementary child could easily learn and

use a 3D printer.

6) Less waste. Typically, in a traditional subtractive manufacturing process such as milling
and drilling, removed parts from original workpieces become wastes after the fabrication, giving
rise to a big problem in the cost of products. On the contrary, most of the materials consumed
during AM fabrication process are used for the final products, and only a small fraction of the

material is wasted due to the introduction of supporting or sacrificial parts.

7) Infinite shades of materials. As various colors can be incorporated into CAD files, the
final parts can be created with multi colors via typical 3D printers. It greatly saves the time for

post-processing.

8) Replication is simple. With the aid of a scanning tool such as laser scanning, one can

easily replicate objects with a 3D printer.



Despite many advantages elucidated above, disadvantages of AM still exist. First, building
rate is still one of the major downsides exist nowadays. For example, a typical commercial 3D
printer may spend several hours to print a small cube with length of 10 mm. In addition, the
resolution is still not competitive compared with other methods. Although some techniques such
as two-photon polymerization could result in a resolution of nanometer scale, their high cost and
consumption of time hinder their broad applications. Moreover, the size that can be created via
3D printing is still very small in most cases. While bigger parts can be fabricated using a larger
machine, the cost is also not preferable. Finally, mechanical properties of the parts created are
also big issues when it comes to actual applications, defects and fractures of the final products

are inevitable due to fragile and brittle nature of the materials.

1.1.3 Classification of additive manufacturing

Ever since the early AM machines and associated materials invented in 1980s [11], various
types of principles towards different applications have been developed, including
photopolymerization, electronic beam melting and so forth. In this section, main types of AM are

described and discussed as follows.

1) Stereolithography (STL): STL is one of the oldest techniques for AM, and the first
equipment was invented by Charles Hull in 1986 [12]. The process of STL capitalizes on the light
to convert liquid photosensitive materials into solid parts. Specifically, the manufacturing process

of a typical STL is based on photopolymerization on photosensitive resins.

2) Powder Bed Fusion (PBF): The first commercialized PBF process is Selective laser
sintering (SLS). Four fusion mechanisms have been developed nowadays for PBF processes,
including solid-state sintering, liquid-phase sintering (LPS), chemically induced sintering, and full

melting. All these PBF processes involve a basic mechanism. That is, there should be at least one



thermal source to induce fusion between particles, a controlling method for powder fusion in a
prescribed region of every layer and different approaches to add and smoothen powders for each

layer[9].

3) Material Jetting (MJ): MJ is a process in which all the materials in droplet format is
jetted from printing head or multi jetting heads to fabricate parts layer by layer. Only a limited list
of materials could be used in MJ, such as waxy polymers, acrylic polymers, ceramic and metals.
Moreover, to facilitate the droplet formation, solid materials should be liquefied upon heating;
besides, the viscosity must be adjusted to an acceptable low value for jetting when it comes to
fluids with high viscosity. It is worth mentioning that the viscosity is the most problematic aspect

for MJ.

4) Binder Jetting (BJ): BJ is developed by MIT in the early 1990s, in which binders are
added onto powder bed after one layer of the final part forms. In the meanwhile, the powder bed
gradually moves down, followed by spreading a new layer of powders on the top using a counter-
rotating roller mechanism, which is similar to the mechanism used in PBF. In general, the parts
fabricated using BJ possess a lower accuracy than those created using MJ. However, BJ owns its
own advantages. To name a few, BJ enables the creation of colorful parts and favorable material
combination, which is difficult to achieve using other methods. Additionally, BJ process is much
faster than MJ as less materials is jetted during the fabrication. Lastly, BJ has the capability to

create ceramic and metal parts with good quality.

5) Laminated objective manufacturing (LOM): A variety of materials have been developed
for LOM, including papers, plastics, ceramics, and metals. Based on different bonding methods,
LOM technique can be divided into four categories: gluing or adhesive; clamping; thermal bonding;

and ultrasonic method.



6) Material extrusion: This method capitalizes on the materials that can be molten and
liguefied. Generally speaking, a reservoir is used to store solid materials and the molten materials
in the form of wire can be forced out when applying the pressure. In order to build a 3D parts,
sophisticated plotting of the wires under a predefined path is achieved using numerical control.
In addition, when the geometry of parts is complex or difficult to achieve directly, support
materials are usually added. During the fabrication process, wires are bonded together after
extruding out and become solid by means of automatic cooling or chemical reactions. As a simple
material extrusion method, fused deposition modeling (FDM) has become very popular all over
the world due to the fact that it can be realized using rapid setup and cheap raw materials.
However, the accuracy and quality of final products are relatively poor compared to other

advanced techniques.

7) Directed Energy Deposition (DED): The mechanism of DED is similar to that of the SLS
process, yet it does not involve a powder bed. DED is a process that uses laser or electron beam
based heat sources to melt material powders or wires that are fed through nozzles. Although
different materials such as polymers, ceramics and metals can be used for DED, the method is
mainly adopted for metal powders. In addition, the main limitation of DED lies in the poor surface
quality and resolution However, these drawbacks can be improved by means of adjusting the laser
power and scan speed. Hence, an optimum configuration between build speed, accuracy and size

is necessary.

1.2 Introduction of Vat Polymerization

Generally speaking, vat polymerization (VP) capitalizes on the photopolymerization, by
which liquid, radiation-curable materials become solid upon the introduction of light in a vat

where the process happens. At present, STL has become one of the most commonly used VP



techniques, and it usually refers to microscale laser scan vat photopolymerization. Unsurprisingly,
this technology has received great attention and applied in a number of fields, such as do-it-
yourself handcraft 3D printing [13], biology engineering [14-16], energy materials [17], chemistry
vessels [18], molecular modeling [19, 20], and microfluidic devices [21]. Typically, three different

approaches have been proposed for photopolymerization processes based on different light

sources: vector scan, mask projection and two-photon (Figure 3).

Scanning
[ Laser }] | I \Galvanomelers

Optics

Platform

/
===

schematic of vector scan SL

b
Laser
or Lamp

Vat

Schematic of mask projection approach to Two-photon approach

%

Figure 3. Three approaches to photopolymerization process.

Adapted from [9] with permission.

