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ABSTRACT

As additive manufacturing gains popularity in rapid-prototyping, manufacturing,
and customized production, there is a continuous demand in seeking new ma-
terials with advanced functionalities to satisfy the wide range of applications in
aerospace, construction, optics, actuation, dentistry, biomedical practices, and even
food industry. Vat photopolymerization (VP), a light-enabled AM technique, is par-
ticularly promising due to its ability to achieve good surface quality, high resolution,
and large volumetric throughput. The vast majority of materials obtained by VP
are covalently-crosslinked thermosets with nondegradable carbon backbones. This
highly crosslinked polymer structure gives rise to stiff and brittle materials, limiting

the structural functionality in desired applications.

This thesis explores a variety of polymer network structures for new VP photopoly-
mers: a) dynamically-crosslinked compliant polymer, b) interpenetrating network
(IPN) hydrogel, and c) covalently-crosslinked polymer with labile group (ex. es-
ter) insertion to polymer backbone. With the dynamic crosslinking system, we
demonstrate tunable mechanical behaviors of the metal-coordinated supramolecular
polymers. These materials display a range of failure strain of 450%—-940% and ulti-
mate tensile strength (UTS) of 12.4-2.2 MPa with varying resin compositions. To
incorporate multifunctionality, we design thermoresponsive IPN hydrogels by fabri-
cating a hydrophilic host polymer network via VP and a subsequent formation a ther-
moresponsive 2nd network (poly(N-Isopropylacrylamide)). The architected IPNs
consistently display strong polymer-liquid phase separation behavior and a tunable
water release behavior with volumetric shrinkage between 30% and 70% upon heat-
ing at 50°C. Finally, to promote the degradability of the acylate-based photoresin,
we demonstrated successful incorporation for ester functional groups into the poly-
mer backbone via radical ring opening polymerization of cyclic ketene acetals. The
obtained polymer undergoes 84% mass loss within 7 hours under hydrolytic degra-
dation condition. Overall, we demonstrated VP as a powerful technique to achieve
one-pot synthesis and fabrication of functional materials. Our explorations on the
development of degradable photopolymers, thermoresponsive double-network hy-
drogels, and metal-coordinated supramolecular polymers provide valuable insights
into the impact of resin formulation on mechanical properties. From analyzing the
molecular weight of 3DP materials to finetuning of phase separation behavior and

degradability, we demonstrate that VP provides a new platform to inspire advanced



photoresin design strategies for desirable mechanical performance.
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Chapter 1

INTRODUCTION

1.1 Overview on Additive Manufacturing

Additive Manufacturing, also known as three-dimensional printing (3DP) or
rapid prototyping, is a technology that is used to create 3D objects from computer-
aided designs (CADs) in a layer-by-layer fashion without the need for molding or
machining. As AM gains popularity in rapid-prototyping, manufacturing, and cus-
tomized production, there is a continuous demand in seeking new materials with
advanced functionalities to satisfy the wide range of applications in aerospace, con-
struction, optics, actuation, dentistry, biomedical practices, and even food industry.
[1-5]

AM technologies can be categorized in terms of the energy source used for material
binding during printing, such as laser, electron beam, heated nozzle, or UV light. To
ensure sufficient melting and sintering, it is essential for the feedstock materials to
have good thermal conductivity to attain good quality parts and sustainable energy
input. Another way to categorize AM technologies is through the sizes of feedstock
material. As shown in Table 1.1, the six technologies listed are roughly in the order
of decreasing feedstock size, which goes from sheets though filaments, powders,
droplets of viscous solutions to liquid resin. There is a correlation between the
feedstock size and the feature size obtained by these technique. Due to flowability,
size distribution of particles, and particle aggregation, the feature size is often

expected to be even bigger than the size of the feedstock.

Laminated Object Manufacturing (LOM) uses sheet materials supplied by rolls,
which are coated with suitable adhesives just before bonding to ensure effective
bonding of two sheets of materials. The 3D objects are fabricated through a process
called consecutive lamination in LOM, which is achieved using a laser beam to cut
a 2D profile with cutting depth being the same as the feedstock layer thickness, to
eliminate the destruction of the previously laminated layers. [6]

Direct Energy Deposition (DED) is an AM technique that directs the energy source;
it is usually a laser or electron beam to focus on designated areas to heat and/or melt
the feedstock materials (commonly powders made of metals, ceramics, or polymers)

as they are being deposited.
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Table 1.1: Table of various additive manufacturing techniques and their minimum
feature sizes.

Powder Bed Fusion (PBF) is another AM technique that utilizes thermal energy
(laser or electron beam); it selectively melts or/and fuses powered materials in a
metallic powder bed and constructs solid 3D objects layer by layer. Similar to DED,
PBF requires the constituent of feedstock material to have good thermal conductivity
for the energy source to enable sufficient melting and fusing to form solid parts.
Poor thermal conductivity of the feedstock material would not only require more
energy input, but it also becomes more challenging to control on the feature size

and surface morphology.

Material Extrusion (ME) deposits a continuous filament of composite or thermo-
plastic material through a heated extruding nozzle to a platform to build solid parts

layer by layer.

Material Jetting (MJ) is an AM process similar to ME that extrudes feedstock from
nozzles. Operating in a similar fashion to 2D printers, MJ dispenses droplets of a
photosensitive material through a nozzle, which can be solidified under ultraviolet

(UV) light, constructing a part layer-by-layer. The materials used in MJ are thermoset
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photopolymers (acrylics) that come in a liquid form. Without the support of the
power bed as mentioned for DED and PBF, MJ requires viscosity of the feedstock
to be carefully optimized to achieve flow and ensure structural integrity before the

UV curing procedure to solidify the entire structure.

All of the feedstock materials for these AM techniques mentioned above require
some degree of processing. It can be energy intensive to process the fine and high
purity power or wires for printing. The materials obtained by 3D printing techniques
are limited by the available feedstocks. Moreover, many of these techniques also
face challenges when printing very complicated 3D geometries, such as overhanging
features or horizontal beams; some of the obtained structures are characterized as
2D or 2.5D. In the next section, I will discuss more in depth the last techniques in
Table 1.1, vat polymerization. Different from the above-mentioned AM techniques,
the size of the feedstock is no longer a constraint on the fabricated feature size; the
high-resolution 3D printing process can be realized through localized photopoly-
merization that precisely turns liquid polymer resin into solid materials. Since all
the projects in my thesis are realized by VP processes, I will dedicate the following

section to discuss it in depth.

1.2 Vat Photopolymerization

Vat photopolymerization (VP), 3D photopolymerization or resin 3D printing,
is an AM technique that cures liquid resin into solid polymers with complex 3D
structures enabled by computer-aided designs (CADs).[7] Unlike other AM pro-
cesses where the minimum feature size and the overall geometry and resolution
of the 3D printed (3DP) parts are often limited by the combination of the size of
feedstock materials and the energy source for material binding, VP is capable of
fabricating a wide range of functional materials and enables prints with complex
3D design, smooth surface finish, high volumetric throughput, fast printing speed
as well as sub-micron feature size.[8—11] Vat polymerization technologies can be
divided into different categories depending on the light source employed on the
printer: stereolithography, digital light processing, and liquid crystal display-based
3D printing.

Stereolithography (SLA) or laser SLA is one of the earliest VP techniques, where
a rastering UV laser controlled by a scanning mirror coupled with a galvanometer
moves across the plane to induce spatial photopolymerization of the desired 2D

pattern (Figure 1.1a). Such scanning laser mechanism results a slow printing process
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as the UV beam locally photopolymerizes the polymer resin based on point-light-

source illumination. [12]

Digital light processing (DLP) employs a digital micromirror device (DMD) to
provide a dynamic mask that allows for the rapid photopolymerization of an entire
patterned layer upon UV illumination (Figure 1.1b). Once the pattern is formed, the
stage drops the structure by a predefined layer thickness, and the DMD reconfigures
itself to display the image to be projected onto the next layer until the structure is
complete. There have been many recent advancements on DLP-based 3D printing
techniques, including projection micro-stereolithography (PuSL) for high resolution
printing (up to 0.6 um) and continuous liquid interface production (CLIP) for fast-
speed 3D printing (1000 mm h~! in the z-direction).[13—15] Compared to laser-SLA,
DLP enables high resolution printing with fast speed and high volumetric throughput

since it can pattern an entire plane simultaneously. [11]

Liquid crystal display (LLCD)-based 3D printing or LCD-SLA is a cost-effective
alternative to DLP and the main difference exists in the light source to cure pho-
topolymer resins. Instead of a complicated and costly DMD, it employs an inexpen-
sive monochromatic LCD where the UV light of a specific wavelength transports
through LCD, selectively projects on the surface of the liquid photosensitive resin,
and then initiates the photopolymerization reaction.[16] The feature size of LCD-
SLA printing is determined by the pixel size of the LCD (35-50um).[17, 18] Taking
advantage of the advanced LCD technology, LCD-SLA is recognized for its high
resolution and cost effectiveness and has become a popular technique for mass

manufacturing of large and detailed functional parts.

In comparison to laser/electron-beam melting and heated extrusion-based AM tech-
nologies, VP consumes less energy, is compatible with customized photoresin,
enables prints with complex geometries and smooth surface finish, and can be quite
cost effective considering the printer cost and reusability of the feedstock resin. All
of this help VP to become a more widely-used prototyping and even mass manufac-
turing method. It is more pressing than ever to search for new novel polymers for

VP for a broader range of applications.
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Figure 1.1: Schematics of different categories of vat polymerization techniques:
a) laser stereolithography, b) digital light processing, and c) LCD-based 3D print-
ing.[10]



1.2.1 State-of-the-art Photopolymers for VP

Most 3D printable photopolymers are thermosetting polymers or thermosets,
which are a class of polymers that are insoluble and nonmelting. Currently, some
commercially available UV curable elastomers can consistently reach moderate
failure strain 160%—-220% and ultimate tensile strength ranging from 0.8-3.3 MPa
with absence of mechanical tunability (Figure 1.2, data [a]).[19, 20] Another one
of the widely-used commercially available photoresins made by Autodesk Inc is
PR48 standard clear resin. This multifunctionalized acrylate-based resin enables
polymeric material that is decently stiff but extremely brittle with a failure strain
of 5% (Figure 1.2, data [b]). [21] A recent research development demonstrates
that a tunable elastomeric system consists of commercially available components,
aliphatic urethane diacrylate and epoxy aliphatic acrylate. The fabrication using
VP is achieved with the assistance of a heated vat to overcome the processing issue
from the highly viscous resins; the obtained material shows elongation at breakage
of approximately 240-1100% and UTS of 0.5-7.5 MPa (Figure 1.2, data [d]).[22]
Although this work demonstrates that some commercially available photopolymers
show great compliance, it is not very useful for researchers in academia without
knowing the exact chemical structures of material for further improvement and
research development. To broaden the material choices for AM, there is a continuous
search for new materials, particularly functional materials that exhibit properties
such as high strength and high compliance, stimuli responsiveness, degradability,
and recyclablility, to accommodate the rapid growth of AM technology in the
medical, dental, and engineering fields.

1.3 Polymer Molecular Structures Enabled by VP

Traditional polymer synthesis can be quite an involved process including, but
not limited to, heating to speed up the reaction, refluxing to trap volatile organic
precursor molecules, cooling to quench the reaction, removing solvents using a
heated device like rotary evaporator, and finally purifying several times to get the
polymer products. Though such processes give rise to pure materials for accurate
characterization of the material of interest, often time it is challenging to bring these
materials to use due to cost, processing time, sensitivity to reaction conditions, and
other limitations for scaling up. As a result, the properties of the material made in

small batches do not match the ones made in bulk.

VP-based 3D printing techniques provide a new path for material scientists, chemists

and researchers with different backgrounds to create and discover new and novel
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Figure 1.2: Ultimate tensile strength and failure strain of state-of-the-art photopoly-
mers obtained by vat polymerization.[23]

materials by varying composition, optimizing processing parameters, and character-
izing material properties to obtain desirable performance. Despite the light source
used in the VP-based 3D printers, they all undergo a similar printing process. As
illustrated in Figure 1.3, the gap between the interface of the printed structure and
liquid resin and an illuminated pixel enabled by the light source is where the *'magic’
of vat polymerization happens, which is called a voxel in 3D printing. Within the
voxel, the photochemical components of the resin can generate reactive species
to kickstart the polymerization process from liquid resin to solidified voxels. At
the start of each layer of printing in a VP process, the buildhead with previously
printed object would move down towards the vat window until a preset distance is
reached. This preset distance determines the thickness, which is usually on the order
of the tens of microns. Upon the buildhead reaching the designated position, the
light source would illuminate at certain pixels to create 3D printing voxels where
photopolymerization occurs to form a solid layer. The buildhead then moves up to
separate the printed layer from the vat window. As the liquid resin recoats the vat

window, the buildhead would proceed to move back down to repeat the process to
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form the subsequent layer.

My Ph.D. thesis consists of three projects which are discussed in great details in
the following chapters. All projects focus on fabricating new functional materials
using VP-based 3D printing techniques, but fundamentally the three projects differ
in the molecular structures of materials being synthesized in situ during the printing

process.

The majority of photopolymers enabled by VP-based techniques are covalent crosslinked
acrylic or expoxy resins that are stiff and brittle and have poor degradability. In
Chapter 2, I will introduce a dynamically crosslinked material via electrostatic in-
teractions that exhibits high compliance and high toughness, as well as mechanical
tunability. For the next two chapters, I revisit to covalently crosslinked system and
attempt to alter the material properties by introducing different functional monomers
into the photoresin. For Chapter 3, I will discuss our efforts on 3D printing hy-
drophilic hydrogels as a host network for thermoresponsive polymer. The fragility

of hydrogels poses a challenge for the layer by layer AM fabrication process, but
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resolving the problem could potentially introduce an entire class of new materials
with mechanical properties in the kilopascal regime. Finally, to address the potential
problems of new plastic wastes generated by the fast growing AM industry, Chap-
ter 4 focuses on incorporating cyclic ketene acetal (CKA), a class of small cyclic
molecules, into acrylic photoresins to introduce degradable functional groups to the

polymer backbone and achieve complete degradation.
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Chapter 2

ADDITIVE MANUFACTURING OF METAL-COORDINATED
SUPRAMOLECULAR POLYMER WITH TUNABLE
MECHANICAL PROPERTIES

Chapter Abstract
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Figure 2.1: Schematic Overview of Chapter 2.

Most vat polymerization (VP)-based additive manufacturing techniques uti-
lize acrylate-containing liquid photoresins and the resulted 3D-printed (3DP) poly-
mers are highly crosslinked materials that are stiff and brittle. Although some recent
developments have demonstrated promising resin formulations to obtain compliant
materials, the lack of advanced functionalities, such as self-healing, stimuli respon-
siveness, and recyclability in such material systems, limits their potential applica-
tions. Metallo-polyelectrolyte complex (MPEC) is a class of smart material that
consists of negatively charged polyanions crosslinked by metal cations via electro-
static interactions. In this work, we demonstrate a simple and inexpensive one-pot
synthesis and fabrication of MPEC materials with complex geometry, submillimeter
resolution, high printing speed, and tunable mechanical properties using a low-cost
3D printer ($300). After equilibrating in ambient conditions, the 3DP MPECs
display a range of failure strain of 450%-940% and ultimate tensile strength of
12.4-2.2 MPa with varying resin compositions. This simple one-pot approach en-
ables the fabrication of ambient-stable 3DP materials with high compliance and high
toughness. Due to the supramolecular nature of MPEC, this system is also capable

of providing valuable insights on the effect of resin formulation on the molecular
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weight of 3DP materials, thus inspires advanced photoresin design strategies for

desirable mechanical performance.

Adapted from:

Amylynn C. Chen et al. “Vat polymerization of compliant and tough metal-coordinated

polymers with tunable mechanical properties (In preparation).” 2022.

