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ABSTRACT

Over the past decade, additive manufacturing has emerged as one of the most pow-

erful manufacturing tools available today. Vat photopolymerization techniques, in

particular, are especially promising as they are capable of achieving high resolu-

tions and throughputs. However, the vast majority of materials that are compatible

with them only have structural functionality. The fabrication of functional materials

still remains a challenge in the �eld: functional polymers often require a complex

multi-step synthesis. Ceramics-based photoresins are limited in composition and

are challenging to use or synthesize. Metals have also been hardly explored with

vat photopolymerization techniques.

This thesis explores methods of fabricating functional materials with vat photopoly-

merization. We develop accessible techniques for the fabrication of functional

polymers, ceramics, metals, and multimaterials at a variety of length scales, from

sub-micron to centimeter scales. On the polymer front, we �rst explore how surface

coatings can be an accessible method of introducing chemical functionality to a

material. In particular, we demonstrate the surface coating of genomic DNA on

an architected polymeric structure and show how it can be used as a drug capture

device to reduce o�-target toxicity in chemotherapy. We also explore the use of click

chemistry, the thiol-Michael reaction in particular, in the facile synthesis of acrylate

monomers with a variety of functional groups. We demonstrate the compatibility

of these functionalized monomers with two-photon lithography and highlight some

potential applications of these functional polymers structures.

In the fabrication of ceramics and metals, we present a novel technique called

photopolymer complex synthesis that combines solution combustion synthesis with

vat photopolymerization to enable their fabrication. We illustrate the use of this

technique by �rst fabricating piezoelectric zinc oxide architected structures with sub-

micron features using two-photon lithography. Following that, we fabricate lithium

cobalt oxide structures using digital light processing printing and highlight their

use as architected lithium-ion battery cathodes. Lastly, we show how photopolymer

complex synthesis can be expanded to fabricate metal and multimaterial architected

structures. Our work highlights the use of polymer chemistry and materials science

in expanding the range of materials that are compatible with vat photopolymer-

ization, with the vision of democratizing the fabrication of advanced functional

materials and enabling the production of previously impossible 3D devices.
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C h a p t e r 1

INTRODUCTION

1.1 The Age of Designer Materials

The history and evolution of humanity have always been deeply intertwined with

our use of materials � so much so that entire periods of our collective history have

been named after the engineering materials that de�ned that era. The discovery of

each progressively sophisticated material spurred the growth of numerous new

technologies, resulting in increasingly advanced civilizations. Yet, even up to the

�rst Industrial Revolution in the 19C� century, most of these material advances

came about from a painstakingly slow iterative empirical process. The turning

point really only came in the 20C� century, as progress in the �elds of physics and

chemistry provided a framework in which all materials could be understood.

Physicists showed that every material had an underlying atomic/molecular

structure, while chemists could determine the elemental composition behind it.

More importantly, the interrelationship between both of them was �nally

recognized, providing a more uni�ed understanding of materials1[1]. Since then,

there have been rapid advances in materials development, culminating in a

complete paradigm shift in how we approach materials design and selection.

Rather than being limited to the properties of the materials that are available to us,

our knowledge of materials science now allows us to design materials to have the

speci�c properties that we want. From single layer graphene sheets for

nanoelectronics [2], to high temperature ceramics for space �ight [3], our ability to

manipulate materials at a microstructural, and even atomic level, has ushered in a

new age of designer materials, where we are now only limited by the laws of

science.

Today, materials innovation has the potential to address some of the key challenges

of our generation, such as climate change [4�6], energy storage [7], healthcare [8,

9], and even poverty [10, 11]. However, the complexity of these issues requires

materials with increasingly demanding properties � properties that are challenging

to meet through optimization of composition and microstructure alone. And while

computational e�orts such as The Materials Project [12] and the use of arti�cial

1I encourage the reader to refer to [1] for a fantastic read on the history of Materials Science.
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intelligence [13] have been phenomenal in accelerating this optimization process,

innovations in other aspects of materials science are necessary if we are to push the

envelope further.

1.2 Architected Materials

In recent decades, the introduction of architecture into materials design has emerged

as a new approach to obtaining materials with unprecedented properties. Rather

than just optimizing for composition or microstructure, architected materials realize

a particular function or property via the optimization of the geometric arrangement

of the material as well [14, 15] � providing another degree of freedom in the design

of a material. This architecture can manifest itself in a variety of di�erent ways,

sometimes involving multiple phases [15] and/or length scales [16].

We can illustrate this by looking at some man-made architectedstructures, the

classic example of which is the Ei�el Tower, with its hierarchical truss structure

[17]. The Ei�el Tower stands at 324m tall, with a base of 125m on each side. But

if you were to melt down all the iron in the tower into a ball, the ball would only

have a diameter2of � 12m. The Ei�el Tower is incredibly light for a structure of

that size, and this can be attributed to its e�cient use of architecture to maintain its

structural integrity, while minimizing the amount of material used.

This is the fundamental concept behind architected materials � the introduction

of an internal structure to obtain some previously unattainable property. While the

idea still stands, it is important to emphasize that the Ei�el Tower is an architected

structure, and not an architectedmaterial. The distinction lies in the relative scale

between the characteristic length of the internal structure and the length scale of

interest, i.e. architected materials need to appear homogeneous at the length scales

of interest [14, 18].