Vector scan micro-vat photopolymerization is a point-wise process, in which laser beam
or X-ray are adopted for scanning photosensitive materials. Hereby complex shaped parts are
created point by point. Conventionally, the length of final parts is smaller than 10 mm. This
method was first published in 1993 by of Ikuta and Hirowatari [22]. In their work, a 5-um diameter
laser spot was used. To date, various devices have been developed using this technology,
including flexible microactuators, microfluidic devices[23], manifolds, and tubes. For example, it

was used to bind gears on a substrate by Takagi and Nakajima[24].
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On the contrary, mask projection VP (MPVP) technology projects bitmaps of curing spots
to the surface of photosensitive materials layer by layer. Hereby the curing time of mask
projection VP is much faster than vector scan method since the entire cross section of the final
parts can be cured simultaneously. That is, this method uses a layer-wise process instead of the
point-wise one. In addition, the mask images projected by light projection devices are dynamic,
and controlled by digital micromirror devices (DMD). DMD is a pivotal device that improves the
speed of curing. It is composed by up to 1 million mirrors that could be turned on or off according
to corresponding pixel status simultaneously [25]. At present, two types of MPVP have been
developed and widely used, namely, the bottom-up and top-down MPVP (Figure 4). The bottom-
up MPVP is also called constrained surface vat polymerization (CSVP) and constraint surface

stereolithography.

XY-scanning UV laser draws
each layer

A stepper motor is
used to translate the
part between each
layer exposure

A stepper motor is
used to translate the
part between each
layer exposure

&

Parts attach to a build
- platform which raises away
from the basement between
layer exposures

Parts attach to a perforated

Tilt motors separate [ .
Baiti ko the basmadt Lol — elevator which descends
e into the er vat
between exposures ~ A shallow, transparent s

“basement” contains
the photopolymer resin
UV DLP-based projector

exposes each layer
using a continuous layer
mask (2D imaqe)

between layer exposures

A deep vat contains the
photopolymer resin

Figure 4. Two commonly used types of MPVP. a) Bottom-up MPVP; b) Top-down MPVP.

Adapted from [26].
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Furthermore, two-photon vat photopolymerization (2PP) capitalizes on using two
photons simultaneously to strike the photoinitiator in the liquid before it decomposes, hence
initiating the photopolymerization process. Owing to non-linear absorption, this method greatly
improves the resolution of final part, hence it has been used for various applications [27-29].
However, it is also because of the extremely high resolution, the fabrication time can be drastically

long if the final parts are too large, thus inhibiting its broad use.

1.2.1 Advantages and disadvantages of CSVP

It is worth mentioning that MPVP possesses a number of advantages and limitations. For
instance, it usually gives rise to good dimensional accuracy and surface finishing. Moreover, MPVP
accepts a variety of light sources including lases, lamps and LEDs with different sizes. MPVP
possesses a much faster fabrication speed compared to other laser scan SLs, since it can
incorporate DMD technology, by which the entire cross section of final parts can be cured. It is
worth noting that there is a tradeoff between the size of cross section and final resolution, owing
to the limitation of micromirrors. For example, a maximum 96 by 54 mm projection area can be
achieved for a 50 um resolution. Another limitation of MPVP is its requirement of using liquid
photopolymers. Hence, the materials are limited to acrylates or epoxies. Lastly, the mechanical

properties of the cured part might decay over time.

Figure 4a shows a typical CSVP, where a thin layer of liquid in the gap between the
platform and vat is cured by the light projected from bottom. Afterwards, the platform and the
cured part is lifted up a small distance, allowing the liquid resin fills the gap smoothly. Then they
move down and keep only a thin layer liquid in the gap, in which the photopolymerization occurs.
During the fabrication, this process continues until the whole part is created [30]. On the other

hand, in the top-down VP, a thin layer of final part is fabricated by curing the photosensitive
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materials near the top surface using a laser beam or DLP method. After that, the platform moves
down a small distance, and the newly formed liquid surface is exposed to light again. The final

part is fabricated by repeating this process.

As shown in Figure 4, the part height of CSVP method is not limited by the vat size.
Moreover, as the photopolymerization does not take place near the resin surface, resin can be
cured faster with less material waste and higher resolution compared to top-down MPVP, which
arise from uncontrollable replenishment of the fresh resin on the top surface. However, CSVP is
not impeccable. That is, significant pull-up forces are required to separate the cured part from vat
after each layer is solidified, due to the fact that cured parts have to be separated from the vat
bottom for the replenishment of fresh resin. As a result, the over-large forces would lead to the

damage of printed part and the constrained surfaces shown as Figure 5.

Figure 5. Damage caused by large separation force.

Adapted from [31] with permission.

1.2.2 Methods to decrease separation force

The separation process of cured part from the vat is illustrated in Figure 6, the newly
cured layer is sandwiched between the early cured part and the bottom of the vat, which is
covered with coating medium for reducing the separation forces. While the platform moves up,
the separation process initiates at the boundary of the interface between cured parts and the

coating medium (Figure 6b). In the meantime, the separation force grows up during the
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movement of the platform. Finally, the force gradually reduces until the separation completes as

shown in Figure 6d.

Z stage

Figure 6. Separation process in CSVP.

Adapted from [30] with permission.

During the lifting-up process, the newly cured layer may not be bonded with the cured
part but attached to the bottom of the vat because of the large adhesion forces between the
coating medium (e.g., PDMS in Figure 6) and cured layer. As a result, it compromises the coating
medium and the cured parts. Given this concern, several approaches have been proposed to

resolve this issue.

One of the most common approaches to tackle this problem is coating a suitable medium
on the bottom surface of the vat such as PDMS film, Teflon film[32, 33]. This can be attributed to
smaller bonding strength between the cured parts and coating medium, hence moderating the
separation process. This advantage comes from the high oxygen permeability of PDMS, which
results in an oxygen inhibition layer formed above the PDMS, hereby preventing the cured layer

from being attached on the bottom of the vat [34] as shown in Figure 7.
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Figure 7. Scheme of oxygen inhibition layer above PDMS.

A Perfactory System was developed by EnvisionTEC company to reduce the separation
force by moving up one side of the platform slowly to peel the cured part from vat than pulling
that up [9]. But this method only works for the parts cured close to the tilting side of the platform.
Moreover, a two-way motion system was designed based on the two approaches described above
[35]. Its schematic illustration is shown in Figure 8. Specifically, after one layer is cured, the
platform moves up only by a layer thickness. Since the existing of oxygen inhibition layer works as
the lubricants, the tank can be easily moved along X direction, followed by a new layer being cured
then. By this approach, the separation force can be reduced significantly, however, the extra

motion may increase the building time and lead to the deformation of part in horizontal direction.
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Figure 8. Scheme of two-way motion system.
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Recently, Tumbleston and co-workers have successfully increased the building speed by
25-100 times compared to commercial machines by adapting an oxygen-permeable window

(Teflon AF 2400 film) as the bottom of the vat as shown in Figure 9 [36]. However, this design

would lead to the crease of the films because of low stiffness.
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Figure 9. Scheme of configuration for CSVP with oxygen-permeable window.