2.1 Introduction
2.1.1 Compliant Materials for AM

The state-of-the-art photopolymer resins suitable for VP are generally mul-
tifunctional vinyl- or epoxy-based systems with high degrees of crosslinking that
lead to the stiff and brittle 3DP polymers.[5] The vast expansion of VP in the mass
manufacturing and mass customization (e.g. dental retainers and footwear) inspires
academic and industrial researchers to develop new 3D printable elastomers. Cur-
rently, some commercially available UV-curable elastomers can consistently reach
moderate failure strain of 160%-220% and UTS ranging from 0.8-3.3 MPa with
absence of mechanical tunability.[19, 20] A recent research development demon-
strates a tunable elastomeric system consisting of commercially available compo-
nents, aliphatic urethane diacrylate, and epoxy aliphatic acrylate, fabricated via VP
with the assistance of a heated vat to overcome the processing issue from the highly
viscous resins; the obtained material shows elongation at breakage of approximately
240-1100% and UTS of 0.5-7.5 MPa.[22]

2.1.2 Metallo-polyeletrolyte Complex
As opposed to the conventional covalently-crosslinked photopolymers, metallo-

polyelectrolyte complexes (MPECs) consist of negatively changed polymers also
known as polyanions coordinated by electrostatic crosslinks via charged metal ions.
MPECs are known to display mechanical compliance, self-healing, and stimuli re-
sponsivity which lead to their applications in soft-robotics, recyclable materials,
reparable systems, sensors, electronics, and biomedical field.[24-26] The proper-
ties of MPECs arise from the dynamic nature of electrostatic and hydrogen bonds
allowing MPEC:s to partially unravel, change configuration, and reform bonds that

are once broken.

Generally, MPECs are synthesized via a two-step approach where the first step is

the polyanion synthesis and the subsequent step involves submerging the polyan-
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ions in a metal cation solution to form the metal ion crosslinks. (Figure 2.2) The
synthesized MPEC then requires to be further shaped and processed into functional
parts or specimens for mechanical characterization. Previous works have described
polyacrylic acid (PAA) -based systems crosslinked by divalent metal ions, triva-
lent metal ions, or insoluble metal salts to induce polymer gelation.[27-29] These
systems are notable for their high compliance, plastic deformation and rapid self-
healing at the hydrated state but require multistep processes that are unsuitable for
VP. Using a similar multistep process, PAA-containing double network hydrogels
coordinated by trivalent metal ions (A/** and Fe*) have been constructed with
polysaccharide (carboxymethyl cellulose and sodium alginate) as the 2nd network;
the obtained materials display a hydration-enabled higher strain (up to 1228%) and
tensile strength (up to 3.24 MPa) upon equilibration in water which limits their
application to aqueous environment, but show compatibility with direct ink writing

3D printing with subsequent UV irradiation treatment.[30-32]

I Step 3: \
) Molding/shaping
metal ions
* e L oy —) r
e o \‘\N /\R/E
monomer polyelectrolyte /‘[\/\ @
MPEC

Step 1: Polyelectrolyte synthesis Step 2: PEC/MPEC

+ purification synthesis /
Qpa

Step 3: Extrusion 3D printing

Figure 2.2: General steps involved in MPEC synthesis and fabrication into functional
parts or mechanical testing specimens.

To the best of our knowledge, most MPECs generally are constructed in multi-
step processes that not only are unsuitable for VP processes, but can also introduce
inhomogeneities and diffusion limitations during production of these MPEC materi-
als.[33] Such multistep processes also require a large material processing parameter
space (e.g. time for equilibration step, metal ion solution concentration, and solvent
evaporating during testing) likely to give rise to large sample-to-sample mechanical

variability and poor mechanical stability. The necessity to equilibrating and storing
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in water adds challenges for MPEC to be fabricated into objects or parts that are

useful and inert in ambient environment.[34]

To avoid these issues, we introduce a fast and simple one-pot approach to achieve
in situ synthesis and fabrication of MPEC structures suitable for VP, where the
3DP MPECs demonstrate mechanical compliance, recoverability, as well as self-
healing. We vary three aspects of the photoresin compositions: metal cation species,
metal ion crosslinker concentration, and/or glycerol content, to investigate the effect
of photoresin compositions on the tunability of the mechanical properties for our
3DP MPECs. The failure strain, ultimate tensile strength, strain rate dependency,
cyclability, reproducibility, and self-healing of the 3DP MPECs are also examined.
Most 3D printable photopolymer systems are designed for thermoset-based materials
that are highly and irreversibly crosslinked. These materials are not suitable for
studying the impact of polymer chain molecular weight on the mechanical properties.
Because of its supramolecular nature, this MPEC system also provides us a unique
gateway to understand the molecular weight of polymer chains on the mechanical
properties in 3DP materials and offer valuable insights on optimization of photoresin

design for additive manufacturing.

2.2 Fabrication and Chemical Characterization of MPEC

To investigate the effect of the photoresin formulation on the mechanical
properties of 3D architected MPEC samples, particularly the stress and strain at
failure, we developed twelve sets of resins where we systematically vary the metal
cation species (e.g. AI** and Fe?*), the relative metal ion crosslinker concentration,
and the glycerol content (e.g. 5, 10 and 20 v/v%). We conducted D638 Standard
V tensile testing on the 3DP MPEC specimens in ambient conditions to determine
the UTS, strain to failure, and toughness. To further understand the impact of resin
formulation on the molecular weight of 3DP MPECs, thus the overall mechanical
properties of the printed samples, we performed rheological measurements of the

dissolved MPECs samples to study the relative molecular weight of the polyanions.

2.2.1 Photoresin Development

Developing a 3D printable resin for in situ photopolymerization requires an
appropriate balance between the chain building monomers for constructing the poly-
mer network and photoactive components for enabling an efficient printing process
with considerations of the resin viscosity and shelf-life.[5, 35] We formulate a resin

that consists of co-monomers acrylic acid (AA) and sodium acrylate (SA) as chain
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Figure 2.3: Schematics of MPEC fabrication and chemical characterization. a)
Chemical composition of photoresin and schematics of liquid crystal display (LCD)
stereolithography (SLA). b) Optical images of architected samples. Scan bars are
Imm (top left) and Smm (rest). ¢c) ATR (Attenuated Total Reflectance) FTIR spec-
tra of 3DP aluminum ion-containing MPEC (MPEC-ALl), the ferric ion-containing
MPEC (MPEC-Fe), polyacrylic acid (PAA), and glycerol.

builders, the trivalent metal ion species as crosslinkers, and photoreactive molecules
such as ethyl phenyl (2,4,5-trimethylbenzoyl) phosphonate as the photoinitiator and
tartrazine as the UV blocker; all are dissolved in glycerol and water (Figure 2.3).
While keeping the metal ion to SA mole ratio to be 1:3 as well as constant molarities
of monomers, photoinitiator, and UV blocker, we formulate twelve resin compo-
sitions with two AA to SA mole ratios (n:m = 100:1 or 200:1) with two different
trivalent metal ion species (Al>* or Fe3*) in three different glycerol contents (5,
10, or 20 v/v%). The intent is to probe two relative crosslinking densities with
the n:m = 100:1 set having a higher relatively crosslinking density while the n:m =
200:1 set having a lower relatively crosslinking density, denoted as high and low,
respectively, in the following context. The reason for adding SA to AA is to in-
crease the degree of ionization for metal ion binding without having to do titration;
the highly concentrated photoresin is unsuitable for any pH measuring instruments.
The specimen for an aluminum ion containing MPEC (noted as MPEC-Al) with
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AA:SA = 200:1 and 20% volumetric glycerol content in the photoresin would be
labeled as low-Al-20%. Upon 3D photopolymerization via LCD-mSLA, the MPEC
synthesized in situ is composed of poly(acrylic acid-co-sodium acrylate) (P(AA-
co-SA)) as the polyanions that are electrostatically crosslinked by the metal cations.
The developed photoresins have been demonstrated to be capable of fabricated 3D
architectures with various geometries, such as cubic lattice, octet lattice, and ASTM

standard Type V dogbone sample, shown in Figure 2.3b.

2.2.2 Sample Preparation of Mechanical Testing

To remove the unreacted acrylic acid within 3DP MPEC samples, a post
processing procedure was performed on the as-printed MPEC samples by being
exposed under a 405um UV lamp (60W, Peopoly Inc.) at 5 cm distance for 30
minutes on each side. Since the MPEC samples are fabricated using aqueous
photoresin, to ensure stability in ambient conditions the samples were dried at room
temperature in a vacuum oven for 2 days and then equilibrated in open air for 6-25
days until the fluctuation of the sample mass within three consecutive days is less

than 1%. The percentage of mass loss is calculated as

Mass; — Masseq,
Mass Loss = 2.1)
Mass;

where Mass; is the initial mass of MPEC type V tensile samples after post-printing
treatment and Mass.q, is the ambient-equilibrated mass of the samples. All mass
loss data of the MPEC samples used for tensile testing reported in Section 2.5 that
have been measured and calculated using Equation 2.1 are presented in Table 2.1.

2.2.3 FTIR Characterization

Figure 2.3c shows the FTIR spectrum of the LCD-SLA-fabricated MPEC
materials in comparison to the spectra of the PAA and glycerol. The peaks at
1600—1700 cm~! and 1400-1500 cm ™! correspond to the asymmetric and symmet-
ric stretches of the carbonyl functional groups, respectively. The supramolecular
coordination of metal ions to P(AA-co-SA) has been confirmed by the emergence
of a new peak with low intensity at 1642 cm~! in MPEC-Al and MPEC-Fe spectra,
which indicates the characteristic peak of stretching asymmetric vibration of the
ionized carboxyl group.[36, 37] The FTIR spectrum of pure glycerol shows the five
typical absorption bands from 800-1150 cm ™!, where the bands at 1110 and 1029
cem™! correspond to the C-O stretch and the bands at 992, 922, and 851 cm~ ! relate
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Glycerol
Content Sample ID Mass loss (%)
(viv %)
Low-Al 3.0+01
High-Al 17101
20
Low-Fe 28+0.0
High-Fe 1.8+0.2
Low-Al 10.7+0.0
10 High-Al 99+09
Low-Fe 97+0.3
High-Fe 96 +0.2*
Low-Al 13.9+0.2
5 High-Al 125+1.2
Low-Fe 12.8+04
High-Fe 12.6 £ 0.3

Table 2.1: Mass Loss of MPEC Samples after Equilibrating in Ambient Condition.
(The mass measurements of the set of samples marked with * are not available.
The values reported here are calculated from a different batch of samples fabricated
exactly the same way.)

to the vibration of the C-C backbone.[38] The same signatures of glycerol are also
present in the glycerol containing MPEC-Al and MPEC-Fe samples.

2.2.4 UV-vis Characterization

The UV-vis absorption of the MPEC system has also been measured to com-
plement the FTIR spectra. To ensure accurate comparisons between the absorbance
of the ferric nitrate solution with the MPEC precursor solution containing ferric ions,
the ferric ion concentration in the two solutions are the same. Hence, the new bands
at 405nm and 465nm in the MPEC precursor solution containing ferric ions are
solely from the complex formation of ferric ion with acrylic acid, not from the dif-
ference in the ferric ion concentration. Furthermore, the photoinitiator is not added
to the MPEC precursor solution containing ferric ions for the UV-vis measurement,
since TPO-L also has absorption near 405nm. Therefore, in the MPEC precursor
solution containing ferric ions, the presence of a new absorbance band is indicative
of complex formation that has occurred prior to photopolymerization (Figure 2.4).

A similar absorbance band for aluminum complex in the MPEC precursor solution
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Figure 2.4: UV-vis spectra of MPEC precursor solutions with iron (III) ions and
aluminum (III) ions, iron (III) nitrate, and aluminum (III) nitrate aqueous solutions.
The MPEC precursor solutions are diluted 25-fold. The iron (III) nitrate and alu-
minum (III) nitrate aqueous solutions have the same metal ion concentration as the
diluted MPEC precursor solutions. The vertical dotted line is at 405nm which is the
wavelength of the light source in the 3D printer.

containing aluminum (III) ions appears at 300nm (Figure 2.4).

The UV-vis spectra of MPEC thin films have also been collected after curing MPEC
precursor solutions between two glass slides with a 405nm UV lamp (Peopoly Inc).
The same absorbance band at 405nm for the ferric ion complex is also present in the
MPEC-Fe polymer thin films, showing that the complex can be sustained through
the photopolymerization process. The MPEC-AI and polyanion control thin film
samples show similar absorption profiles and minimum absorption near 405nm; the
absorbance of the photoinitiator TPO-L likely provides the band at ~380nm (Figure
2.5). These absorbance bands suggest that the metal (II) ions can effectively serve

as the crosslinkers in the polymer network.

2.2.5 Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) is a thermal analysis method to precisely
measure the mass of a sample over time by heating it to a high temperature, while

gas (e.g. nitrogen or air) is flowing in the chamber. The goals for TGA measurement
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Figure 2.5: UV-vis absorption spectra of MPEC thin films compared to metal ion
free control polymer. The vertical dotted line is at 405nm which is the wavelength
of the light source in the 3D printer.

of ambient-equilibrated 3DP MPEC are to assess the sample stability at low temper-
ature regime (room temperature to 100°C) and to compare decomposition profiles
between different resin compositions. TGA profiles of ambient equlibrated MPEC
samples are conducted in air with a flow rate of 50 mL/cm?> and a heating rate of
5?C/min, shown in Figure 2.6. The mass loss from room temperature (20-25°C) to
50°C s less than 0.5% for all compositions and the mass loss from room temperature
to 100°C is less than 3% for all compositions. As introduced in the Introduction,
MPEC materials do not hold water very well and show a dramatic stiffening effect
upon loosing water. Because of this, MPEC must be stored in water to retain the
functionalities, which limits its applications. Our 3DP MPEC shows good material

stability in ambient room condition without being in water.

All TGA curves of MPEC with the same glycerol content have similar appearances
and decomposition patterns (Figure 2.6). Two representative sets of derivatogram
of the TGA curves (Figure 2.7) show three to four major decomposition signatures
during the decomposition process. First to note, the absence of the peaks below
150°C indicates no significant water loss of the samples. The first decomposition

peak has an onset of 190-207°C for both 5% glycerol samples of low and high
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Figure 2.6: Thermogravimetric analysis of 3DP MPECs with a) 5, b) 10, and c)
20 v/vY% glycerol in photoresin. Within each glycerol content, samples with two

different metal ion species and metal ion concentrations have been analyzed.
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Figure 2.7: Derivatogram of TGA curves for 3DP MPECs with a) low ion content
MPEC-AI and b) high ion content MPEC-AL.

relative metal contents; it is likely resulted from the loss of solvents (such as,
water and glycerol) and the bound water to the polyelectrolyte.[39, 40] Next, we
see some interesting deviations between the MPECs with different contents of
glycerol; the 5% glycerol MPECs show a clear peak at 272°C and 10% glycerol
MPEC:s have a less pronounced peak at a slightly elevated temperature. These peaks

have been reported as the decomposition of the polymer side groups [41], which
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suggest that the interactions between glycerol and polymer side groups can prevent
the decomposition of polymer side groups. For 20% glycerol samples, the side
group decomposition peak is absent below 380°C, which is likely shifted to an even
higher temperature and is overlapped with the large decomposition peak for polymer
backbone at 384°C. The final decomposition occurs between 537°C and 589°C that
is likely attributed to combustion reactions.
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Figure 2.8: Differential scanning calorimetry measurements of 3DP MPECs with
low content of a) Al and b) Fe and high content of ¢) Al and d) Fe from —35°C to
120°C. Legend provides information of the glycerol content in the MPECs.