1.3 Scope of this project

The separation force is known to be responsible for failures during the fabrication
processes, such as creeping on the surface of the cured parts. Herein, a variety of methods have
been developed to decrease the separation force and improve the fabrication quality, such as
adding a sliding mechanism to separate cured parts from the bottom of vat [25, 37], and imparting
oxygen inhibition layers. It has been recently found that oxygen plays an important role in
decreasing separation force [31, 36], giving rise to several approaches to decrease the separation
force, including coating [38, 39] vat surfaces with polydimethylsiloxane (PDMS) (Figure 7), or the
use of oxygen permeable films (e.g., Teflon AF 2400) [36] as constraint surfaces. Although highly-
oxygen-permeable films are the good options for creating oxygen inhibition layers, they often
suffer from various challenges such as bending and creasing due to softness. Given these
concerns, air-diffusion-channel substrate covered with PDMS (Figure 10b), has been proposed
[40] to maintain good oxygen permeability while improving the mechanical performance of the
films. It has been found that the air-diffusion-channel incorporated substrate (Figure 10b) has a

higher bonding strength between PDMS and substrate and an enhanced oxygen inhibition effect
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than the conventional design (Figure 10a). To further investigate and understand the fundamental
principles behind this novel design, we have conducted simulations on the effect of the air-
diffusion-channel structure towards decreasing the separation force for constrain surface

stereolithography process.

d Resin
PDMS
Acrylic

b Y

Figure 10. a) Conventional design of constraint surface. b) Air-diffusion-channel design of
constraint Surface.

In the following chapters, several models that are adaptable to represent the oxygen
permeable and photopolymerization occurring in constraint surface stereolithography printing
process and capable to illustrate effect of oxygen on photopolymerization and separation force
are presented. Chapter 1 depicts the introduction of stereolithography and the advantages of
constraint surface stereolithography. Chapter 2 represents the main photopolymerization
mechanisms behind the fabrication process, how oxygen inhibition works and how to simplify the
photopolymerization mechanisms for simulations. Chapter 3 introduces the simulation physics,
modeling process and validates the photopolymerization process. Chapter 4 studies the effect of

oxygen-diffusion-channel and area ratio of holes to surface on the separation force.

18



Chapter 2 Basic mechanism for photopolymerization

Based on the difference of mechanisms for polymerization, this process is classified as
step polymerization and chain polymerization. The largest difference of chain and step
polymerization is the species that can react with each other, that is, the major monomers in chain
polymerization process containing carbon-carbon bonds (also termed as vinyl monomers) [41].
The size of polymer molecules formed by step polymerization increases relatively slowly
compared to that of the chain polymerization. Step polymerization proceeds by stepwise
reactions between different functional groups of reactants such as monomers, dimers, trimers,
tetramers, pentamers, and hexamers, until large size molecules have been formed. On the
contrary, the mechanism behind the chain polymerization is quite different. Specifically, reactive
species with reactive center are produced by initiators, followed by propagating the reactive

center through successive reactions with large numbers of monomers in chain polymerization.

As one of the chain polymerization, photopolymerization has great advantages on rapid
curing speeds at room temperature, including better energy efficiency, and lower concentration
of volatile organic compounds [42]. Photopolymerization is defined as a process where the
reactions of monomers produce solid polymeric structures by light irradiance and polymerization
[43]. There are two main types of photopolymerization: free-radical type and cationic
photoinitiation type. Free-radical polymerization usually uses acrylates with high reaction rates
and accepts a lot types of monomers and initiators; On the other hand, cationic
photopolymerization commonly take advantages of epoxides, which are not interfered by oxygen

inhibition and possess lower toxicity and shrinkage.
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2.1 Free-radical photopolymerization mechanism

Free-radical photopolymerization is a chemical chain reaction process involving three
sequential steps — initiation, propagation, termination. Besides, oxygen inhibition may also occur
if it is present in the system. A typical radical chain photopolymerization occurs when radicals are
created upon the irradiation of visible light, laser and ultraviolet light. The reactants in the
photopolymerization reaction process for a typical CSVP system are photoinitiator (Pl), monomers

(M), and oxygen (0,).
The main reactions in a typical photopolymerization process are shown in Table 1:

TABLE I. PHOTOPOLYMERIZATION REACTIONS

Reaction Scheme
Photoinitiator dissociation PI kg 2R
Chain initiation R+ M ’iz_; P
Chain propagation P M '3 P
Chain termination pip k_t) P,
Inhibition P +o0, ko P,

First, photoinitiator molecules are decomposed and form initiator radicals when the light
exists (Photoinitiator dissociation). These radicals then react with monomer molecules freely,
forming polymer chains (P’) (Chain initiation). Afterwards, the polymer chains grow via reacting
with monomers or other polymer chains, under a given reaction rate k. This process is called
chain propagation. Besides, polymer chain stops propagating and terminates. Termination occurs
at radical center with its annihilation by reactions between radicals. Two radicals can be
terminated either by combination or disproportion at a rate of k;. Finally, oxygen may also react
with polymer chains, hence inhibiting the propagation and terminating the processes at a rate of

k,.
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It is found that the initiation rate of photopolymerization can be very fast and controlled
by a combination of the radicals, light intensity and so force. The reaction rate according to Beer

Lambert Law is as follows [44],
ky = Bl eGP (2.1)

where [PI] is the concentration of initiator; I, represents the light intensity; B is
photoinitiation coefficient [45, 46]; € is determined experimentally, represents the molar
absorption of photons [47]. Additionally, the initiation includes two steps, catalyst dissociation
and chain initiation. The latter part is the beginning of propagation, in which the radicals react

with the monomers to produce the chain-initiating polymers.

Moreover, k), is the rate constant of propagation, and its value is usually very large, which
is in the range of 102 to 10*L-mol™*-s1[41]. Propagation of chain polymers stop at some point and
terminate. Termination occurs if two polymer radicals combine with each other. Typical
termination constant is in the range of 10° to 108 L-mol™-s™ [41] or greater than the propagation
rate k,,. Nevertheless, the rate constant of termination is greater than the propagation rate, but
the termination cannot prevent propagation since the polymer radicals for that are in a very low

concentration.

2.2 Oxygen inhibition effect upon free-radical photopolymerization

As aforementioned, free-radical photopolymerization can be inhibited by oxygen
molecular as shown in Figure 11. The oxygens have the capability to quench the active triplet
photoinitiator and scavenge initiators and polymer radicals via the reactions with them [41, 48-
50]. This problem has affected the application of free-radical photopolymerization on thin films
coating and inhibited the photopolymerization of UV-curable resin in air. Thus, efforts have been

focused on addressing this problem by understanding the oxygen inhibition mechanism towards
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free-radical polymerization to enable its application and improve the quality of final products. At
present, different methods have been developed to solve the oxygen inhibition problem by
preventing oxygen from entering the system such as using waxes or inerting equipment, thus
offering a higher concentration of initiator to increase the oxygen consuming speed, or adding
other chemical additives like amines to capture oxygen molecules [51]. However, the above
methods have strong drawbacks such as increasing the manufacturing cost or leading to product
quality problems. For example, high concentration of initiator usually results in the decrease of

light penetration depth and low conversion, which further affect the quality of cured parts.
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Figure 11. Oxygen inhibition in photopolymerization.