2.2.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical technique in
which the difference in the amount of heat required to increase the temperature
of a sample and the reference is measured as a function of temperature. DSC
is commonly used for detecting and evaluating phase transformations (melting,
evaporation, glass transition, etc.) that often require or give out heat. Figure 2.8
shows the DSC data for all the compositions of MPECs discussed in this chapter.
There are two peaks for each curve that are present for all the compositions; first, the

change in slope varying from —20°C to 15°C arises from the glass transition, and
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second, the peaks at the onset of 70°C correspond to the endothermic process of
water evaporation. These data reveal important features of these MPEC materials.
The glass transition temperatures consistently shift to a low temperature with an
increased content of glycerol, which is a known effect of the glycerol as additive
or solvent to polymers. [42] Moreover, increasing glycerol content in MPEC shifts
the evaporation temperature of water to a high temperature due to an increase in
evaporation energy, and decreases the degree of water evaporation upon heating
above 80°C.[42] This result shows the important effect of glycerol on stabilizing the
MPEC materials.

2.3 One-pot LCD-SLA Fabrication Approach

Vat polymerization (VP) process uses photopolymerization to fabricate 3D
objects. With feedstock material being a solution or a liquid resin, it allows in situ
polymer synthesis of functional materials and provides a vast parameter space to
design the material properties of the printed objects, such as crosslinking density,
hydrophilicity/hydrophobicity, and functionality of polymer side groups. In this
simple one-pot fabrication of MPEC, we aim to tune the range of failure strain and
UTS by varying the metal ion types and the relative crosslinking density via dynamic
metal-polymer coordination bonds by changing the amount of the composition in
the photoresin. The goal of incorporating SA as the comonomer is to increase the
degree of ionization of the monomers in water. The formation of the supramolecular
network within the MPEC samples is confirmed by the metal-coordination bonds
between ferric ions and carboxylic groups of the copolymers using Attenuated Total
Reflectance (ATR)-FTIR and UV-vis spectroscopy (Figures 2.3, 2.4, and 2.5). .

2.4 Tensile Testing of 3DP MPECs

The ASTM D638 Standard V tensile testing has been conducted using Uni-
versal Testing Machine (INSTRON 5569, 500 N load cell) with a standard laser
extensometer system on several compositions of MPEC-Al and MPEC-Fe to deter-
mine the recoverability, ultimate tensile stress (UTS), o, and failure strain, 7. The
chemical structure of the MPEC polymer is shown in Figures 2.9 a and b, where the
trivalent metal ions serve as the crosslinkers and bind to the ionized carboxylic side
groups of the sodium acrylate fraction within the linear PAA polymers. The polymer
network shows good recoverability upon applying uniaxial tension on the sample.
Figure 2.9 d and e show the representative engineering stress-strain curves of MPEC

specimens with the low relative cross-linking density and different glycerol contents
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Figure 2.9: Schematics of MPEC under Tension and Stress-Strain Profiles of
MPECs. a) Chemical structure of random acrylic acid (AA) and sodium acry-
late (SA) copolymer. MPEC samples with two monomer mole ratios of AA to SA
were fabricated: 200:1 and 100:1 (n:m = 200:1 or 100:1). Two types of metal
ions are used to fabricate the MPEC samples, Al3+ and Fe3+. b) Optical images
of MPEC-ALI tensile sample before, under, and after stretching. c) Schematic of
the supramolecular network and proposed mechanism of chain raveling and slid-
ing under tension. Representative stress and strain curves for d) MPEC-AI and e)
MPEC-Fe with 5 %, 10%, and 20% volumetric percentage (v/v) of glycerol contents
in photoresins are shown.

(5, 10 and 20 v/v%), which display as typical s-shape curves of elastomeric ma-
terials. o, of low-Al samples decreases from 13 MPa to 3.5 MPa with increasing
volumetric content of glycerol in the photoresin from 5% to 20%, whereas € in-
creases from 440% to 960% with the same increase in glycerol content. A similar
trend on the effect of glycerol content is present in the low-Fe samples, where o,

decreases from 12MPa to 1.7 MPa with increasing glycerol content. Unexpectedly,
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the failure strains of low-Fe with different glycerol contents are all around 500%.
The possible causes of this unexpected observation will be explained in the later

section.

2.4.1 Tensile Testing to Failure

To demonstrate the 3DP MPECs have consistent mechanical behaviors, we
performed uniaxial tensile measurements to 3—4 specimens for each of the twelve
different photoresin compositions in standard laboratory conditions. All the aver-
age values and standard deviations of ultimate tensile stress and failure strain are
presented in Figure 2.10, plotted among the individual data points of each set. With
the low relative metal ion crosslinking with a molar ratio of AA : SA : Fe3* of
600:3:1, the 3DP MPEC-AI (low-Al) samples exhibit a larger range of o, and €,
than MPEC-Fe (low-Fe), shown in Figure 2.10a. The effect of glycerol-enabled high
strain is clearly observed in low-Al as €7 ranging from 448 + 40%, 644 + 28% to 942
+ 122% with increasing glycerol contents of 5, 10, and 20v/v% in the MPEC resin;
the corresponding o, values are 12.4 £ 0.7, 6.3 + 0.2 and 2.2 + 0.5 MPa. With 5%
glycerol content, the averaged o, of low-Al is 2.4MPa higher than o, = 10.0 + 1.2
MPa for low-Fe. Similarly, the averaged o, of low-Al with 10 and 20 v/v% glycerol
contents are greater than that of the low-Fe by 1.4 MPa and 0.8 MPa, respectively.

When we increase the amount of metal ions to a molar ratio of AA : SA : Fe>*
to be 300:3:1, the glycerol-enabled strain enhancement is not observed and the
failure strains surprisingly are within a relatively narrow range. At high relative
crosslinking density, the averaged e, of MPEC-Fe set (high-Fe) are 338 + 12%,
406 + 10%, and 362 * 35% whereas the mean €, of MPEC-AI (high-Al) are 466 +
20%, 481 + 48%, and 342 + 23% with a decreasing glycerol content of 20, 10, 5
v/v% (Figure 2.10b). Unexpectedly, an enhancement in UTS with higher metal ion
content has not been observed. o, of high-Al spreads from 0.9 MPa to 12.5 MPa
and o, of high-Fe are from 1.0 MPa to 7.0 MPa with decreasing glycerol content.
The viscosity measurements in the section below have been conducted to address

some of these discrepancies.

2.4.2 Young’s Modulus

To gain better understanding of our 3DP MPEC materials, another important
mechanical property needed to be evaluated is Young’s modulus, also known as the
modulus of elasticity or tensile modulus, which is determined by the initial slope

of a stress-strain curve. The initial tensile response tends to vary from material
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to material. In Figure 2.15, MPEC has an initial linear region (O-A) before the
curves slightly flatten out into the flow strain region (A-B). The elastic modulus
can be directly related to the density of polymer crosslinks in a gel.[43] Typically
polymer elastic modulus is evaluated using the slope of a stress-strain curve between
5% to 10% strain.[44] Figures 2.11a and b show the obtained elastic moduli for
MPECs with low and high metal contents, which decrease with increasing glycerol
concentrations. This result suggests that the glycerol content has more dominating

effect on the polymer crosslinks than the metal ion concentration in the photoresin.

2.4.3 Tensile Toughness

To demonstrate the load bearing capacity of 3DP MPECs, tensile toughness,
or deformation energy (Ur), which describes the energy absorbed by per unit volume
of the material before rupturing ( Figure 2.12), Ur is determined by integrating the

area under the stress-strain curve, shown as

%

Ur = / ode 2.2)
0

where o is the measured stress and € is taken at the strain with the maximum stress.
At low relative crosslinking density, the tensile toughness of low-Al with 5 v/v%
glycerol content (low-Al-5%) is 25.1 + 3.4 MJ-cm ™3, while Ur = 15.4 £ 0.6 MJ-cm >
for low-Al-10% and Uy = 7.8 + 1.6 MJ-cm > for low-Al-20%, prospectively (Figure
3c). In comparison, the Uz values of the low-Fe set are consistently 4-5 MJ-cm ™3
less than that of the low-Al set. With high relative crosslinking density, we observed
lower toughness values in the set. The Uz values of high-Al with 5%, 10%, and
20% glycerol are calculated to be 23.0 £ 0.9, 7.5 £ 0.7, and 1.7 + 0.1 MJ-cm™3,
which have sustained 8.1%, 51%, and 77% decreases compared to the low-Al set.
The Ur values of high-Fe also exhibit a similar trend where the obtained values are
Ur = 13.1£ 1.1 MJ-cm™ for 5 v/v%, 6.7 £ 0.2 MJ-cm ™ for 10 v/v%, and 2.2 + 0.2
MJ-cm=3 for 20 v/v% glycerol, which are 33-38% less than the toughness of the

low-Fe set.

2.4.4 Cyclic Loading Test

Cyclic loading test has been conducted at a low strain range (<300%) to
demonstrate the recoverability of the 3DP MPEC. As shown in Figure 2.13, with
no resting time between consecutive cycles, the loading curve does not overlay
with the loading curve from the previous cycle as cycling to a higher strain, which

suggests bond breakage within the polymer network.[45, 46] Due to the dynamic
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nature of the metal-polymer coordination bond, we observed that with a 25-minute
relaxation time between each consecutive cycle, the loading curves can superimpose
nicely with the previous loading curve. As expected, the hysteresis indicates the
viscoelastic essence of these 3DP MPEC materials, which is also indicative of

energy dissipation as cycling to a higher strain.

2.5 Rheological Analysis of Dissolved 3DP MPECs

Besides high mechanical compliance and toughness, the 3DP MPECs also
demonstrate excellent degradability due to the supramolecular nature, where the
metal-polymer coordination can be removed in acidic or basic conditions (Figure
2.14a). Our 3DP MPECs show great degradability in basic solution at room tem-

perature to form a homogeneous solution with linear PAA chains.

2.5.1 Rheology Measurement

The dynamic viscosity of dissolved MPECs were measured using a rheometer
(ARES, TA instrument) to investigate the relative molecular weights (MWs) of linear
PAA polymer within MPEC. Since the sample compositions within the set with the
same glycerol content are fairly similar, as evidenced by the thermal gravimetric
analysis data (Figure S4), this allows an equitable comparison of the MWs of PAA
with a fixed solution concentration. As shown by thermal gravimetric analysis
measurements in Figure S4, the composition of each set of MPECs with the same
glycerol content are fairly similar as evidenced with the similarity in the mass loss
profiles as a function to temperature. If the ratio of the MPEC mass to the volume
of 1M NaOH solution is controlled (to be 50mg/1.2mL), we are able to make
comparisons on the relative MWs within each set of MPECs with the same glycerol
content. Figures 2.14c-e show the viscosity of the dissolved MPEC solutions
decreases with increasing the shearing flow rate; this flow behavior is known as shear-
thinning, which is associated with non-Newtonian viscous liquids for a solution with
a linear chain structure.[47] At low shear rate, the shear flow is impeded by physical
entanglement, where the viscosity value of the system remains constant and is
characterized as the initial viscosity or zero shear viscosity, 1,, which is listed for
various sample compositions in Table S2. For all glycerol contents, the 1, values of
both low-ion sets are higher than the 7, values of both high-ion sets. Similar trend
is present when comparing the Al sets and Fe sets where the 77, values of the Al sets

are greater than those of the Fe sets.
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2.5.2 Relative Molecular Weights of Polyanions in 3D printed MPEC to Me-

chanical Properties

The polyanion PAA with our MPEC system contains the ionizable carboxylate
side groups which are able to dissociate from the metal ions in a polar solvent.
The 3DP MPEC contains multiple components which requires extensive efforts to
purify the polyanion for molecular weight measurement. It is commonly known
that viscosity of polymer solutions is closely related to the polymer MW as longer
chains are likely to resist flow due to entanglement. Taking advantage of this unique
feature of MPEC, we performed rheological measurements of the dissolved 3DP
MPEC to compare the relative MWs of PAA. The initial viscosity, 1,,, values exhibit
trends across all three glycerol contents in the subsequent descending order: low-Al
> high-Al > low-Fe > high-Fe. Based on the Mark-Houwink (MH) relation, the
dynamic or kinematic viscosity of the solution (77) and the molecular weight of the

polymer chain (M) relate as the following

n- KM 2.3)

where K and « are constants for a specific polymer-solvent pair. We recognize
that the classic MH relation between viscosity and molecular weight is not fitted
to describe MPEC solutions which contain components that affect viscosity, such
as glycerol, UV blocker, and the excess base/salt, as for pure polymer solutions.
The effects of the resin compositions on the MW of PAA within the 3DP MPEC is
consistent for all three glycerol contents: the MW of low-ion sets are greater than that
of high-ion sets regardless of the ion type; with the same metal ion concentration,
the MW of MPEC-ALI is higher than the MW of MPEC-Fe.

In VP, the photoinitiators break down to radicals upon UV irradiation. The radicals
trigger the free radical polymerization process that includes the initiation, propaga-
tion, and termination steps to convert the monomers in solution to 3DP materials.
We surmise that the MW variation associated with the metal ion types is due to the
light absorption of the ferric complex near 405nm in solution that can affect free
radical generation in the initiation step (Figure 2.4). Higher ion concentration would
lead to high ionic strength, which is shown to increase primary cyclization rates and
promote early terminations in free radical polymerization process.[48] This justifies

the MW differences for the low-ion and high-ion sets.

The MWs of PAA provide more insights on the mechanical performance of 3DP
MPEC. Upon applying tension, the ability of MPEC containing higher MW PAA
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chains to unravel would allow the samples to reach a higher failure strain. Loosely
crosslinked polymer networks would have higher numbers of repeat units between
crosslinks, thus the glycerol-enabled high strain behavior would be more pro-
nounced. This can be validated by the uniaxial tensile results of low ion content sets;
given the same metal ion and 10%-20% glycerol content, the MPEC-AIl samples
consistently reach 180%—-320% higher failure strains than MPEC-Fe (Figure 2.10a).
Such behavior is absent in the samples with lower glycerol content (5 v/v%) likely
due to the smaller free volume and higher friction between polymer chains. The high
ion content sets do not display a clear evidence of strain enhancement by glycerol,
suggesting that the crosslinking density as well as polyanion molecular weight are

critical factors on the mechanical performance.

2.6 Summary of Effect of Resin Formulation on Mechanical Properties

By simply introducing stochiometric variation in photoresin formation, the
resulted 3DP materials not only demonstrated high compliance, toughness, and
good tunability, but also exhibit a desirable “S-curve” stress-strain behavior which
1s commonly seen in organic biopolymers. At temperature higher than its glass
transition temperature, such a polymer system can undergo different deformation
stages through molecular reconfiguration that include uncoiling and strengthening
before reaching catastrophic failure. The tensile testing reveals that the 3DP MPEC
mimics this behavior where it displays high compliance at a low flow stress (point A
in Figure 2.15) up to a high flow strain with limited stiffening effect (A-B in Figure
2.15), followed by a high strain-stiffening region (B-C in Figure 2.15) that lead to a

high ultimate tensile strength at rupture.

2.6.1 Effect of Metal Ion Type

Metal ion-polymer coordination has been demonstrated as a way to enhance
the mechanical strength of polymeric systems.[31] The binding affinity of the metal
ions and polymer is specific to the chemical environment of the metal ion-polymer
pair.[24] Higher binding affinity leads to stronger metal ion-to-polymer coordination
bonds that contribute to the material strength.[32] The effect of metal ion type on
mechanical properties manifests in UTS, failure strain, and tensile toughness of
MPEC. Despite the glycerol content, the viscosity measurements reveal that the
MWs of PAA within MPEC-ALI are higher than those of the MPEC-Fe set due to
the iron (III) absorption at the 3D printer light source wavelength, 405nm (Figure
2.4). Comparing to the low-MPEC-Fe set, the longer polymer chains within the



29

low-MPEC-AI sample set give rise to larger flow strain region (A-B in Figure 2.15),
which is likely attributed to its superior failure strain. The strain-stiffening portion
(B-C in Figure 2.15) of the stress-strain tensile profile for the low-MPEC-AI set
is also more pronounced before reaching a high ultimate tensile strength further
suggesting the enhanced polymer entanglement. With enhancement in both failure
strain and UTS, the resulted tensile toughness of the low-MPEC-ALI set is also
consistently greater than that of the low-MPEC-Fe set. The high-MPEC samples
do not exhibit a clear trend in terms of failure strain and UTS, but the UT values of
high-MPEC-AI are generally greater than those of the high-MPEC-Fe.