Adapted from [52]

However, if we think this problem in another way, oxygen inhibition can be used to
promote the CSVP print process. Specifically, when the stereolithography is built on an oxygen-
permeable tank (vat) window, or the tank is coated with a layer of high oxygen concentration
PDMS, a thin layer of uncured polymer liquid between the window and the cured part would work
as a thin layer of lubricant to lower the separation force as shown in Figure 12, an oxygen-

permeable window is used in ceramic 3D printing.

There are certain substances can suppress the polymerization process by reacting with
the initiators and propagating radicals, and further convert them into dead polymers. Among

them, oxygen is known as a convenient and strong inhibitor that has been greatly adopted in CSVP
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for realizing continuous printing ability, and its mechanism of inhibition is expressed as the
inhibition step in TABLE I. Generally, oxygen molecules diffuse into the vat freely from surrounding
air through the constrained window, and then they can react with radicals thus inhibiting the
polymerization process. This reaction-diffuse process maintains an un-cross-linked layer called

“dead zone” or “lubrication layer”.
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Figure 12. CSVP with oxygen-permeable window.

Adapted from [52]

2.3 Rate of polymerization and conversion limit

A large number of monomer molecules are converted to polymers during the propagation
step by reacting with the initiating radicals produced in initiation step. To obtain an expression of
the rate of polymerization, an assumption that k,, and k; are independent is made. The process
for the consumption of monomers in chain initiation and propagation steps is showed in TABLE I.

The rate of monomer consumption is illustrated as,
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—daM] _

=R +R, (2.2)

where R; denotes the initiation rate and R,, represents propagation rate. Considering
that the number of monomer consumed in initiation step is lower enough to be neglected, the

first tern then is neglected. Thereby the polymerization rate can be expressed as equation 2.3:
R, = ky[M][P] (2.3)

In the above equation,[M] represents monomer concentration, [P-] means the overall

concentration of the polymer radicals produced in propagation step.

The degree of cure in photopolymerization process is estimated based on that the
assumption that gel is considered as an infinitely insoluble large molecule [53], which is
represented by monomer conversion (equation 2.4). Initial concentration and the concentration

of monomer after photopolymerization are represented as [Mgy] and [M], respectively.

(Mo]—-[M]
0

Conversion = (2.4)

Therefore, the cured parts are determined by comparing the local conversion value and
the critical conversion limit. According to reference [44], the critical conversion limit is defined as

12%.
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Chapter 3 Study of resin curing process

In this section, a two-dimensional (2D) model is created to simulate resin curing process
and how the oxygen inhibition works during this process. The model is composed of three
domains: the acrylic substrate, PDMS (oxygen feed side) and resin (polymerization reaction zone)

domains (Figure 12).

Since the oxygen permeability of the acrylic substrate is relatively low, the oxygen
transportation in acrylic is neglected in this model. Oxygen transportation process (Figure 13) and

photopolymerization are coupled in this simulation.

ral
YoZ2 resin

-U CoZ,p dms

Figure 13. Domains and boundaries used in the model and oxygen transport.

3.1 Introduction of COMSOL

COMSOL Multiphysics is a simulation software that offers a cross-platform, multiphysics
environment and solvers for finite element analysis. It is adaptable for conventional physics-based
user interfaces and versatile for coupled systems, and provides an integrated development
environment and unified work procedure for mechanical, fluid, chemical engineers and electrical,

etc.
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Generally, model building for the simulation of oxygen inhibition in COMSOL can be

divided into three steps: firstly, space dimension (2D) is set for the model space (Figure 14).

Select Space Dimension

I
a2 9 T —
| I
2D 10
St Axisymmetric o Axtisymmetric iz E

Figure 14. Model space dimension definition.

The second step is the most critical one — choosing an appropriate physics environment
for the mechanism with respect to oxygen permeation and photopolymerization. Here,
“Transport of Diluted Species” under the “Chemical Species Transport” (Figure 15a) was chosen
as the physics environment. The last step is the configuration of preset studies. Because of the
dynamic oxygen transportation and photopolymerization reaction process, time dependent study

was selected as shown in Figure 15b.

Select Physics Select Study
Search 4~ Preset Studies
4 (D Recently Used [ Stationary
&' Transport of Diluted Species (tds) T Time Dependent
L Reaction Engineering (ré) % Custom Studies
Heat Transfer in Fluids (ht) % Empty Study

% Laminar Two-Phase Flow, Level Set (tpf)
J|® Surface Reactions (sr)

hemnical Species Transport
&' Transport of Diluted Species (tds)
<6l Transport of Concentrated Species (tcs)
=5+ Chemistry (chem)
2 Reaction Engineering (re)
o MNemst-Planck Equations (npe)
22 Transport of Diluted Species in Porous Media ftds)
= Reacting Flow
8 Reacting Flow in Porous Media
“|- Rotating Machinery, Reacting Flow
J|® Surface Reactions (sr)
¢ Transport of Diluted Species in Pipes (dsp)
=8 Reacting Pipe Flow (rpfl)
1T Electrochemistry
Fluid Flow
Heat Transfer
(¢ Optics
&) Plasma
5 Radio Frequency
55 Semiconductor
2 Structural Mechanics Added study:

Add [ Time Dependent

Figure 15. a) Physics Selection. b). Study Selection.

After all the three steps were set, COMSOL was ready for creating the model. A complete

COMSOL model is composed by 7 parts: definition, geometry, physics, mesh, study and result.
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Definition step describes global and local definitions features, such as geometric features for
model. Depending on geometric scope, features are added in this section under either Global
Definitions node or local Definitions node. Geometry modeling provides many ways such as solid
modeling, boundary modeling, importing external CAD data etc. to create geometries in 1D, 2D
or 3D. Physics consist of predefined user interface with set up equations and variables for physics
in domains, boundaries, points, etc. of models, for the predefined PDEs. PDEs are equations set
up for specific physics following material properties, boundary conditions of a given problem.
Mesh part is where you create and control the mesh of model. Study consists of study steps which
are used to control which physics interface and meshes are used for which result. Result means
result evaluation and visualization, which offers numerous data analyzing tools to produce

graphics and export etc.

3.2 Oxygen transport module

The interface of Transport of Diluted Species module was mainly used to help us model
and simulate mass transfer in flux vector via diffusion according to the Fick’s law. In this interface,
mass balance equation (3.1) was applied for the study of the transportation of chemical species

through diffusion.

oc _

= V- (DVc) +R (3.1)

The notations involved in equation 3.1 are explained as follows:

. c means the species concentration (mol/m?3)
. D is the diffusion coefficient of species (m?/s)
. R is a reaction rate expression for the species (mol/(m?3s))

In equation (3.1), the term on the left-hand side represents the accumulation of species,

and the first term on the right-hand side denotes the diffusion transportation from the interaction
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between the diluted species and solvent. The final term represents a source accounting for

chemical reaction.