2.6.2 Effect of Metal Ion Content

Higher ion concentration leads to higher ionic strength in solutions. Higher
ionic strength gives rise to an increase in the degree of primary cyclization and
promotes early termination in free radical polymerization process, thus results in
shorter polymer chains.[48] Regardless the glycerol content, the viscosity measure-
ments reveal that linear PAA chains of MPECs made with photoresins containing
low-i0on concentrations are longer, which can be seen by comparing between the solid
data point versus the hollow ones in Figure 2.14. Because of this, the low-MPECs
continuously reaches to higher failure strain with increasing glycerol content, where
the absence of glycerol-enabled strain enhancement for high-MPEC is likely due to
the low degree of physical entanglement with shorter polymer chains. This leads
to the tensile toughness of the low-MPEC set exceeding the high-MPEC set (Figure
2.12a and b). While the averaged Ur of low-Al-5% is only 0.5 MJ-cm =3 likely due to
high friction between chains, the averaged Ur of low-Al-10% and low-Al-20% are
approximately 77-78% higher than the U7 of the corresponding high-Al sets. For
MPEC-Fe, the Ur of low-MPEC-Fe surpasses the Ur of high-MPEC-Fe by 33-38%.

2.6.3 Effect of Glycerol Content

Glycerol being a low vapor pressure solvent can prevent further water loss
of sample in ambient conditions, as well as serve as a plasticizer that can increase
the free volume between polymer chains and enable higher strain by reducing
friction.[8] As shown in Figure 2.10a, the failure strain of both MPEC-AI and
MPEC-Fe has been enhanced with higher glycerol contents. In the low metal ion
content samples, the increase in failure strain for MPEC-Al is more significant than
that for MPEC-AI, which is likely enabled by the higher MW PAA chains in the
MPEC-AI samples. Although the glycerol-enabled high strain comes at the cost of
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the material’s tensile strength, a commonly seen phenomenon in loosely crosslinked
polymers with such additive [49], it alleviates the reduction in toughness with
increasing glycerol content. This effect is the most pronounced in the low-MPEC-
Al set; from 5% glycerol content to 20%, the averaged UTS decreases by 82%,

whereas the averaged Ur only decreases by 70%.
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Figure 2.10: Ultimate tensile strength and failure strain of a) low (n:m = 200:1)
and b) high (n:m = 100:1) relative crosslinking density of MPEC-Al and MPEC-Fe
tensile specimens with 5%, 10%, and 20% v/v glycerol contents in the photoresins.
Data points and error bars correspond the mean and standard deviations of each set
of 3—4 specimens. All individual data points in each set are also shown using small
markers.
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mean and standard deviations of each set of 3—4 specimens. All individual data
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Figure 2.14: Schematics of a) the sample preparation for the rheological samples
and b) the rotational rheometer used for the viscosity measurements. Rheological
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Chapter 3

ADDITIVE MANUFACTURING OF THERMAL RESPONSIVE
DOUBLE NETWORK HYDROGELS

Chapter Abstract

T - 3D printing

1 voxels
e _ Thermally responsive
N . double-network gel

Figure 3.1: Schematic Overview of Chapter 3.

Thermoresponsive polymers such as poly(N-isopropylacrylamide) (PNIPAM) are
important smart materials due to their biocompatibility and near-biological lower
critical solution temperature (LCST) at 32°C. This critical property enables many
potential applications in drug delivery and capture, tissue engineering, soft robotics
actuation, and efficient water release following purification or atmospheric water har-
vesting.[50-52] To compensate for the mechanical fragility of these gels, this work
explores sequential interpenetrating networks (IPNs) fabricated using an architected
first network 3D printed by micro-stereolithographic techniques from polyacrylic
acid (PAA), polyacrylamide (PAM), and poly(acrylic acid-co-acrylamide) (P(AA-
co-AM)). It is found that AA contents in the first networks of these gels caused
polymer-polymer phase separation that could be compensated by copolymerization
with AM. However, at low density and light crosslinking, the first network does not
interfere with the polymer-water phase separation of the PNIPAM second network.
Using a lightly crosslinked second network and these insights with P(AM-co-AA)/
PNIPAM IPNs, stable architected IPNs consistently displayed strong phase transi-
tion behavior at an LCST between 31°C and 33°C with volumetric shrinkage due to

water loss tunable between 30% and 70%.

Adapted from:
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Amylynn C. Chen et al. “Additive manufacturing enabled thermally responsive

double network hydrogels (In preparation).” 2022.

3.1 Introduction to Thermoresponsive Polymers

Thermo-responsive polymer is a class of stimuli-responsive or smart ma-
terial system with temperature stimulus that triggers change in material property,
such as shape-memory effect, sol-gel process and coil-globule transition.[54-56] A
particular interest is on thermally responsive hydrogels. Due to the higher water
content and the soft but rubbery mechanical property, hydrogels closely resemble
living tissues and have been investigated intensely in the biomedical research. The
ability to provide three-dimensional network made with biocompatible materials to
allow cells and tissue to interact and grow onto one another is very promising for
discovering new materials for therapeutic drug release, medical implants, and tissue

engineering.[50, 57, 58]

Based on their response to change in temperature, these polymers can be categorized
in two types; first, polymers that become insoluble and undergo phase change above
a critical temperature, namely the lower critical solution temperature (LCST), and
second, polymers and other components of mixtures that become miscible in all
proportions above a critical temperature called the upper critical solution tempera-
ture (UCST). These phenomena are due to the miscibility gab driven primarily by
enthalpy of mixing in the case of UCSTs and by a negative (unfavorable) entropy of
mixing for LCSTs.[59, 60]

Often, these transitions are studied in the context of solutions of linear polymers
with low polymer content on the order of 1wt% and observed empirically by their
cloud-point, the temperature at which the solutions become opaque due to this phase
separation.[59, 61] However, these phase transitions occur in polymer gels as well.
In thermogels, a thermoresponsive gelation is driven by the formation of micelles
of thermoresponsive blocks, crosslinked by non-thermoresponsive blocks in the
copolymer.[62] Even in covalently crosslinked hydrogels, thermoresponse can be
observed in homopolymer gels, copolymer gels, and interpenetrating networks that
contain significant compositions of a thermoresponsive material.[63] The entropy-
driven polymer collapse and rejection of solvent results in a deswelling and opacity
in such crosslinked gels. These phenomena can be probed by differential scanning
calorimetry (DSC), thermalgravimetric analysis (TGA), mass and volumetric change

measurements, small-angle neutron scattering, transmittance vs temperature, and
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nuclear magnetic resonance (NMR) spectroscopy.[64]

3.1.1 Poly(N-isopropylacrylamide)

Many common polymers display both UCST and LCST behaviors such as
poly(ethylene oxide), poly(hydroxyethyl methacrylate), polyacrylic acid under spe-
cific ionic strength and pH conditions, some zwitterionic polymers, poly(3-acryl-
amidopropyl trimethylammonium chloride), and even some semiconducting polymer-
small molecule systems.[59, 61, 65] Among all, poly(N-isopropylacrylamide) (PNI-
PAM) has been one of the most widely studied and quintessential thermoresponsive
polymer systems that undergoes a phase change at an LCST of 32°C. Below the
LCST, hydrogen bonding is formed between the amide groups on the polymer and
water molecules that keeps the polymer miscible with water. As temperatures rise
above the LCST, the polymer chain undergoes conformational changes from an
expanded chain to a globular structure while exposing the hydrophobic isopropyl
groups, hence transitions from the hydrophilic to the more hydrophobic state. This
transition, known as coil-globule transition, can be observed when the polymer solu-
tion is heated through its LCST. (Figure 3.2). Its near-biological temperature LCST
makes PNIPAM a desirable material along with its other characteristics, such as
biocompatibility, easy synthesis, and easy modification through copolymerization.
[66, 67]

However, being mechanically weak and fragile limits the applications of PNIPAM
and presents challenges to be accurately characterized using standard mechanical
testing devices.[68] Various parameters can affect the mechanical properties of
PNIPAM, such as initial monomer concentration, crosslinker ratio, measurement
temperature, and the degree of swelling at the time of measurement. As a result,
it is often made into micelles rather than solid gels and even its thin-films cannot
structurally support architecture, cyclic swelling/deswelling, or the growth of more
than a few cell-layers.[57, 69, 70]

Despite the mechanical weaknesses, the LCST behavior of PNIPAM can be readily
controlled though copolymerization. A previous study has demonstrated by copoly-
merizing with a more hydrophobic monomer, such as 2-hydroxyethyl methacrylate
(HEMA); by increasing the polymer’s affinity for water, the LCST shifts to a lower
temperature; when NIPAM copolymerizes with more hydrophilic monomers such
as N,N-dimethylacrylamide (DMAA) or acrylamide, the LCST increases as stronger

hydrogen bonds can be formed between copolymer and water.[72] It has also been
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Figure 3.2: Schematic of polymer conformational transition (coil-globule) near
LCST.[71]

found that lowering the water content of a copolymer of NIPAM and methacrylic
acid (MAA) shifts the LCST and glass transition temperature to higher tempera-
tures, due to the loss of chain mobility and lower free-water content preventing the

LCST phase transition from occurring.[64]

3.1.2 Interpenetrating Polymer Networks

Interpenetrating polymer networks (IPNs) are a class of polymer systems
that contain two or more polymer networks are often entangled or at least partially
interlaced, but not covalently bonded to each other on the molecular scale. Although
not all IPNs exhibit thermal responsive behaviors, there have been studies that
show the compatibility of PNIPAM with many non-thermoresponsive polymers,
particularly with hydrophilic polymers, such as poly(vinyl alcohol), polyacrylic acid
(PAA), PAM, and PMAA, to form IPN hydrogels.[63, 73, 74] Similarly to the
copolymerization approach, it has been found that formation of interpenetrating
networks with PNIPAM can also affect the LCST due to the hydrophilicity or
hydrophobicity of the copolymers to obtain the range of LCST, 20-50°C. Analogous
to the NIPAM-containing copolymers, with the incorporation of high hydrophilic
polymer content, the enhanced hydrogen interaction within the network pushes the

coil-globule transition to a higher temperature.

Besides improving the thermo-responsibility, the second network in PNIPAM-
containing IPNs can also provide a toughening effect, add functionalities through
the introduction of a dynamic network, and offer sacrificial networks.[31, 58, 75—
77]. There have been works focusing on introducing linear polymers into IPNs to
improve the mechanical property of PNIPAM. For example, Guo et al. found in com-
pliant systems on the order of tens of kPa strength that interpenetrating hydrophilic
poly(N,N-dimethylacrylamide) PDMA into a PNIPAM 1st network or host network

results in greater toughness and lower swelling ratio compared to the semi-IPN
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fabricated from PNIPAM inside a PDMA host.[78] A phase-separation enhanced
toughening is observed that reduces crack propagation in the PNIPAM/PDMA sys-
tem. There is also a decreased swelling ratio in PDMA/PNIPAM IPN relative to
PNIPAM/PDMA because linear PDMA has a greater affinity for water above LCST,
but also has a greater tendency to diffuse out of the polymer since the PDMA net-
work is not crosslinked. Related work with linear PAA chains swollen in a PNIPAM
host network found to the contrary that LCST, volumetric shrinkage, injectability,
and lack of phase separation did not depend on concentration or molecular weight
of PAA chains.[79] In our study, we focus on the fabrication of IPNs with two

crosslinked networks.

3.2 Tuning Volumetric Change of Thermoresponsive IPNs for Optimized Wa-
ter Release

Atmosphere water harvesting (AWH) emerges as a promising approach to
address water scarcity of arid regions, such as remote islands or desert areas. The
AWH process condenses water vapor to liquid water; it requires an efficient absorbent
to absorb moisture and then release it in the form of vapor or liquid. Deliquescent
salts, such as calcium chloride and lithium chloride, exhibit high water uptake of 5—6
time of its own weight, but particle agglomeration and solvation of the salts can result
in reduced permeability of water vapor and poor cyclability during hydration and
dehydration processes.[80—82] Porous sorbents, such as metal-organic frameworks,
silica gels, zeolite, and activated alumina, are great insoluble moisture sorbents
due to their high affinity to water, high sorption/desorption rate, sorption at low
humidity, excellent thermal stability and cycle performance; however, an alleviated
temperature is often required for the removal of the absorbed water making AWH

costly and energy-intensive.[83—85]

Because of the large volumetric shrinkage and the ability to reject water above
LCST, the PNIPAM-containing polymers are ideal candidates to be combined with
efficient moisture sorbents to achieve controlled water release. As mentioned above,
the desorption process can be energy intensive due to the high affinity of water to
the binding sites that often involves evaporation of the absorbed water followed by
subsequent cooling steps to achieve liquid water collection via condensation. These
thermoresponsive IPNs are capable of liquid-polymer phase separation at LCST,
which can potentially reduce the temperature and energy required to release liquid

water after collection from the atmosphere.[69]
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Figure 3.3: Fabrication steps of double network gels for controlled water release:
a) chemical composition of photoresin and schematics of digital light processing
(DLP) stereolithography (SLA) for 1st network gel fabrication, b) schematics of
steps for 2nd network fabrication and c) optical images of gels for each step during
2nd network fabrication. All scale bars are Smm.

3.3 Fabrication of Thermoresponsive Interpenetrating Networks

The thermally-responsive IPNs were fabricated by a sequential method. A
first network was 3D architected using Ember (Autodesk, Inc) 3D printer, a com-
mercially available projection micro-stereolithography (PuSL) to create the host

gel or 1st network of the IPN in a layer-by-layer fashion. The composition of
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a photoresin for P(AA-co-AM) is shown as an example in Figure 3.3a, which
includes acrylic acid (AA) and acrylamide (AM) as the comonomers and chain
builders, N,N’-metheylenebis(acrylamide) (BIS) as crosslinker, lithium phenyl-
2,4,6-trimethylbenzoyl phosphinate (LAP) as photoinitiator, and tartrazine (TZ)
as UV blocker; all are dissolved in water to make 1, 1.5, 2.5 and 3.5 M solutions. In
addition to P(AM-co-AA), the first network have also been explored in the context
of PAA and PAM of different concentrations. The as-printed first network gel is

then soaked in water to remove unreacted resin components.

As shown in the schematic in Figure 3.3b, upon purification the first network gel is
then swelled in a second network solution and sequentially the swollen gel is cured
by a UV lamp (405nm, Peoply Inc.) to obtain the completed IPN. Three separate
second network solution concentrations have been explored which are 0.9, 1.4, and
1.8M. Same as the first network, the formation of second network is also achieved
by photopolymerization via a free radical mechanism. Detailed resin compositions
are listed in Appendix C.1. Figure 3.3c displays optical images of the sample during
each step of the IPN fabrication. The opaqueness of the post UV-cured sample
suggests phase separation within the polymer networks as previously introduced in
Section 3.1.[61] In the following sections, the composition of 1st and 2nd networks
would be optimized for improved compatibility of the networks and better control

in water release.

3.4 Characterization and Optimization of Thermally Responsive IPNs
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Figure 3.4: Interactions of PNIPAM and PAA within IPNs. a) Schematic diagram
illustrating the interaction of the amide I group and the carboxylic acid. b) DSC ther-
mograms of two reference polymers and (PMIPAM/PAA) IPNs. Figure reprinted
with permission from the copyright holder, Elsevier.[86]

Various interactions are available in PNIPAM/PAA IPNs as shown in Fig-
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ure 3.4a, where PNIPAM is forming a monomeric or dimeric form of hydrogen
bonding with the carboxilic acid groups of PAA.[86] The transition heat from the
hydrophobic collapse of PNIPAM is endothermic and often studied using differ-
ential scanning calorimetry (DSC) (Figure 3.4b). The following sections show
the results on the chemical conformation of the IPN composition by FTIR, the opti-
mization of polymer-liquid separation of IPNs using DSC, and volumetric shrinkage
measurements of the IPNs when heated above LCST.