Herein, we applied Transport of Diluted Species module as the physics interface for
oxygen transportation from air to PDMS (transport of diluted speciesl), and the transportation

from PDMS to the resin (transport of diluted species2) (Figure 11).

4 <8 Transport of Diluted Species 2-resin (tds2)
o Transport Properties 1
& Mo Flux1
o Initial 1
@ Reactions 1
= Pointwise Constraint 1
40 Transport of Diluted Species-pdms (tds)
- Transport Properties 1
£ Mo Flux1
o Initial Values 1
= Pointwise Constraint 2

Figure 16. Physics module.

3.3 Modeling process

The modeling processes of this resin curing simulation includes geometry modeling,

physics interface setting up and meshing, the details are presented in the below sections.

3.3.1 Geometry modeling

The geometry model built in COMSOL is shown in Figure 17, it consists of resin, PDMS and

acrylic substrate.
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Figure 17. Conventional Geometry model

Geometric features of this model set up in global definition section as shown in TABLE IV,
which are coming from tanks used in experiments. The size of tank used in experiments is 120mm
X 120mm, thickness of acrylic substrate is 3mm, PDMS is 2mm. To simplify the simulation process

and save the calculation time, part of the cross-section of real tanks are converted into 2D models

in COMSOL.
TABLE Il. PARAMETERS PRESET IN GLOBLE DEFINITION
Parameter Value Description
th_pdms 2[mm] Thickness of PDMS
wid_pdms 12[mm] Width of PDMS
th_resin 0.3[mm] Thickness of resin
th_acrylic 3[mm] Thickness of acrylic substrate

3.3.2 Physics module

Physics consist of predefined user interface with set up equations and variables for
physics in domains, boundaries, points, etc. of models. As shown in Figure 16, the Transport of
Diluted Species are used in the PDMS domain and resin domain. Material properties, boundary

conditions, domain physics are set up for each domain separately.

For PDMS domain, there is only variable of oxygen concentration is considered in domain

and boundary physics, which is named as ¢_pdms as shown in Figure 18. The initial concentration
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and diffusivity of oxygen in PDMS are shown in TABLE Ill. The boundary conditions for the
Transport of Diluted Species in PDMS are shown in TABLE IV. The boundary notations of the model

are marked in Figure 19. The PDMS is insulated at bottom, but it is periodic at side walls.

* [ependent Variables

Mumber of species: 1

Concentrations: c_pdms

Figure 18. Variables in PDMS domain

TABLE Ill. PDMS PARAMETERS

Parameters Value Description

Coz2,pams 4 mol/m? Equilibrium oxygen concentration in PDMS[54]

Doz pams 3.5e-9m?/s | Oxygen diffusivity in PDMS[54]

TABLE IV. BOUNDARY CONDITIONS OF PDMS DOMAIN

Boundary Conditions Description

n-N=0 @Y=y1, Insulation

-NNgpe = 1-Nygt @X=0, X = x1, Periodic Condition
COZ Jesin

Figure 19. Boundary definition and oxygen transportation route
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In resin domain, oxygen transportation and photopolymerization are coupled inside. The
initial concentration of oxygen, initiator, monomer and the boundary conditions of resin domain

are shown in TABLE V.

TABLE V. a) RESIN PARAMETERS b) BOUNDARY CONDITIONS

a)
Parameters Value Description
Coz2resin 1 mol/m3 Equilibrium oxygen concentration in PDMS[54]
Do2 resin 1le-10 m?/s Oxygen diffusivity in Resin[55]
C; 200 mol/m3 Initial concentration of photoinitiator[54]
Cy 3200 mol/m3 Initial concentration of monomer [54]
b)
Boundary Conditions Description
-N'N=M|Cy32 resin — K2Cozpams| @Y=y2, Stiff-spring Continuous Flux
n-N=0 @Y=y3, Insulation
-N*Ngpc = n-Nygt @X=0, X=x1, Periodic Condition

In resin domain, oxygen transportation is governed by stiff-spring boundary condition
(TABLE V b) and Fick’s law together (equation 3.1). The photopolymerization reactions are defined
in domain physics, they are illustrated as the species accumulation in TABLE VI and Figure 20, the

reaction constants are show in TABLE VII.
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TABLE VI. REACTIONS IN RESIN DOMAIN

Reactions Description
a[pi ; ;
= —ky[PI] Species balance during
dIR’ _ photopolymerization process in
U] = 2ky[P1] — kp[M][R]
resin domain
d[M] : .
P = —kp[MI[R] - kp[M][P]
d[p] . . .
e = kp[MIIR] — 2kt [P] — ko[0,][P]
afos] _ .
2] = —ko[P][0]
TABLE VII. REACTION CONSTANTS FOR RESIN CURING PROCESS
Parameter | Value Description
I, 3.5mWcm Light intensity [46]
B 7e-4 cm? /mW-s Photoinitiation coefficient [54]
kp 0.6 m3/ mols Propagation coefficient [56]
k, 70 m3/ mol-s Oxygen inhibition coefficient [41]
k; 1000 m3/ mol-s Self-termination coefficient [56]
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¥ Reaction Rates

Reo User defined -
-ko*cO*cP-ko*cO*R molfim®s)
Rep User defined hd
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Ry User defined =
-kd*cl molf(m®s)
Rem User defined =
-kp*chI*cR-kp*ch*cP molf(m®s)
Rep User defined =

2*kd*cl-kp*cM*cR-ko*cO*cR-2  molfim3s)
¥ Reacting Volume

Total volume -

Figure 20. Photopolymerization reactions in resin domain.

During oxygen transportation route in Figure 19 green arrow shows, the diffusion of
oxygen was assumed to start from PDMS to resin due to concentration gradient. Oxygen inside
acrylic domain was neglected as the oxygen permeation of acrylic is three orders less than that of
PDMS [25, 39, 57]. Stiff-spring continuous flux boundary conditions was applied on boundaries Y
(y1,y2 in Figure 19) because of the discontinuities of oxygen concentration [58]. To obtain

continuous fluxes over the boundaries, stiff-spring method was applied using the following

equations:
No=M|[Cpzj+1 — KiCozj (3.2)
cs,
Kj =23 (3.3)
02,j

where j denotes air, PDMS and resin domains, separately. M represents a large constant
which keeps the term within absolute values zero. C,, ; means the oxygen concentration in
different domains, ng,j means the equilibrium oxygen concentration in different domains. K; is
derived from Henry’s Law, and it is a dimensionless partition coefficient that can be calculated via

equation 3.2 [59].
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3.3.3 Meshing

Numerical solutions for the mathematics model were analyzed using COMSOL
Multiphysics based on grid meshing and error control with variety of numerical solvers [60].
Generally, COMSOL generates mesh in triangular shape. However, we adopted mapped mesh for
the resin domain of the finite element model to obtain a smoother oxygen concentration

distribution (Figure 21).

AAdAALLLAALLALLLLAALLL L LAl

Figure 21. Finite element model used in COMSOL.

3.4 Photopolymerization validation

Photopolymerization experiments were performed on our CSVP system to validate the
model described in this Chapter (experimental details will be discussed in next Chapter),
polymerized parts were cured on the vat, and removed afterwards. A conventional caliper was
used to measure the height of cured parts. The CSVP system includes an imaging unit (DLP
LightCrafter 4500TM) and a resin vat. A digital mask planning testbed integrated with geometry
slicing and motion controlling module was developed by C++ using Microsoft Visual Studio

software. EnvisionTEC LS 600M acrylic resin was used in experimental test, and projection time
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used is 6s, 12s, 18s, 24s, respectively. The photopolymerization can be validated by comparison

of the height of cured part in experiment and the height of cured part in simulation.

The height of cured part is estimated according to the monomer conversion limit in
chapter 2.3. Since the part profile can be estimated by tracking the monomer that reached the
conversion limit, thus the part height can be obtained. With model created in last section, the
part height at 6s, 12s, 18s, 24s are obtained in simulation, the results are shown in Figure 13, the

blue parts.
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Figure 22. Comparison of predicted height of cured part from simulation and
experimental results.

Figure 22 shows the comparison of the predicted height of cured part generated from
COMSOL simulation and experiment, the x axis represents the curing time in second, and the y-
axis represents the cured part height in um. This result indicates that the photopolymerization

mechanism and the parameters and physics used in this model is coincident with the experiment.
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3.5 Oxygen inhibition illustration

To show how the oxygen inhibition works better, the rate constants of
photopolymerization reaction are adjusted to decrease the curing speed, which indicated some

clearer results for oxygen inhibits polymerization.

Figure 23. Scheme of curing process.

In Figure 23, the red domain denotes the cured part while blue one denotes the uncured
resin. Here, the contour of cured part was estimated by tracking the coordinates where the
monomer conversion has reached 12% (the critical conversion limit in the resin) [44]. Moreover,
y axis in Figure 22 represents the thickness of resin. It is worth noting that the curing part becomes
larger along with the time passes. A clear blue domain that indicates the oxygen inhibition layer
is formed when the curing process undergoes for 25 seconds. However, the thickness of the
oxygen inhibition layer decreases afterwards, which can be attributed to rapid oxygen
consumption and insufficient supply from diffusion. As aforementioned, as the uncured resin that
lies between the cured parts and the surface of the vat works as a lubrication layer, the separation

force undoubtedly can be reduced significantly.
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3.6 Summary

This chapter introduces the modeling process, boundary conditions and physics
mechanisms applied for the simulation of the resin curing process. From experiment, the LS600M
resin with thickness of around 200 um is cured in 6s, the model built on the specified boundary
conditions and parameters is validated by this curing speed. Oxygen inhibition using the proposed
model was shown to be successful, and it was validated to have the capability of reducing the

separation force by forming a lubrication layer where the resin cannot be cured.
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Chapter 4 Study of effect of air-diffusion-channel on

separation force

To further study the effect of oxygen inhibition capability from PDMS layer on the
separation force during a long printing process, experiments have been conducted to record the
separation force trending when printing a part with height of 20 mm within 1000s using two
different vats: the vat of conventional design and vat with air-diffusion-channel [31]. It has
indicated that the design with air-diffusion-channel resulted in the reduction of separation force.
In this thesis, we further conducted the simulations on the trend of the oxygen concentration of
the inhibition layer using different vats, giving rise to the analysis of the relationship between

oxygen concentration and the separation force.

4.1 Mechanism simplification

In a regular CSVP printing process, a thin layer of the liquid photosensitive polymer is
solidified on the platform upon the irradiation of light sources such as digital light processing (DLP)
projector or laser beam etc. [61, 62]. Then the platform moves up, and the gap between cured
part and the constraint surface of vat is refilled with fresh resin. A whole 3D printing process is
completed by repeating the resin curing and platform pulling-up steps. In the last chapter, we
have validated our model of the photopolymerization in the resin curing step. To study the effect
of air-diffusion channel on separation force, we converted it to study the effect of oxygen
concentration on separation force. The oxygen comes from the resin, PDMS itself and the diffused
oxygen from atmosphere by air-diffusion channel as shown in Figure 24 and is consumed by
reacting with polymer in photopolymerization. As same as the last model, the oxygen

transportation from acrylic substrate is neglected since its lower oxygen permeability.
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Figure 24. Oxygen transportation route.

To focus on the oxygen concentration in the whole printing process, considering that the
oxygen is mainly consumed by polymer, we simplified the mechanism validated in last chapter to

equation 4.1:

0%[0,] | 9%[0y]
0x2 0z2

40%] — _ko[P][0,] + Do, {

= } (4.1)

4.2 Modeling process

The modeling process of this section is similar to the last one, geometry modeling, physics

definition and meshing parts are included, but the details of these parts are different.

4.2.1 Geometry modeling

A two-dimensional (2D) model was created to simulate the oxygen permeation and
photopolymerization process. It is composed of three domains: the acrylic, PDMS (oxygen feed

side) and resin (polymerization reaction zone) domains (Figure 25).

The geometry dimension of this model is same as the one in chapter 3 except the
dimension of the air-diffusion channel (TABLE VIII). As we said in chapter 3, this 2D model
represents a part cross-section of the real tank. To reflect the real effect of air-diffusion channel,

the ratio of area of channel to the tank surface area is converted to the ratio of width of the two
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grooves to the width of tank to better simulate the effect of air-diffusion channel. For this thesis,

the ratio from 0% to 67% is considered, that means the wid_groove changes from Omm to 4mm.

» Resin

— " PDMS

I Acrylic
=] Substrate

Figure 25. Geometry model with air-diffusion channel.

TABLE VIII. PARAMETERS PRESET IN GLOABLE DEFINITION

Parameter Value Description

th_pdms 2[mm] Thickness of PDMS
wid_pdms 12[mm] Width of PDMS

th_resin 0.3[mm] Thickness of resin
wid_groove 0.5[mm] Width of groove

th_acrylic 3[mm] Thickness of acrylic substrate

4.2.2 Physics module

It should be noticed that as the consumed photoinitiators and monomers in the gap
between cured part and vat substrate are always replenished by fresh resin during the fabrication
process, a dynamic species balance is formed. For long-term process, we assume that the radical

species concentration in the gap remain constant while the oxygen keeps decreasing.