3.4.1 FTIR Characterization

Analysis by FTIR spectroscopy confirms the incorporation of the NIPAM into
the IPN. The carboxyl C=0 stretch at approximately 1700cm ! and the broad bands
between 12401150 c¢m~! are all signatures of PAA and present in both the PAA
control and the IPN, contributed from the first network. Two new additional bands
in the IPN spectrum are assigned as the signatures of the isopropylacrylamide side of
PNIPAM with the N-C=0 stretch at 1622c¢m ™! and the C=N stretch at approximately
1550cm =", which are indicative of PNIPAM incorporation into the second network
of the IPN.[87, 88]

Absorbance (a.u.)

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber ( cm'1)

Figure 3.5: FTIR spectra of PAA and IPN with PAA as 1st network.

To assess the compatibility of the two polymer networks, differential scan-
ning calorimetry (DSC) is used to detect the LCST of the fabricated IPNs. DSC

measures difference in heat required to increase the temperature of a sample and
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the reference as a function of temperature. PNIPAM undergoes polymer to liquid
separation at its LCST that can be observed as an endothermic peak in the DSC
thermogram (Figure 3.4b). For reference, no endothermic peak was observed in the
PAA reference; the endotherm appeared at 32°C in the reference PNIPAM and the
IPNs are resulted from the enthalpy gain of coil-globule transition of PNIPAM by
rejecting water (Figure 3.4b).[86] The coil-globule transition describes the collapse
of a macromolecule from an expanded coil state to a collapsed globule state. In this
work, several IPN material systems have been explored including PAA/PNIPAM,
P(AM-co-AA)/PNIPAM, P(AM-co-SA)/PNIPAM and PAM/PNIPAM IPNs. Com-
bining the DSC analysis and assessment on the opacity of the obtained IPNs, we

can evaluate the compatibility of the two networks for a given composition.

3.4.2 Differential Scanning Calorimetry

15t NW AM:AA = 3:1

o ) 1M 1.5M 2.5M 3.5M

opaque

Table 3.1: Sample formulations and optical images of P(AM-co-AA)/PNIPAM IPNs
for DSC.

For our initial exploration of the PAA/PNIPAM system, we found that the obtained
IPNs are highly opaque and have inconsistent LCST behaviors ranging from 30
°C to 49 °C. With a low 1st network monomer molarity (1.5M), the LCSTs are
seen near 32 °C (Table D.la and Figure D.1)a. The opacity is likely due to a
decrease in water solubility and an increase in hydrophobicity of the IPNs. With

a relatively high 1st network monomer molarity (3.5M), the LCSTs are shifted to
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48-49 °C (Figure D.1)c). With a moderate 1st network monomer molarity (2.5M),

unexpected exothermic peaks at ~30°C are observed, possibly due to rearrangement
of water molecules and the polymer networks to reach an energetically-favorable

configuration. Further investigation is needed to confirm this hypothesis.

To improve the LCST transition behavior, we hypothesize to replace the PAA net-
work with a more hydrophilic network. Acrylamide (AM) is selected to replace
acrylic acid (AA) because the hydrophilicity of the amide of NIPAM is higher
than the ester functional group.[89] While keeping the molarity of the 2nd network
monomer constant at 0.9M, Figure 3.6 shows emergence of LCST with copolymer-
ization of AM and AA in the 1st network. For a temperature range of 25-60°C,
no thermoresponsiveness is seen when the first copolymer network consists of 75
mol% AA. Increasing AM content in the first network increases the compatibility
between the first and second networks, reducing polymer-polymer phase separation
and resulting in the emergence of a polymer-liquid phase transition and LCST at
approximately 33°C. The IPN with a mole ratio of AM:AA = 3:1 shows the most
promising LCST transition, which reveals that increasing the hydrophilicity of the
first network promotes the coil-globule transition of PNIPAM.
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Figure 3.6: DSC measurements of P(AM-co-AA)/PNIPAM IPNs with varying
AM:AA ratios. The molarity of 2nd network monomer (NIPAM) is fixed at 0.9M
while the AM:AA ratios vary from 1:3, 1:1 to 3:1.

With AM:AA ratio at 3:1, several 1st and 2nd network monomer concentrations
have been explored for further optimization of P(AM-co-AA)/PNIPAM IPNs. In
Table 3.1, images of the IPNs made with 3DP first-network pucks are shown with the
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respective monomer concentrations for both networks. The opacity of the samples
suggests some degree of phase separation between the two networks. With 1.5M
first network molarity, increasing NIPAM loading leads to an increase in turbidity
and the samples transition from highly transparent to a nearly opaque state. It is
observed that increasing NIPAM loadings lead to an increase in turbidity. When the
total monomer concentration of 1st network is 1.5M and 2.5M, the samples become

opaque as the monomer concentration of the 2nd network solution increases (Table
3.1).
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Figure 3.7: DSC measurements of thermoresponsive P(AM-co-AA)/PNIPAM IPNs
with 1st network comonomer molarity of a) 3.5M, b) 2.5M, c¢) 1.5M and d)IM. The
mole ratio of AM:AA = 3:1. The concentration of 2nd network monomer (NIPAM)
varies from 0.9M, 1.4M to 1.8M for all four sets.

Figure 3.7 shows the effects of first and second network monomer concentrations on
the DSC profiles of the completed IPNs. Increasing the first network concentration
results in a broadening of the LCST endothermic peak. As the interaction between

the first and second networks increases with increasing first network concentration,
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the thermodynamics of polymer-liquid phase separation are expected to change at
different length-scales, resulting in the broadening of the LCST consistent with
literature.[64] In gels of pure thermoresponsive material, the entire gel structure can
energetically undergo the polymer-liquid phase separation at a single well-defined
temperature. In an IPN, the thermoresponsive second network can undergo phase
separation of a lower temperature at small polymer length scales where the polymer
chains are not hindered by the host network. But at larger length scales that require
more significant polymer reorganization and accommodation of the host network, a
greater entropic driving force and higher temperature is necessary to drive the phase
transition. The result is broadening of the LCST.

Unlike the PAA/PNIPAM IPN:gs, it is found that changing the first network concen-
tration has little effect on the DSC profiles beyond broadening the LCST, which
indicates greater compatibility between the first and second networks in the P(AM-
co-AA)/PNIPAM IPNs. A great compatibility comes from a high cross-linking
ratio of IPNs, which indicates a high degree of interpenetration in IPNs, particularly
good connectivity of the networks.[90] Furthermore, because the materials can still
experience a thermoresponse and phase transition at a higher first network concen-
tration, this system is more amenable to architecting because the 3D printed first

network is stronger and more resilient to the sequential IPN fabrication process.

Varying the 2nd network concentration shifts the LCSTs to lower temperatures.
This may be a result of two combined effects. Firstly, increasing the concentration
of the second network leads to a higher PNIPAM content in the IPN, reducing the
size of the collapsed polymer structure following polymer-liquid phase separation.
Secondly, increasing the PNIPAM concentration in the 2nd network also increases
the hydrophilicity of the IPN at temperatures below its LCST, allowing it to swell
with more water, which has been reported to decrease the LCST due to increased

polymer mobility.[64]

3.4.3 Characterization of 1st Network Gel Crosslinking Density
The crosslinking density, n, of the 1st network hydrogels can be characterized
using the Flory-Rehner equation,
2 3
—[In(1 = vp) +vp + xov,] =VoDpn(v, — 7) (3.1)
where v, is the volume fraction of polymer in the swollen mass, V,, is the molar
volume of the solvent (18 c¢m?3/mol for water), D, is the density of polymer (1.41
g/cm? for PAA and 1.30 g/cm? for PAM), and y, is the Flory solvent-polymer
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interaction term that is specific to the polymer-solvent pair (0.41 for PAA-water and
0.495 for PAM-water).[91-93] Specific volume v, is obtained as

= 2
Vp 1+0 (3.2)
and
_ mg- D, (3.3)
my - D, )

where m; is the mass of solvent in the swollen polymer, m; is the weight of the
polymer and D, is the density of solvent (1g/cm? for water). Upon measuring
parameters of the welled and hydrated states of the PAA and PAM 1st network gel,
the degree of swelling is calculated by dividing the weight of the swelled hydrogel by
the weight of the dried gel. The degree of swelling for 1st network gels as a function
of crosslinking density are plotted in Figure 3.1. With the same monomer molarity,
the PAM samples are more crosslinked, likely due the higher molar reactivity of
AA that lead to longer chains between two crosslinking points. As expected, the
crosslinking density increases with increasing monomer concentration and leads to

a decrease in the degree of swelling.
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Figure 3.8: Degree of swelling for 1st network gels as a function of crosslinking
density obtained using Flory-Rehner equation. The volumes and masses of samples
with different monomer molarities (1.5M, 2.5M, and 3.5M) have been measured at
both the fully hydrated and dehydrated states.
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3.4.4 Volumetric Change Measurements

Volumetric shrinkage of IPNs upon heating above their LCSTs have been
measured to characterize their water release performance. The schematic diagram
in Figure 3.9a illustrates the expected water release behavior where the PNIPAM
network undergoes conformational collapse above LCST and repels water out of
the polymer networks. Figure 3.9b and c are representative photos that show tht
two types of thermoresponsive behaviors have been observed. First, when the
water release rate overcomes the rate of water evaporation, a small pool of water is
collected at the base of the IPNs; in this case, the volumetric shrinkage is relatively
large and the process occurs within seconds. Second, the IPN rapidly turns from
transparent to opaque and the volumetric shrinkage is small. No liquid water is
observed to be released from the IPN and volumetric shrinkage is mainly attributed
to evaporation. Both of these behaviors are reversible; when placing the sample
back to room temperature water, the sample returns to its original state. Moreover,
both cases provide qualitative evidence that PNIPAM has been incorporated into

that material to form an IPN.

1st NW AM:AA = 3:1

™ 1.5M 2.5M 3.5M

60% * 5%

71% £ 4%

25% £ 2%

31% £ 2%

68% + 5%

61% + 4%

43% + 1%

29% + 2%

46% £ 2%

70% + 2%

29% = 3%

27% = 3%

Table 3.2: Volumetric Change of IPNs at 50°C. A total of 12 compositions have
been accessed with different 1st and 2nd network (co)monomer concentrations. The
volumetric shrinkage of 4—5 samples for each composition have been measured.

The volumetric shrinkage of IPNs is reported in Table 3.2. It has been observed that
the samples with volumetric change less than 50% do not release significant amount
water when heated in air, suggesting that the volumetric change is mainly driven by
evaporation. For more accurate and repeatable measurements, the values in Table
3.2 are obtained after placing the sample in a 50°C water bath. It is interesting to

note that increasing the molarity of the 2nd network does not have a drastic effect
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Figure 3.9: Thermoresponsive P(AM-co-AA)/PNIPAM IPNs undergoing LCST
phase transition shown using a) schematic diagram, b) images of IPNs with relatively
large volumetric shrinkage, and c) images of IPNs with relatively small volumetric
shrinkage before and after heating above LCST. Scale bars are 1 mm.

on the volumetric shrinkage. However, the change in volume varies significantly
with different 1st network monomer molarities, suggesting the swellability of the 1st
network gels affecting the volumetric change of IPNs. For example, the IPNs with
a 1st network molarity of 1.5M has the largest volumetric change of 60-70%. This
observation is consistent with the DSC data; only very minor shift and intensity
change of the LCST peak have been observed when increasing the 2nd network

molarity.

3.5 Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) of IPNs have been conducted on a
TA Instrument Q850 Dynamic Mechanical Analyzer using a standard submersion
compression clamp filled with deionized water (diH20O). After a strain sweep to

determine a strain value within the material’s linear viscoelastic regime, frequency
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sweeps from 0.1Hz to SHz have been conducted. Three IPN systems (PAA/PNIPAM,
PAM/PNIPAM and P(AM-co-AA)/PNIPAM) have each been tested at 30°C, 35°C,
and 40°C to evaluate the storage modulus and loss modulus below and above the
LCST of PNIPAM. All samples were preloaded with 0.3N of force and equilibrated
at the preset temperature for 15 minutes before testing. Single-network and double-
network hydrogels were fabricated in cylinders with dimensions of ~10mm diameter
by ~5mm height and stored in deionized water (diH,O) for at least 48 hours before

testing.
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Figure 3.10: Storage and loss moduli of thermoresponsive IPNs at 1Hz. Three
types of IPNs have been investigated, PAA/PNIPAM, PAM/PNIPAM, and P(AM-
co-AA)/PNIPAM with AM:AA=3:1. IPNs were fabricated with 2.5M and 3.5M 1st
network monomer concentrations while the 2nd network monomer concentration is
controlled at 1.4M. Each sample is tested at 30°C, 35°C, and 40°C. Legend displays
the 1st network material and the temperature in which the DMA test is conducted.

The obtained storage and loss moduli of IPNs with 2nd network NIPAM molarity
fixed at 1.4M are shown in Figure 3.10. The storage moduli of all IPNs, regardless



53

of the composition, are at least an order of magnitude higher than their loss moduli,
meaning the IPNs behave more elastically, which is consistent with the behavior
of high water content hydrogels. With 2.5M monomer concentration for the host
network, PAA/PNIPAM IPN has the highest storage and loss moduli and the moduli
of P(AM-co-AA)/PNIPAM are a magnitude lower than PAA/PNIPAM. The same
trend is present for the 3.5M Ist network concentration. The moduli increased
when the 1st network monomer molarity went from 2.5M to 3.5M due to a higher
crosslinking density. Finally, the increase in temperature has also shown effects
on the moduli. P(AM-co-AA)/PNIPAM and PAM/PNIPAM IPNs behave similarly
when the temperature increases from 30°C to 45°C, except the storage modulus
of PAM/PNIPAM is significantly higher. Within this temperature range, the loss
modulus of these two IPNs have increased roughly by 50% and the storage modulus
show a slight decrease. As determined by DSC, the LCSTs of the 2.5M P(AM-
co-AA)/PNIPAM and the PAA/PNIPAM are around 32°C. At a temperature above
32°C, IPNs undergo volumetric shrinkage making the chains between crosslinking
points looser and reducing the number of hydrogen bonding within the network in
comparison to their fully swelled state; hence the storage modulus goes down and
the loss modulus goes up. However, the PAA/PNIPAM IPNs behave differently; at
2.5M 1st network molarity, the storage and loss moduli have both increased. The
2.5M PAA/PNIPAM IPNs is a broad LCST peak between 35-50°C (Figure D.1,
which could have resulted in the continuous change in the storage modulus (79 kPa
to 173 kPa) and loss modulus (27 kPa to 103 kPa) as the temperature goes from 30
to 45°C. At Ist network molarity of 3.5M, the moduli are relatively unchanged with
increasing temperature. This is likely due to the LCST of this composition is 48°C
and the temperature range tested here is not high enough to induce a mechanical

response.

3.6 Summary on VP-enabled Thermoresponsive IPNs

In summary, we report a new way to fabricate thermoresponsive IPNs with
assistance from a VP-based 3D printing system. By introducing a more hydrophilic
monomer (AM) in the 1st polymer network at a molar ratio of AM to AA = 3:1, the
obtained P(AM-co-AA)/PNIPAM IPNs exhibit consistent LCSTs near 32 °C which
are not impacted by changing the 2nd network monomer concentration. By vary-
ing the total comonomer concentrations, stable architected IPNs have consistently
displayed strong phase transition behavior and a tunable water release behavior

with volumetric shrinkage between 30% and 70% upon heating above LCST. The
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temperature-dependent dynamic mechanical properties of the IPNs require further
investigation which can potentially enable applications as thermoresponsive bioma-

terials.
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Chapter 4

ADDITIVE MANUFACTURING OF DEGRADABLE ACRYLIC
POLYMERS

L ™
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Figure 4.1: Schematic Overview of Chapter 4.

4.1 Motivation for Designing Degradable Materials Suitable for VP

One of the major environmental challenges of the 21st century is the buildup
of plastic waste, which impacts the soil fertility, marine biology, and ultimately the
global ecosystem.[94, 95] Only 14% of the global plastic usage for packaging is
collected for recycling; particularly the recycling percentage in the U.S. is as low
as 2%.[96] The vast majority of consumer plastic products are petroleum-based
thermoplastics, such as polyethylene, polystyrene, and poly(vinyl chloride), all of
which consist of nondegradable aliphatic hydrocarbon backbones making these
materials environmentally unsustainable in the long-term. The global challenge has
prompted the research and development of new sustainable polymeric materials in
both academic and industrial sectors. One of the most widely used degradable,
polylactide (PLA), is made with raw materials derived from the fermentation of
plant matter, which is used as packaging materials, containers, service ware, waste-

composting bags, and mulch films worldwide.[97]

With the rapid growth of AM technologies, the global revenues from AM products,
services, and material sales have grown exponentially in the past decade, which have
exceeded 10 billion USD annually in 2018 and is forecasted to be 23 billion USD
by 2029.[5, 98, 99] A significant portion of these revenues are polymeric materials
arising from growing AM fields in consumer products (e.g., automotive parts and

shoes) and specialty products (e.g. medical/surgical parts and digital density).
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3D printed products arranged from surgical guides to retainers and guards have
revolutionized the field of dentistry. Align Technology, one of the largest 3D printing
production facilities in the U.S. dedicated to printing, produces over half a million
unique 3D printed parts with high precision per day using VP-based 3D printing
technologies such as stereolithography (SLA) and projection p-stereolithography
(PuSL).[100]

In comparison to traditional manufacturing processes, AM processes afford sig-
nificant improvements in production cost, energy consumption, re-usability of raw
materials, and manufacturing lead times, which prompt more efforts to optimize this
technology to have higher efficiencies and lower environmental impacts.[99] One
of these efforts is the development of new sustainable materials for AM. While 3D
printing has already shown various potential applications in medicine, dentistry, and
consumer goods production, the studies that focus on the design, fabrication, and
properties of (bio)degradable polymeric materials, and products become extremely
important and relevant. As discussed in Chapter I, most AM techniques have lim-
itation on the type of materials that can be fabrication, whereas VP offers a large

design space for new material exploration via Photopolymerization. (Figure 1.3)
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Figure 4.2: Schematic of Degradable Polymer for VP.

In this chapter, a new way to improve the degradability of commercially available
photoresins for VP is investigated by introducing cyclic ketene acetals (CKAs) via
olefin metathesis polymerization (OMP) into vinyl- or acrylate-based phototresins
(Figure 4.2). Although there are many photoresins for AM that have already been
optimized in terms of printability, processability, and mechanical functionalities,

the obtained polymers consist of aliphatic hydrocarbon backbones that are not
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degradable. OMP allows incorporation of heteroatoms (oxygen or nitrogen atoms) to
the polymer backbone which can undergo degradation upon being exposed to various
stimuli (e.g. pH, thermal, or enzymatic).[101] The investigation in this chapter
is focused on using CKA as an additive for commercially available photoresins
to enhance the degradability of polymers obtained by VP, thus to alleviate the

environmental impact of AM polymers in the long term.

4.2 Introduce Radical Ring Opening Polymerization to VP Processes

Chain growth polymerization (CGP), which describes a process of polymer
formation through successive addition of monomers to an active site, is the most
fundamental mechanism that drives the VP processes. Free radical polymerization
(FRP) and cationic polymerization are two most common types of CGP utilized
in VP, where different photoinitiators are required to enable the two different pro-
cesses.[102] Cationic photoinitiators are used to initiate the photopolymerization
of epoxy resins, whereas free radical photoinitiators are commonly used in the

photopolymerization of acrylate or vinyl based resins.
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Figure 4.3: Comparison of Free Radical Polymerization and Radical Ring Opening
Polymerization.

Figure 4.3a describes a standard free radical polymerization process that includes the
initiation, propagation, and termination steps. Upon UV irradiation, the photoini-
tiators, which are small molecules that are sensitive to light, undergo photochemical
cleavage to generate reactive species (free radicals) that can initiate the photopoly-
merization process. Once the free radical reacts with a monomer, a new radical is

generated and serves as the active site for subsequent monomer addition to form
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a polymer chain; this step is known as chain propagation. Finally, the reactive
intermediates generated in the propagation step would reach the end of their chain
growth via recombination or disproportionation. In a recombination step, radicals
from two reactive chain intermediates combine and form a covalent bond to create a
stable polymer. In a disproportionation step, one radical transfers a hydrogen atom
to the other to form two stable molecules and bring the chain growth to a halt. Sim-
ilarly, the cationic polymerization process also contains four steps generally. The
main difference between the two polymerization processes is that in the free-radical
polymerization process the cations act as the reactive center throughout the entire

polymerization process without charge transferring to another molecule.

Radical ring opening polymerization (rROP) is a specific type of radical polymer-
ization that involves cyclic monomers with vinyl or exomethylene groups being
polymerized though a ring opening mechanism.[103, 104] Various types of cyclic
monomers are compatable with rROP, such as cyclic ketene acetal (CKA), thiono-
lactones, and macrocyclic monomers. rROP allows the incorporation of labile
functional groups (e.g., ester, thioester, disulfide, etc.) into the backbone of vinyl
polymers to obtain (bio)degradable materials. As shown in Figure 4.3, rROP also
contains four steps during the polymerization process which are analogous to the

free radical polymerization process.

As discussed in a 2017 review by Tardy et al., shrinkage stress can be created during
polymerization reaction when liquid resin becomes solid which can be build up
continuously until the maximum percentage conversion has been reached. This
can lead to volume contraction or material shrinkage due to replacement of Van
der Waals distances between unreacted monomers with a shorter covalent bond
along the polymer backbone.[104] AM processes suffer from this problem causing
delamination during printing, warping, or/and cracking of the 3DP parts. Cyclic
monomers are known to be able to compensate the shrinkage by the ring-opening
mechanism where longer linear polymer segments are created and incorporated into
the main chain. Thus, the higher the molecular weight of the cyclic monomer, the

less shrinkage would occur during polymerization.

4.3 Copolymerization
Different monomers have different tendencies to undergo copolymerization.
The amount of monomer being incorporated into a copolymer is determined by

the relative concentration and the reactivities. The reactivity of the monomer,
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which is defined as a relative value derived from the measurements of the rate
of the monomer addition to a specific reactive site, is ultimately determined by the
chemical environment of the reactive functional group. As an result, the composition
of the comonomer feed often deviates from the composition of the copolymer being
produced. The discussion in this section is adapted from Chapter 6 from Odian’s

Principles of Polymerization.[105]

kll

M, +M; ——— My’
My +M, ——— My’
M, +M, —2— M,
M, +M, —— M,’

Figure 4.4: Two types of chain propagation: self-propagation and cross-propagation.
M, and M, represent two different types of monomers where k;; is the rate constant
of each propagation type. i represents the type of monomer that the reactive species
is ending with, whereas j represents the type of monomer being added.

To determine the copolymer composition, we can refer to first-order Markov,
known as the terminal model, which assumes that the chemical reactivity of the
propagating chain only depends on the monomer unit at the growing end and does
not depend on the chain composition before the active unit. Copolymerization of
two different monomers (M; and M>) can lead to two types of propagation species:
the same monomer being added to a reactive site of itself or to a reactive site ended
in the other type of monomer. As shown in Figure 4.4, monomers M| and M
can each add either to a propagating chain ending in M; or to one ending in M5.
Monomer M can add to a reactive site made of M to generate a new reactive site of
M ; this is known as self-propagation. M can also add to a reactive site made of M,
to create a new reactive site of M;; this is known as cross-propagation. Similarly, if
M, is being added to an reactive site of M, a new M active site is generated; and
if M, is being added to an reactive site of M>, a new M, active site is generated.
The rate constant, k11, gives the rate of a propagating chain ending in M adding to
monomer M7, and ky, is for a propagating chain ending in M; adding to monomer

M>, and so on. Molar reactivity ratio, r is defined as
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r1=kin/ki (4.1)
ry = kaa/ka 4.2)
where r is a dimensionless value. Derived from the rates of disappearance of the

two monomers or their rates of incorporating into the copolymer, the mole fraction

of My and M, in the copolymer (F; and F,, prospectively) can be determined as

B _ A+ f)
P,  fa(rafa+ f1)

where f; and f, are the mole fractions of monomers M; and M in the feed and

4.3)

F and F, are the mole fractions of monomers M; and M, being incorporated in
the copolymer. Alternately, the mole fraction of one monomer in the obtained

copolymer can be derived to be

2
P = rifi+ hf 4d)

rifi+2fifa+rafs

and F; can be obtained by substituting Equation 4.4 into Equation 4.3 .

4.3.1 Ideal Copolymerization.

Ideal Copolymerization
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Figure 4.5: Ideal copolymerization.

Ideal copolymerization is characterized when the product of the two molar

reactivity ratios equal one: r; - rp = 1. A copolymerization is called ideal, when
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the probabilities of the two propagating species M- and M>- adding one or the
other of the two monomers are identical. As shown in Figure 4.5 (red line), the
mole fraction of one monomer in the feed is the same as the mole fraction of the
monomer in the resulted copolymer in such copolymerization. When r is close to
1 (e.g. r1 =ry =0.8), the mole fraction of the monomer in the feed still closely

reflects the mole fraction in the copolymer (blue line in Figure 4.5).

4.3.2 Alternating Copolymerization
Alternating copolymerization is defined with 1 - r, = 0, where neither | nor

ro 1s greater than 1. There are two types of alternating behaviors:
1) Extreme alternating behavior :ry-r; =0
M| My My My My My My My My My My M ...
2) Moderate alternating behavior : 0 <ry-rp <<1
My My My My, My My My My My My My M, ...

Extreme alternating polymerization occurs when r; = rp = 0, that is, M- only adds
M, and M;- exclusively adds M;. In this case, the mole fraction of monomer in
the copolymer can be reduced to F; = F, = 0.5. Moderate alternating behaviors
happen when either 1) the r| and r, values are very small and the product of | and

rp 1s close to zero or 2) one r value is small and the other r is zero. As shown in

Moderate Alternating Copolymerization
ri,r2<1 &rir2~0

0.8
r2 = 0.05;
0.6 r1 values
—0
—0.001
0.4¢f 0.05
—0.1

0.2r

Mole fraction of M1 in copolymer, F1

0

1 0.8 0.6 0.4 0.2 0
Mole fraction of M1 in comonomer feed, f1

Figure 4.6: Alternating copolymerization.

Figure 4.6, when both r; and r, are small values or one of r values is zero, the mole
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fraction of each monomer in the copolymer stays close to 0.5 over a large range of
mole fraction of the monomer in the feed. In this case, the monomer composition
in the feed does not have a dramatic effect on the monomer mole fraction in the

copolymer.

4.3.3 Copolymerization of CKA and Vinyl Monomer

Copolymerization of CKAs and vinyl and acrylic monomers has been widely
studied to create functional and degradable polyesters in the recent years. The major-
ity of the studies involved complicated synthesis, such as nitroxide-mediated rROP,
thermally activated radical polymerization, and reversible addition fragmentation
chain-transfer polymerization, which require elevated reaction temperatures, inert
reaction environments (e.g. nitrogen), or/and prolonged reaction times (e.g. 8-24
hours), where the obtained polyesters can undergo hydrolytic (e.g. acidic, alkaline,
or nearly neutral conditions) or enzymatic degradation (e.g., lipase or proteinase
K).[101, 103, 104, 106, 107] Pesenti and Nicolas [103] and Tardy et al. [104] pub-
lished comprehensive reviews on the history of rROP and the recent advancements

on degradable polymers from rROP.

Copolymerization of CKA and MMA
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Figure 4.7: Copolymerization of CKA and MMA. The molar reactivity ratios
of MPDL and MDO with respect to MMA have been obtained from previous
literature.[108, 109]

The molar reactivity ratios of a copolymer pair can be experimentally determined
from copolymer compositional analyses by non-linear least squares fitting.[110] Two

CKAs have been frequently studied to copolymerize with acrylates, which are 2-
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methylene-1,3-dioxepane (MDO) and 2-methylene-4-phenyl-1,3-dioxolane (MPDL)

; their chemical structures are shown in Figure 4.10. MPDL has been determined
to be more reactive towards poly(methyl methacrylate) (PMMA) radicals (ryppr
= 0.01 and rypma = 4.0) while comparing to the reactivity of MDO with the same
methacrylate monomer (ryppr = 0.057 and rypr4 = 34).[108, 109] Using the r
values of MDO and MPDL when copolymerized with MMA, Figure 4.7 shows
the plots of mole fraction of CKAs in the copolymer as a function of CKAs in
the comonomer feed obtained by Equation 4.4. Although the amount of MPDL
incorporated into the copolymer is much lower than that in the comonomer feed,
MPDL is much more reactive than MDO when copolymerizing with MMA due to
the ability of the phenyl group to stabilize the propagating radials (Figure 4.8).

(a) (b)

Figure 4.8: Structures of propagating radicals from (a) MDO and (b) MPDL poly-
merization.

Although the compositions of most commercially available photoresins are propri-
etary, Autodesk made the composition of their photoresin (PR 48), which has been
considered as a widely used acrylate formulation in both industry and academia,
has become open sourced in 2015.[21, 111] Figure 4.9 shows all the components
in the PR48 photoresin and their weight percentages. It contains two types of
acrylate-based oligomers (Sartomer SR 494 LM and Ebercryl 8210) in PR48 which
are tetra- and bi-functionalized acrylates for crosslinking the polymer. Ebercryl
8210 has shown to improve the compliance of the obtained materials.[22] Besides
the photoinitiator (TPO), whose function is to enable photopolymerization, the UV
blocker (Mayzo OB+) is also present to reduce the penetrating dosage of the light
giving rise to fine details and embossing in 3DP structures. Another component
that takes up a large weight percentage in the resin is the reactive diluent (Genomer
1122), a mono-functionalized urethane acrylate, which can reduce the viscosity of
the resin for processing.[112, 113] Besides enhancing degradability with ester in-
sertion to polymer backbones, small organic molecules like CKAs can also reduce
the viscosity of photoresin, in ways similar to reactive diluent. To best preserve the

mechanical property of the photopolymer, the viscosity of the resin should not be
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Oligomer 1 Reactive Diluent
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Figure 4.9: Chemical composition of Autodesk’s photopolymer resin PR48 includ-
ing trade name and weight percentage of each component.[21] Ebercyl 8210 is a
commercially available UV-curable coating material and the exact chemical struc-
ture is proprietary, thus the chemical structures of segment R and R, are unknown
to the public.

changed drastically; therefore, only a small portion of the reactive diluent can be

replaced by CKA to promote degradability.