In order to calculate the dynamic concentration during a long-term process, we first
obtained the equilibrium concentration of photoinitiators and monomers from resin curing step

based on the model in chapter 3.

40



Concentration (mol/m*)
o
o
=

Initiator (1)

Monomer (M)

Figure 26 illustrates the species concentration distribution along the thickness of resin
after the first layer is cured. Considering the fact that after the first layer is cured, the gap (the
thickness of gap is 250 um normally) can be refilled by fresh resin, the concentration of the
reactants will change. Thus, we defined the average value of the concentration reactants in the
oxygen inhibition layer (within the thickness of 50 um) as shown in TABLE IX as the dynamically

balanced concentration in the long-term process.

100 150
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200 250
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0.7}k — Polymer Chain P’
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o 50 100 200 250
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Figure 26. a) Concentration of Initiator and Monomer in the first cured layer. b)
Concentration of Oxygen and Polymer chain (P’) in the first cured layer.

TABLE IX. SPECIES CONCENTRATION FOR ENTIRE PRINTING PROCESS

Parameters Value Description
Co2,pams 2.8 mol/m? Oxygen concentration in PDMS
Coz,resin 0.5 mol/m? Oxygen concentration in resin
C; 193 mol/m?3 Photoinitiator concentration in resin
Cy 2883 mol/m?3 Monomer concentration in resin
Cp 0.024 mol/m3® | Polymer concentration in resin
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Since only oxygen and polymer are needed based on the simplified mechanism in the
physics interface, the concentration of oxygen in PDMS and resin and the polymer concentration

are used as initials in PDMS and resin physics.

Oxygen transportation and oxygen consuming reaction (TABLE XIl) are coupled in this
model. As we pointed out previously in section 4.1, the mechanism is simplified to equation 4.1.
The boundary conditions of PDMS and resin and the domain physics of resin (as shown in TABLE

X and XI) are defined based on the oxygen transport process and the equation 4.1.

rad
———  “olZresin

| X=0 I C{)Z,air

Figure 27. Domains and boundaries used in the model and oxygen transportation.

TABLE X. BOUNDARY CONDITIONS OF PDMS DOMAIN

Boundary Conditions Description

-N'"N=M|Co2 pams — K1Co2,air | @Y=0, Stiff-spring Continuous Flux
n-N=0 @Y=y1, Insulation

-N-Ngpe = -Nygt @X=0, X = x1, Periodic Condition
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TABLE XI. BOUNDARY CONDITIONS OF RESIN DOMAIN

Boundary Conditions Description

-N'N=M|Cp2 resin — K2Co2 pams @Y=y2, Stiff-spring Continuous Flux
n-N=0 @Y=y3, Insulation

-N*Ngpe = n-Nggt @X=0, X=x1, Periodic Condition

TABLE XII. REACTIONS IN RESIN DOMAIN

Reactions Description
% = —ko[P'][0,] Oxygen consumption reaction
4.2.3 Meshing

Figure 28. Mapped mesh of air-diffusion channel design.

As same as the model created in chapter 3, mapped mesh for the resin domain of the
finite element model is adapted to obtain a smoother oxygen concentration distribution (Figure

28).
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4.3 Estimation of effective printing time

Since the simulation model only reflect the trending of oxygen concentration during the
printing process, how to connect this with separation force is a problem. To address this, a
definition called effective printing time is proposed in this thesis. An effective printing time means
during this printing period, the separation force is not large enough to produce bad effect neither

on PDMS nor on cured part.

Figure 29 shows a simulation result of the 3% area ratio of air-diffusion channel to tank
surface. The y axis is oxygen concentration in the gap, x axis is time, the result illustrates that the

oxygen concentration in the gap decreases along with the printing going.

To obtain the effective printing times from the oxygen concentration results, a critical
value of oxygen concentration 0.15 mol/m?® was used, owing to the fact that when the oxygen
concentration exceeds this value, the majority of the resin has reached the critical monomer
conversion limit. It also indicates that the oxygen inhibition layer depletes, hence the separation
force increases from this point. Therefore, the time that oxygen concentration exceeds
concentration 0.15 mol/m? is considered as effective printing time. Thus, from Figure 28 we can

read that the effective printing time for 3% channel area ratio tank is about 1150s.
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Figure 29. Oxygen concentration changed during printing process in 3% channel area
ratio tank.

4.4 Validation

One experiment was conducted in [31] to test the effort of oxygen inhibition layer on
separation force. A 20mm tall object was printed in resin vat, Separation force values were
recorded during the printing process. For the conventional constraint surface, during the printing
process, the separation forces remain below 5N until about 900s increasing to 20N, while the
separation force of new design maintains under 5N (Figure 30). This phenomenon denotes that
when the oxygen concentration vicinity of the PDMS surface was decreased, separation force will
increase greatly, which leads to a common 3D printing failure, layer adhesion failure. To avoid this
failure, compensate oxygen consumption, control separation force, using oxygen permeable film
as constraint surface and keep it contact with air directly was supposed [36, 63]. However, this
method easily produces tensioning challenge and creases problem of film. Based on the
conventional PDMS coating method, the new design air-diffusion-channel improved can work

effectively offer oxygen and without leading to crease of film[31, 40].
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Figure 30. Separation forces in the process of printing a 20 mm tall solid cylinder with

conventional method and new method. Adapted from [31].

Figure 31 illustrates how oxygen concentration changes along with the printing process,
the red curve is the trending of conventional design, the cyan curve represents the trending of
new design (using the model in Figure 32), compared with the critical oxygen concentration limit
(black line), Figure 31 is coincident with Figure 30, around 900s, the oxygen concentration is lower
than the limit, for the conventional design separation force increases sharply from 5N to 20N,
while the new design can retain at low level separation force until 1000s. This result verifies that
the oxygen-diffusion-channel facilitate the decreasing of separation force, can maintain the force

in a lower level.
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Figure 32. Constraint surface with air-diffusion-channel.

4.5 Experiment setup

A constrained surface stereolithography setup is built for separation force study, which
includes imaging unit, resin vat, a linear actuator used to lift build platform, control unit and load
cell. There are two types of resin vat, one is conventional design with normal constraint surface
coating with PDMS, and another one is the new design with air-diffusion-channel constraint

surface.

A digital mask planning testbed integrating with geometry slicing and motion controlling

module was developed by C++ and Microsoft Visual Studio software. The testbed also can control
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image projection with Z movements. An online separation force monitoring testbed was built in
MATLAB to read and process data from the load cell, record real time changing separation force

values.