In the following sections, we first conducted model studies on copolymerization of
CKAs and vinyl or acrylic monomers to investigate the incorporation of CKA into
carbon-carbon polymer backbone via photopolymerization. The synthesis was con-
ducted in regular laboratory environment (not in inert gases) to ensure compatibility
with VP processes. Once we confirmed that the CKAs can be sufficiently introduced
into the main chain, we moved onto the bulk study on copolymerization of CKA
and multi-functionalized acrylates and the resulted bulk material was treated under

alkaline condition for degradation study.
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4.4 Material Fabrication and Characterization

To incorporate CKAs into acrylate or vinyl containing system in experimental
conditions that are analogous to the VP process, a model study has been conducted
to synthesize linear polymers. Two CKAs have been selected, MDO and MPDL, to
each to pair with methacrylate (MA) and vinyl acetate (VAc). MA is selected here
instead of MMA due to the fact that most commercially available resins are acrylate
based and the reactivity of MA is higher than that of MMA (orange line in Figure
4.13). On the other hand, VAc is selected due to its low reactivity in comparison
to MA or MMA to promote the incorporation of CKA in copolymer. The chemical
structures of comonomers are shown in Figure 4.10. Photoinitiator (TPO-L) is

Cyclic Ketene Acetals (CKASs) 2 Monomer
s { N
+ 2-Methylene-1,3- «  Meth te (MA
dioxepane (MDO) cthacrylate (MA)
A i
O N
\. J
OR + OR
' N
* 2-Methylene-4- )L «  Vinyl acetate (VA)
phenyl-1,3- 0
dioxolane o]
MPDL
" J o J

| J
Add TPO-L (0.5 mol%)

v

Solution Mixture

v

Photopolymerization
at 405nm

v

Polymer purification

v

determine monomer faction in
copolymer via NMR

Figure 4.10: Chemical Structure of Comonomer Feed and Fabrication Steps for
Model Study.
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added at 0.5 mol% of the total comonomer content (1 mmol) to the monomer
mixture in dimethylformamide (DMF) as solvent. After mixing of the components
in a small optically transparent glass vial, the precursor solution mixture is purged
under nitrogen for 5 minutes then is reacted under 405nm UV lamp (60W, Peopoly
Inc.) for 60 seconds. The resulted polymer is then transferred to a dialysis membrane
in 100mL methanol for 24 hours while methanol is being changed 3—4 times. Upon
removing the solvent, the purified polymer is then dissolved in deuterated acetonitrile
(CD3CN) for ' H NMR spectroscopy.

4.4.1 Model Study of Copolymerization of CKAs and MA

Following the fabrication steps described above, model studies of copolymer-
ization of CKAs (MPDL and MDO) and MA have been conducted. Mole fractions
of MPDL and MDO in their copolymers with MA have been calculated by ' H NMR
spectroscopy. As shown in Figure 4.12, the chemical shifts are assigned based on
previously published values of similar polymer composition.[114, 115] The peaks
that are unique signatures for each comonomer would be integrated to calculate the
mole fraction of CKA in the copolymer. For P(MDO-co-MA), the methyl signal for
MA (labeled with a) and the protons next to the ester oxygen from MDO (labeled
with d) have the most downfield shifts at 3.5 ppm and 4.1 ppm, respectively (Figure
4.12a). After assigning the two d protons to be 1 and the three a protons integrated
to be 163.91, the mole ratio of MDO in copolymer is calculated to be 1:109, which is
significantly lower then the mole ratio of MDO to MA feed, n(MDO : MA) = 1:3.5.

MPDL is known to be able to undergo ring-opening as well as vinyl-addition during

Figure 4.11: Polymer structure of p(MPDL-co-MA) with vinyl addition.

polymerization, which gives rise to the peak near 5.1 ppm for the f proton in Figure

4.11.[116] To calculate the mole fraction of MPDL in copolymer via ring-opening
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mechanism, the phenyl signal from vinyl addition needs to be subtracted. Together

with the integrated values of —C H3 from MA and the corrected phenyl signal, the
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Figure 4.12: NMR of CKA-acrylate Copolymers via photopolymerization: a) MDO
and MA copolymer and b) MPDL and MA copolymer. Chemical shifts have been
assigned based on previous reported values.[114, 115]
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mole ratio of MPDL via rROP is calculated to be 1:4.4, which is close to the mole
ratio of the MPDL and MA in the feed, n(MPDL : MA) = 1:2.8. MPDL shows
significantly better incorporation than MDO in copolymerization with MA. TPO-L
has proven to be an effective photoinitiator for photopolymerization of CKA and

acrylate.

4.4.2 Model Study of Copolymerization of CKAs and VAc

To improve the MDO incorporation in copolymer, vinyl acetate (VAc) is
selected as the 2nd monomer because the VAc is less reactive than MA.(Figure 4.13).
Hence, VAc is expected to have less competition with MDO during copolymerization

and the mole fraction of MDO would be enhanced. A control polymer, p(VAc), has

Copolymerization with MA

0.6

02 I [ MA-co-VAc

~—— MA-co-MMA

Mole fraction of MA in copolymer, F1

0 -
1 0.8 0.6 0.4 0.2 0
Mole fraction of MA in comonomer feed, f1

Figure 4.13: Copolymerization of MA with MMA or VAc.

also been synthesized for easy chemical shift assignment of p(MDO-VAc) in the ' H
NMR (Figure 4.14a). In Figure 4.14b, the two most downfield shifts correspond
to the -CH-O ester proton from VAc at 4.7 ppm and the two -CH,-O protons from
MDO at 4.1 ppm.[115] With the integrated value of these two shifts, the mole ratio
of MDO to VAc in the copolymer is 1:3.3, which is close to the mole fraction of
MDO and VAc feed, n(MDO:VAc) = 1:4. This result indicates that the incorporation
of MDO improves drastically when MDO copolymerizes with the less reactive vinyl
acetate as the 2nd comonomer. TPO-L is also shown to be effective to initiate a

MDO and VAc photopolymer system.



70

Oj/o (0] d
a ‘|
CD,CN
1~ N
| b
C
. -
b p( -co-VAc)
B
‘ |
1.00 | b
s 5.0 45 40 35 30 25 20 15 10

f1ppm)

Figure 4.14: NMR of CKA-vinyl acetate Copolymers via photopolymerization: a)
vinyl acetate polymer control and b) MDO and vinyl acetate copolymer.

4.4.3 Bulk Study of CKA incorporation

Based on the results obtained from the model studies of the rROP of CKA
with acrylate and vinyl acetate initiated by TPO-L, we constructed the material
system for the bulk study that includes methyl methacrylate (MMA) as the chain
builder and poly(ethylene glycol) diacrylate (PEGDA, M,, 575) as the crosslinker to
combine with one of the two CKAs (MDO AND MPDL) used in the model studies.
Di- or multi-functionalized acrylates are commonly used in photoresins for VP due
to their high reactivity and rapid reaction time. MMA is selected here due to its
lower reactivity in comparison to MA, in hope to increase the mole fraction of CKA

in bulk polymer (Figure 4.13).

The compositions of three representative samples are listed in Table 4.1 and the total
amount of all components for each sample is kept at 1 mmol. All of these samples
have been prepared in small quantities to emulate the curing volume for each layer
in VP processes. Since PEGDA is fairly viscous, MMA and CKA also serve as
reactive diluents, similar to the function of Genomer 1122 in the PR48 photoresin

to reduce resin viscosity and improve processability (Figure 4.9). Upon mixing
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Sample ID CKA MMA PEGDA
(mol% ) ({ mol% ) (mol% )
#1 (control) - 37.5 62.5
#2 20 (MDO) 30 50
#3 20 (MPDL) 30 50

Table 4.1: Composition of Samples for Bulk Study.

the components, the mixture is purged in nitrogen for 5 minutes and followed by
45-second UV exposure by a 405nm wavelength lamp at Scm distance; the obtained
polymer is a clear and stiff solid. Although the UV source power and the geometry
between sample resin and the UV source are not identical to those of a 3D printer,
the curing time for the mixture can provide a rough estimate of the exposure time per
layer for MDPL, and MDO have also shown good compatibility with 1,4-butanediol
diacrylate to form clear solid polymers. Chemical structures of the crosslinkers

using in this section are shown in Figure 4.15.

Poly(ethylene glycol) diacrylate 1, 4-butanediol diacrylate
PEGDA BDDA

Figure 4.15: Chemical structure of crosslinkers for bulk study.

Unlike the linear copolymers, characterization of the CKA incorporation of these
crosslinked photopolymer are more challenging. Comparing to MDO-enabled poly-
mer, the bulk polymer with MPDL incorporation is more straightforward to identify
because of the unique addition of the phenyl group. Since the aromatic functional
group is more sensitive to Raman spectroscopy than IR spectroscopy, we have per-
formed Raman spectroscopy on three samples that have been prepared under the
same conditions previously described: a) control sample (2% PEGDA and 96%
MA), b) Crosslinked MPDL polymer (20% MPDL, 3% PEGDA and 74% MA), and
¢) MPDL linear polymer (20% MPDL and 80% MA). TPO-L content is all kept at

0.5 mol% of the total mole of acrylates and CKAs. The resulted Raman spectra are
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shown in Figure 4.16. The overall chemical signature of the three samples is simi-
lar; however, the emergence of a band near 1000 cm~! wavenumber for crosslinked
MPDL polymer and MPDL linear polymer is consistent with strong ring-breathing
vibration in mono-substituted aromatic compounds.[117] This indicates a successful

insertion of MPDL into the crosslinked polymer network.
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Figure 4.16: Raman spectroscopy of CKA-enabled photopolymer: a) control sample
without CKA, b) crosslinked bulk polymer fabricated with 20 mol% of MPDL, and
¢) linear polymer fabricated with 20 mol% of MPDL.

4.5 Degradation Study

Once the obtained the solid polymers and confirmed the entry of CKA
into the polymer network, we performed hydrolytic degradation studies in alkaline
condition. The mass loss percentage has been calculated as the difference between
the original sample mass and the lyophilized sample mass divided by the original
sample mass. The degradation process involves the submerging of samples in 1IN

NaOH solution, washing and lyophilizing the sample before measuring the sample
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mass to complete the degradation cycle; the same cycle is repeated a number of times

until the sample reach complete degradation (Figure 4.17). The degradation data of

Bulk cured Accelerated degradation Sample washed,
samples lyophilized & weighed

Figure 4.17: Degradation study of CKA-enabled photopolymer. Left image contains
samples #2 and #3 listed in Table 4.17, each in a glass vial. Middle image shows
the clear solid polymer samples submerged in 1N NaOH solution. Right image
provides the sample appearance after they have been washed, lyophilized, and ready
for weighing.

the three samples listed in Table 4.1 are shown in Figure 4.18 where photopolymer
fabricated with MPDL displays the most rapid degradability, losing 84.4% of its
original mass after under 7 hours of hydrolysis condition. The sample fabrication
with MDO performed similarly well with a mass loss percentage of 79.3%. It is
worth noting that the control sample has also experienced significant mass loss of
63.6% which is possibly due to the high content of PEGDA. As shown in Figure
4.15, the ester bonds of the acrylate functional groups are likely to break during the
hydrolysis process, which gives the control sample the good degradation property.

4.6 Summary on Copolymerization with CKA for Degradable Polymer

In this work, we have demonstrated the compatibility of rROP of CKAs
with compounds that are commonly used in photoresins for VP, such as multi-
functionalized acrylate (crosslinker), TPO-L (photoinititator), and MA/MMA (chain
builder). Out of the two CKA compounds have been used in this study, MPDL
shows particularly high incorporation: 63.6% of mole fraction in the feed entered
the acrylate based polymer backbone. With 20 mol% in the formulation, MPDL
has also demonstrated its ability to improve the degradability of acrylate—based
photopolymer by increasing the mass loss by approximately 21% during hydrolytic
degradation. Due to its low viscosity and good reactivity with acrylates, CKAs
have shown great potential in using a reactive diluent to improve the degradability

of commercially available acrylate-based photopolymers for VP.



74

1
4-;-. L 2
0.8 .
o L 2
g . ) + #1 Control
£ 0.6 \
o + #2 MDO
[+}]
o
@ 0.4 + #3MPDL
S
® %
w ’
g 0.2
0

0 1 2 3 4 5 6 7
Time (hr)

Figure 4.18: Plot of mass loss vs. time during hydrolytic degradation. Time
represents the duration in which the samples are submerged in 1N NaOH solution.
Compositions of the precursor mixture for the three samples are shown in Table 4.1.

For accurate control of the experimental process for characterization, all the samples
have been fabricated after a short period of nitrogen purge and the solution mixture
has been kept in an nitrogen environment during photopolymerization. However,
the presence of oxygen is not expected to affect the polymerization dramatically as
demonstrated in a previous work where minimal effect of oxygen has been observed
on rROP of MA and cyclic allylic sulfide.[118] Although 3D printers can be easily
modified to print under inert environment, it would be beneficial to reassess the

reactions in a regular ambient environment (with the presence of oxygen) for future
studies.
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Chapter 5

OUTLOOK

5.1 Potentials of Dynamically Cross-linked Materials for AM

The reversible dynamic nature of electrostatic interactions between the metal
ions and polyelectrolye (PAA) allows MPECs to change configuration and reform
bonds that were once broken. The strength of the coordination bonding is determined
by the affinity of the metal ion to the polymer binding site, which can be tuned
based on the selection of the metal ion type and the chemical environment of the
binding site. The bond breakage allows energy dissipation of the polymer network.
Grindy et al. reported a model study with two types of metal-ligand crosslinks,
relatively slow versus fast (Figure 5.1). By varying the relative concentration of
the two types of metal-ligand interactions, the mechanical hierarchy of energy-
dissipating modes under dynamic mechanical loading can be controlled. This
approach offers an opportunity to engineer the viscoelastic properties of the materials
by controlling the types of metal ion crosslinks without modifying the polymer
itself.[119] For example, with 75% Ni*? to 25% Zn*?, the two local maxima in
shear loss modulus (G") have been detected which are indicative of two distinct
relaxation mode distributions; the modulus as a function of frequency is then fitted
to the relaxation spectra to give rise to the two distinct peaks, shown at the bottom
left plot of Figure 5.1. This work inspires to further the 3DP MPEC study by

optimizing the material composition for efficient energy dissipation.

From the 3DP MPEC study reported in Chapter 2, we learned that initial metal
ion content and metal ion species in the photoresin can affect the molecular weight
of the PAA. To control the polymer network and only study the effect of metal-
polyeletrolyte interaction for energy dissipation, it would be ideal to start with a low
concentration of the metal ion to form the starting network. For instance, the low-Al
system could offer a sufficient starting network and different metal ion species can
be subsequently swelled into the network. Since the photoresin is optimized for VP
processes, in addition to studying the energy dissipation of the dynamic interaction
on the molecular level, the energy dissipation on the 3D architecture-level can also

be investigated.
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Figure 5.1: Model materials systems with orthogonally tunable mechanical temporal
hierarchy.[119] Figure reprinted with permission from the copyright holder, Nature
Publishing Group.

5.2 Capability of AM-enabled Thermoresponsive IPNs Beyond Water Release
5.2.1 VP-enable Thermoresponsive IPNs for Cartilage Tissue Engineering
As discussed in Chapter 3, the formation of IPNs is a great way to over-
come the mechanical weakness of PNIPAM while preserving its thermoresponsive-
ness. Because of its biocompatibility and the near biological-temperature LCST,
PNIPAM-containing INPs have great potentials in biomedical applications, where
PNIPAM and its IPNs have been considered for cell-sheet growth, injectable 3D cell
scaffolds, and controlled drug release/absorption.[50, 57, 58] However, to overcome
the cytotoxicity and poor biodegradability of neat PNIPAM, copolymerization of
NIPAM have been explored to enable an extrusion-based 3D printing technique for

tissue engineering.[57, 120]

One specific field in which 3D architected PNIPAM-containing IPNs can be applied
is in cartilage tissue engineering. For such applications, it is desirable to print

tough, macroporous hydrogels that promote sell differentiation and proliferation
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into chondrocytes and are adhesive, non-degrading, and stable against dissolution
in water. [51, 121] Cartilages are hydrogels with approximately 80 wt% water with
the remaining mass comprised of extracellular matrix and chondrocytes to provide
the structure, with compressive strength and elastic modulus of 14-59 MPa and 0.31
MPa, respectively.[121, 122] The mean storage and loss modulus of human cartilage
is ranging from 31.9 MPa to 43.3 MPa and from 5.3 MPa to 8.5 MPa, respectively,
over the frequency range of 1 Hz to 88 Hz.[123]

Based on what we have learned about the fabrication of the thermoresponsive IPNs,
we can further optimize the architected IPNs to reach the desired mechanical prop-
erty. By accessing tough, 3D—printable and thermoresponsive IPNs, personalized
cartilage implants can be realized using this VP-enabled process. The material can
be soft during the implant procedure at room temperature to alleviate the impact at
the implant site, and then it thermoresponsively stabilizes into its final state once

entering the body.

Most studies of PNIPAM-containing IPNs only focus on analyzing the thermody-
namic or volumetric change properties, with some investigations on the environmen-
tal effects, such as pH and ionic strength.[59, 61, 63, 64, 74] Mechanical analysis of
the temperature dependency for a simultaneously homogeneous and tough system
has not been thoroughly explored via dynamic mechanical analysis (DMA).[78, 79]
An investigation on the effect of temperature on dynamic mechanical behavior has

since been studied by other lab members of the group.

5.2.2 Fabrication of Porous IPNs and Dynamic Mechanical Analysis

For biomedical applications, volumetric shrinkage can be a disadvantage,
especially when it responds to a change in temperature. Based on our material
exploration reported in Chapter 3, several formulations give rise to IPNs with
relatively small volumetric changes (20% - 30%) but consistent LCSTs, such as,
the PAM/PNIPAM and P(AM-co-AM)/PNIPAM IPNs with 2.5M and 3.5M first
network monomer concentrations. With this observation, we fabricated cylindrical
samples for DMA study with periodic pores design within the structures. By varying
the pore sizes and periodicity, we fabricated the three sets of porous IPNs shown
in Figure 5.2. The first network gels experience a significant volumetric retraction
after the 2nd network formation, which suggests structural reinforcement. The DMA

analysis of these samples is still under investigation.
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Figure 5.2: Fabrication of IPNs with designed pores. a) Representative CAD file
for porous gels with a being the edge length of the cubic pores and p being the
periodicity of the pores. b) Image of as-printed Ist network gel. c¢) Three sets of
parameters used for different @ and p values and the representative 2D pattern for
PuSL. d) Optical images of the obtained 1st network gel and their corresponding
IPNs.

5.3 Designing Degradable Materials for AM with Gas and Moisture Inhibition
Capability

Besides enabling 3D printing technologies, photopolymer resins also demon-
strate many other advantageous qualities, such as good solution processability, scal-
ability for large scale processing and light-enabled simple curing process. Liquid
photoresins also allow the addition of other functional components with compati-
ble solubility. CKAs have shown promising results as an additive to increase the
degradability of the acrylate-based photoresin. In addition to introducing CKAs,
other functional chemical groups can also be incorporated to give the photopolymer
advanced functionalities. One particular direction of interest is to create low oxygen
and moisure permeability materials that are also degradable for either 3D—printed

parts, packaging materials, or coating for surfaces. [124]
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Appendix A

ISOTHERMAL TITRATION CALORIMETRY FOR
DETERMINING METAL ION BINDING AFFINITY TO
POLY(ACRYLIC ACID)

Isothermal titration calorimetry (ITC) provides quantitative thermodynamic
information of binding and dissociation reactions in solution. An ITC instrument
consists of two cells; the compounds to be studied are placed in the sample cell,
whereas the other cell is used as a control and contains the buffer in which the
sample is dissolved (Figure A.la). The titration process is illustrated in Figure
A.1b. As the first injecting is made, all injected ligand is bound to the sample.
The ITC system detects the heat change showing a sharp peak as seen in Figure
A.2. The signal returns to baseline before the next inject and the next injection is
made. As the injections continues, the sample becomes saturated with ligand, so less
binding events would occur and the heat changes start to decrease. The experiment
is completed when only the heat of dilution can be detected. After integrating each
heat change peaks, the relationship of molar enthalpy and the molar ratio can be
plotted (Figure A.2). Thermogram appears to be sigmoidal and the slope at the
inflection point of the curve is the association constant, K,. The enthalpy change
(A) is determined as the height of the curve (Figure A.2). Gibbs free energy change
(AG) and entropy changes (AS) can be determined using the following relationship:

AG = AH —TAS = —RTIn(K,) (A.1)
where K|, is binding affinity, R is the gas constant, and 7" is the absolute temperature.

To determine the binding affinity of the Fe* ion and A/>* ion to poly(acrylic acid)
(PAA), the ITC titration is carried out in the following steps. A Fe(NO3)3 solution
(12.2 mM) is titrated into a PAA solution (3.1 mM with respect to the repeat unit)
in a 100 mM pH 5 acetate buffer. ITC experiment consists of 25 injections with
each injection being approximately 2 uL of Fe* solution into 175 uL of the PAA
solution at 25 °C. For control titrations, Fe3* solution is titrated into a pH 5 buffer
solution and a titration of the pH 5 buffer solution into the PAA solution is also
conducted to account for any AH ascribed to dilution effects. The same experiment
is conducted for a 12.2 mM Al(NO3)3 solution.
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Figure A.1: Schedmetic of isothermal titration calorimetry’s a) experimental set up
and the b) binding process.
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The ITC experiments reveal that the binding affinity of AI** to PAA is much greater
that that of Fe3*, with the K, of Fe®* to PAA being 5X10°M~! and the K, of
AI** to PAA being 3X108M~!. Given these differences, both AI** and Fe3* ions
were used for fabricating the MPEC samples to study the effect of metal ion binding
affinity on the mechanical properties of the 3DP MPEC materials.

The ITC experiments were conducted by Ryan Archer in collaboration with Professor
Michael Schulz’s group.
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Appendix B

FAILURE ANALYSIS OF 3DP MPECS

Figure B.1: Image of a) heavy duty grip used during tensile to failure testings and
sample images of post tensile to failure testing of b) 5% glycerol MPEC-AI and c)
5% glycerol MPEC-AL.

During tensile to failure testing, we noticed that there is a significant amount
of samples that failed at the edge of the grip. An image of the heavy duty grip can
be found in Figure B.1a. This number is particularly high for tougher samples (the
lower glycerol content samples). Out of the 10 MPEC samples with 5% glycerol
reported in Figure 2.10, 7 have failed at the grip. Some images of these samples
are shown in Figure B.1b and c. For the 10% glycerol, 5 out of 14 samples failed at
the grip and only one sample had such failure for the 14 samples with 20% glycerol
content. Although we have a limited sample number here, the trend is clear. When
looking at the shape of failure surfaces, it resembles a cup and cone fracture. We
suspect that the grip pins down the surface of the samples tightly resulting two
shear planes to intersect. The stress that concentrates at the intersection of the two
shear planes then propagates along the triangle portion of the sample causing it
to ultimately reach the cup and cone failure. This suggests that over-cramping the
grip onto the samples can cause defects and premature failures; thus, the ultimate

tensile strength and failure strain values we have obtained can be even higher for
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the tougher samples. However, when we loosened the grip even just slightly, the
samples ended up slipping from the grip(s) and made the data unusable. So the
tightness we applied on the grips was necessary to conduct the measurements. This
kind of failure is inevitable given the experimental setup and accessories we have.
Pneumatic grips would be more appropriate for these samples since they can provide
a constant and repeatable lateral force on the sample specimen by actuating the grip
jaws with air. The rest of the samples all failed in the narrow region of the dogbone

tensile samples with clear failure surfaces, as shown in Figure 2.9c.
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Appendix C

CHEMICAL COMPOSITION OF DEVELOPED PHOTORESIN

C.1 Photoresin Composition for Metal Coordinated Polymers

A few example resin formulations for 3D printed MPEC:s are listed below:

Components High-ﬁll;fil%gly Low-?;IZ_(]]%gly High-ﬁll;l‘l;)%gly
AA (neat) 3.000 3.000 3.000
1M SA 0.396 0.198 0.396
1M AI(NOs), 0.132 0.066 0.132
[%;r O-L (in 0.400 0.398 0.400
30 gIL TZ 0.053 0.053 0.053
glycerol 1.000 1.000 0.500
H,0 0.019 0.261 0.519

Table C.1: Photoresin formulations for 3DP MPECs.
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Appendix D

ADDITIONAL MATERIAL SYSTEMS INVESTIGATED FOR
THERMORESPONSIVE IPNS

Besides P(AM-co-AM)/PNIPAM, several other material systems have been inves-
tigated to search for better performing thermoresponsive IPNs. PAA/PNIPAM is
the first system we have explored, because PAA have stronger interactions with
deliquescent salts through metal-polymer coordination bonding. We considered
it a good polymer candidate to combine with deliquescent salts as moisture ab-
sorbents for AWH. As we explored further to optimize the water release behavior,
we discovered that several other first network polymers have better compatibility
with PNIPAM than PAA for improved water release behavior, such as P(AM-co-
AA), PAM, and P(AM-co-SA). The P(AM-co-AM)/PNIPAM have been discussed
in details in Chapter 3. Some of the highlights of the other materials explored are

summarized in the sections below.

D.1 Investigation of PAA/PNIPAM IPNs

As a comparison to the P(AM-co-AA)/PNIPAM IPNs, PAA/PNIPAM IPNs
have also been fabricated with the same monomer concentration for 1st and 2nd
network. All PAA/PNIPAM IPNs are significantly stiffer than the corresponding
P(AM-co-AA)/PNIPAM IPNs, which is characterized by DMA. The water release
performance of PAA/PNIPAM IPNs are dramatically worse than all the other mate-
rial systems that we have explored. This is likly due to the high crosslinking density
of the PAA gels. The crosslinking density of the 1.5M AM 1st network is close to
that of the 2.5M AM st network gel, which could be the reason that only the DSC
curves of Figure D.1a have LCST near 32°C. When the 1st network AA concen-
tration is increased to 3.5M, the LCST is shifted substantially to 48-49°C (Figure
D.1b). Figure D.1b shows some interesting peaks in the DSC curves that we have
not observed in any other materials systems we have explored. No reporting of the
exothermic peaks on PAA-PNIPAM IPNs has been found in literature.We suspect
that some kind of water transfer mechanism occurred from PNIPAM to PAA near
LCST. Water binding events can be energetically favorable which give rise to that

exothermic peak.
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Table D.1: Sample formulations and optical images of a) PAA/PNIPAM and b)
P(SA-co-AA)/PNIPAM IPNs for DSC.
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Figure D.1: Investigation of PAA/PNIPAM IPNs using a) DSC of PAA/PNIPAM
IPNs with 1st network monomer (AA) concentration of 2.5 M and b) volumetric
change measurements of [PNs.
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D.2 Investigation of PAM/PNIPAM IPNs

PAM/PNIPAM IPNs have also been fabricated to compare with the P(AM-co-
AA)/PNIPAM system. While keeping a 1st network monomer (AM) concentration
of 2.5M, the samples have similar semi-opaqueness and LCST values as the P(AM-
co-AA)/PNIPAM ones. In the PAM/PNIPAM set, the largest volumetric change,
46% =+ 4%, occurs with the lowest 2nd network monomer (NIPAM) concentration,
0.9M; whereas, in the 2.5M P(AM-co-AA)/PNIPAM set, the largest volumetric
change, 43% + 1% occurs with 2nd network monomer (NIPAM) concentration of
1.4M.
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Figure D.2: Investigation of PAM/PNIPAM IPNs using a) DSC of PAM/PNIPAM
IPNs with 1st network monomer (AM) concentration of 2.5 M while varying the 2nd
network (NIPAM) concentrations and b) mean volumetric change measurements of
four IPN samples.

D.3 Investigation of P(AM-co-SA)/PNIPAM IPNs

The last IPN material systems we have looked at is PCAM-co-SA)/PNIPAM.
By replacing the AA with SA (sodium acrylate) we hope to increase the hydrophilic-
ity of the 1st network, thus to improve the swelling in the process for the 2nd network.
However, P(AM-co-SA) are PNIPAM not compatible with each other at 2.5M 1st
network concentration. Although the LCSTs appear consistently near 32 °C, the
samples show clear phase separation upon UV exposure during the 2nd network
fabrication, which can be seen in Figure D.3a. The highly hydrophilic nature of
P(AM-co-SA) also posts challenges for the 2nd network formation. P(AM-co-SA)
gels obtained with 2.5M monomer solution can swell to 16 times of their original

size. Another challenge of using P(AM-co-SA) as the 1st network is the solubility
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limitation of SA. At 2.5M total 1st network comonomer concentration, we almost
reach the limit of the comonomers. It is difficult to obtain designed features in 3D

printing using diluted solutions, because of the fast diffusion of radicals diffusing
out of the 3D printing voxels.
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Figure D.3: Investigation of a) P(AM-co-SA)/PNIPAM IPNs using b) DSC of
PAM/PNIPAM IPNs. In the Ist network (AM-co-SA) formulation, the total
comonomer concentration is 2.5 M with the mole ratio of AM:SA = 3:1.
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Appendix E

UV DOSAGE COMPARISON BETWEEN EMBER AND
ELEGOO 3D PRINTERS

Table E.1 shows the comparisons we have made when choosing an additional
3D printer to complement the Ember 3D printer. Ultimately, because of the large
build volume, competitive price and similarity of x, y, z resolution and wavelength
of light source to Ember, we decided to use the ELEGOO printer to fabricate the
MPEC samples.
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Figure E.1: Working curve for Ember 3D printer to determine exposure of ELEGOO
using PR48 photoresin. y is the dosage and x is the measured thickness.

During the resin development process, we discovered that the curing time of ELE-
GOO is a magnitude longer than that of the Ember printer. To better compare
the two printing systems, we plotted a working curve, a characterization known by
the 3D printing community, using Ember 3DP printer and the standard clear PR48

resin, shown in Figure E.1. We assume that the irradiance of Ember is consistent at
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Autodesk Ember

ELEGOO Mars 2
Pro

Build volume
(cm?)

6.4 (L) x 3.8 (W) x 13.2 (H)

13 (L) x 7.8 (W) x 16 (H)

+ Digital Light Processing

» 2560%1440 2K HD LCD

* Bottomu » Bottom up
Style m up L « 50W UV light
» LED light source lifetime e
~20.000 hours * LCD screen lifetime ~
’ 800hr ($30 to replace)
Peel . Rotating buildhead Passive self-peeling
mechanism
Vat window PDMS FEP film
material
Open source; Print studio
Software (support has been ChituBox

terminated)

Customizability

*  Good with custom resin
* Easy-to-buy but pricy
replacement parts

*  Good with custom
resin

* Inexpensive
replacement parts

Layer thickness

10- 50 microns

20- 50 microns

XY resolution 50 microns 47 microns
~608 mW/cm? reported
Light intensity 18 to 22 mW/cm? [~2 mW/cm?

experimentally estimated]

Price

$7500

$300

Table E.1: Comparison between Ember and ELEGOO 3D printers.

25 mW/cm?, which is the value provided by the manufacturer. The working curve

characterization is simple. First, we generate a CAD file with square patterns and

randomly sign different layer number (N) to each square. Second, we upload the

CAD file to the printer and set an exposure time per layer (t), then the PR48 resin is

poured onto the vat window. XX and completed the exposure of the square pattern

with the rotation mechanism turned off and without a buildhead attached. This is

known as a window print. The location of the square patterns are chosen randomly

on the projection screen of PuSL printer to avoid any biases. We then measured
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the thickness of each square pattern with known amount of dosage, which can be
calculated as
Dosage=1-N -t (E.1)

where dosage in the unit of mJ-crm=2. By plotting the calculated dosage and the
measured thickness of the cured PR48 at each location on the square pattern, a
working curve can be fitted to be a polynomial, as shown in Figure E.1. Then,
perform the same experiment with the square pattern print file using ELEGOO.
From entering the thickness values obtained using ELEGOO we can back calculate
the irradiance of the printer, which is found to be 2.41 + 0.07 mJ-cm~2. This
irradiance value is 250 times less than the value calculated using the LED voltage
and the LCD display area provided on the company website, 608 mW/cm?, which
explains the reason that we need to dramatically increase the exposure time for
the same resin to print in ELEGOO. Although, the printing set up to obtain these
measurement via a window print differ from the normal printing process, it still
provide us a rough estimate for the exposure per layer that is needed for a particular

resin, which is very useful metric during resin development.