Perfactory TM LS600M (yellow) from EnvisionTEC Inc. (Ferndale, MI) was used in
experimental test; projection time is 45s, tanks with and without air-diffusion-channel to
substrate surface are made to verify the effect of air-diffusion-channel to separation force (Figure

33).

Figure 33. Tanks with and without oxygen-diffusion-channel used in experiments.

4.6 Results and discussion

The last section introduces the benefit of the oxygen-diffusion-channel, and validates the
model employed for the simulation. Considering only the conventional tank and the 3% channels
tank (Figure 15) are hired in the paper [31], the relationship between the effective printing time
and the area ratio of oxygen-diffusion-channel is worth to study. In the simulations for the tanks
with different area ratio of oxygen-diffusion-channel, only oxygen diffusion and
photopolymerization are incorporated, the effective printing time which can be obtained from

the results like Figure 30 for different tanks follow the below curve in Figure 34.
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Figure 34. Effect of channel area ratio to effective printing time.

Figure 34 predicts that effective printing time increases along with the increase of area
ratio of air-diffusion-channels to surface. It also manifests that the separation force can be
maintained at a low level, giving rise to an easier fabrication process. The blue dashed curve is an
approximation line by applying the fitted equation y = 7183.1x? - 635.08x + 1030.9, where y is the

effective printing time, x is the ratio of channels area to surface area.

Nevertheless, the trending in Figure 34 can only be considered as effective when the area
ratio is below 67%. This can be ascribed to sufficient oxygen supply from highly oxygen

permeability from PDMS, which compensates the consumption from reactions (Figure 35).
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oxygen-diffusion-channel are used to repeat the experiment in [31], the separation forces in the
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Figure 35. Oxygen Concentrations in Printing Process

To validate the result further, a tank with 0%, 3%, 67% channels and a tank without

printing process shows in Figure 36, 36 and 37.
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Figure 36. Separation force in the printing process for conventional design tank.
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Figure 37. Separation force in the printing process for 3% channels tank.
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Figure 38. Separation force in the printing process for 67% channels tank.

The Y-axis is the separation force value, while the X-axis is printing time in Figure 36 to
Figure 38. In the Figure 20, where the separation force increased greatly from 5N to 24 N around
700s like the Figure 29 in the paper [31], the separation force in Figure 37 increase to 16 N in
1300s; but it can be noticed that in the Figure 38 the force values are maintained under 1.7N
during the whole process which is far less than the 24N, the maximum value produced in the
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conventional design tank. This decrease in separation force from 24N to 1.7N proves the effect of
oxygen-diffusion-channel on separation force, since the larger area ratio of channels will supply

sufficient oxygen to the oxygen inhibition layer.

From the Figure 39, it is obvious that the curing degree are different between the resin
above the channel and the resin above the non-porous substrate, thus we propose that the
difference of optical property of acrylic substrate and the PDMS, or the lower oxygen
concentration above the un-porous PDMS makes the non-uniform separation force distributed
on the cross section that lead to the printing process in Figure 39 failed around 1200s not
continued as the simulation result shows. Even though the part failed around 1200s, but the
pretty low separation force can be used to prove that under ideal condition if only oxygen is

considered the printing process can be last in a long time as the simulation predicts.

Figure 39. Cured part in 67% channel tank

4.7 Summary

The oxygen inhibition layer is affected by judicious selection of control parameters, such

as the photon flux, resin optical and curing properties[36]. From the photopolymerization
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reactions, we can realize that the concentration of [PI] and light intensity would decrease the
thickness of un-cross-linked layer by consuming oxygen, while the sufficient oxygen supply will
enhance the oxygen inhibition layer. In this chapter, following the verified parameter such as
photoinitiation concentration, initial oxygen concentration in resin and PDMS, light intensity etc.
and the simplified mechanism for long-term printing process, a model which concerns the effect
of oxygen-diffusion-channel on separation force is built. The model is validated by compared to
the experiment in [31], which prove that the oxygen-diffusion-channel can realize the objective
of decrease separation force by supply oxygen from aerated atmosphere. To study the effect
furthermore and get the optimum structure, the simulations and experiments for different area
ratio tanks are set up, the results show that the sufficient oxygen can maintain the separation
force at a low level and the relationship of the effective printing time and the area ratio under 67%

follows the fitted equation y = 7183.1x2 - 635.08x + 1030.9.
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Chapter 5 Conclusion and Future Work

To conclude, we conducted the simulation of using air-diffusion-channel constrained
surfaces towards reducing large separation force during constrained surface vat
photopolymerization fabrication process and the impact of imparting oxygen inhibition layer by
means of using oxygen-permeable material (PDMS). Specifically, a thin layer of PDMS is added to
the porous acrylic surface, thereby continuous oxygen supply is obtained owing to high oxygen
permeability through PDMS. Therefore, different from conventional constrained surface vat
photopolymerization, a thin layer where polymerization is inhibited continuously by oxygen can
be maintained during fabrication process, hence acting as a lubricant layer for reducing the

separation force.

In this study, the photopolymerization and oxygen transportation process have been
investigated. Typically, photopolymerization includes initiation, propagation, termination and
oxygen inhibition stages, and the main reactions behind were introduced in Chapter 2. Moreover,
we also described and discussed the polymerization rate, critical conversion limit which are

important for the quantification of the curing degree [44].

In Chapter 3, the software COMSOL and the module ‘Transport of Diluted Species’ were
described and applied for the simulation of resin curing process. The photopolymerization
reactions were also coupled in the module. Based on the mechanism introduced in Chapter 2, we
configured the setup for the modeling process such as the initial parameters and boundary
conditions, which were also validated by the curing speed obtained in the experiments. Lastly, we

also showed how the oxygen inhibition layer was formed (Chapter 3).
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Additionally, we supposed that oxygen-diffusion-channels of a new design were
responsible for un-cross-linked layer above the tank surface in a long-term printing process.
Moreover, it was found that the oxygen-diffusion-channel had the ability to enhance the oxygen
inhibition for reducing the separation force and prolong the effective printing time. The
relationships of ratio of air-channel area to the surface area and effective printing time have been
explored via experiments and simulations. It was shown that when the area ratio was below 67%,
the relationship showed a good agreement with the approximate curve. While the separation
force for the tank with a ratio of 67% maintained at a very low level and reached the expectation,

the fabrication of the part failed before the simulation time was over.

For the future work, the reasons caused the printing failure for the tank with the ratio of
67% should be addressed. The optical property of acrylic substrate and PDMS, and the adhesion
property of PDMS should also be considered. Since the parameters of concentration of monomer
and initiator and the rate constant were estimated and obtained from other papers but
experiments, which may lead to the inaccuracy of our results. To fix this drawback, we will try to
obtain the oxygen diffusion constants in the PDMS and resin, accurate reaction rates of the
photopolymerization, and other parameters by using homemade photosensitive materials with

known recipe rather than using commercial ones.
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