1.2.1 Natural Architected Materials

Some of the best examples of architected materials can be found in nature � in fact,

almost every biological material studied today has been found to utilize some form of

three-dimensional (3D) architecture and/or hierarchy in its microstructure, allowing

them to achieve some property that would have been di�cult to reach through the

sole use of homogeneous bulk materials [19]. For example, diatoms are able to

achieve high speci�c fracture toughness through the use of architecture to arrest

2Using a mass of 7.3 x106 kilograms, and the density of iron as 7874 kg/m3.
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crack growth, despite being comprised of a relatively amorphous biosilica that has

no intrinsic toughening mechanism [20]. Nacre's "brick-and-mortar" like structure,

where hard mineral tablets are tiled together with soft organic materials, allows it

to exhibit fracture toughness values approximately three to nine times that of its

constituent mineral phase [21]. Perhaps some of the best examples that highlight

the complexities of natural architected materials are bone and bamboo, as illustrated

in Fig. 1.1 below.

Figure 1.1: Hierarchical architecture ofa) bone, andb) bamboo. Reprinted by permission
from Springer Nature: Nature Materials, Reference [22]©(2015).

Both these materials exhibit hierarchies that span over multiple orders of

magnitude, and exhibit exceptional speci�c strengths and toughnesses despite

being fundamentally comprised of weak biopolymer �brils [22].

Architecture has also enabled unique properties that go beyond mechanics. For

instance, the dry adhesion ability of geckos stems from the van der Waals forces

between the surface and the millions of sub-micron hair-like structures on the gecko's

feet [23, 24]. Sharks are able to swim really quickly due to the presence of tiny

aligned denticles, approximately 150` m in size, on their skin that reduce the drag

experienced as they swim [25]. A lot of the brilliant iridescent colors found in birds

and insects actually arise from periodic nanostructured features on their bodies [26,

27].
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The variety of properties that can arise from architecture is remarkable, even more

so when you consider the limited number of building blocks that nature has to

work with [28]. The organic phase is typically one of eight di�erent structural

biopolymers3, and the inorganic phase is generally either a carbonate, phosphate, or

silica [19]. Yet, nature has been able to combine these building blocks into highly

diversi�ed structures to adapt to di�erent environmental pressures faced by each

biological species.

1.2.2 Synthetic Architected Materials

Synthetic architected materials have existed for thousands of years, although it has

only been in the past few decades that they have been referred to as such. Some of

the earliest known examples take the form of composite materials, going as far back

as 3400 B.C. with the use of plywood by the ancient Mesopotamians [29]. Although

composite materials are rarely referred to as architected materials today, some of

them do ful�ll the main criteria of exploiting material con�guration to achieve a

desired property [15]. For example, �ber-reinforced composites can be designed

to have anisotropic mechanical properties by dictating the orientations of the �bers

within the matrix or stack [30].

Over the past few decades, as we have started to develop a more comprehensive

understanding of how natural materials utilize complex architecture to enhance

material properties, there has been a growing interest in fabricating synthetic

architected materials that could surpass them. This is emboldened by the fact that

we have access to a signi�cantly larger pool of material building blocks, which

should allow us to enter property spaces that are impossible even for natural

materials, and surpass even the best materials that we have today.

Modern synthetic architected materials have largely revolved around cellular solids.

As their name implies, these materials are fundamentally comprised of cells � an

interconnected network of solid struts or plates. These unit cells are then packed in

two or three dimensions to form the overall material [31]. Foams are one of the most

commonly used synthetic cellular solids today as they are easy to manufacture and

can be utilized in a variety of di�erent applications. By simply varying the size and

shape of the cell, and the materials of which the cell walls are made, these foams

can exhibit a wide range of mechanical, electrical, and thermal properties [31, 32].

Our control over materials processing has allowed us to make these foams out of

3Collagen, keratin, elastin, resilin, abductin, �broin, chitin, and cellulose.
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almost any material: polymers [33], metals [34], ceramics [35], glasses [36, 37],

and even composites [38, 39] can be made into foams. However, despite the amount

of control that we have over the constituent material of the foam, current fabrication

techniques are unable to precisely control the geometries of the unit cells, often

resulting in stochastic irregular foams, as seen in Fig. 1.2. This irregularity is a far

cry from the well-ordered architected natural materials that we have discussed prior,

and actually limits the performance of these materials.

For example, let us brie�y discuss how this impacts the mechanical properties of

the foam. In general, the e�ective sti�ness of a cellular material,� � scales as:

� � / � Bd
= (1.1)

where� B is the Young's modulus of the fully dense constituent material,d is the

relative density (d � 1), and= is a scaling coe�cient de�ned by the cell geometry.

Figure 1.2: Microstructures of stochastic polyurethane foams. Reproduced from [40] -
Published by the Multidisciplinary Digital Publishing Institute, under the Creative Commons
Attribution 4.0 International License.
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According to classical formulation, for stochastic open-cell foams,=has a theoretical

value of 2 [41], although experimentally, it has been shown to range between 2-3

[42�44]. In contrast, periodic topologically de�ned architected materials (Fig. 1.3)

are able to access lower= values, with= now theoretically able to have a value of 1

[32, 41]. Experimental studies of these materials have showed that they can exhibit

=values between 1-2 instead [45, 46], which means that at the same relative density,

these materials can be many times sti�er than their stochastic foam counterparts.

Figure 1.3: Examples of topologically de�ned architected materials � octet-truss,
cubooctahedron, 3D kagome, and tetrakaidecahedron. Reprinted by permission from
Elsevier: Acta Materialia, Reference [45]©(2017).

The implication of this is that to fully leverage the capabilities of architected

materials, we need to have topologically de�ned architectures that are optimized

for a particular function. In order to realize this, more advanced fabrication

methodologies have been developed to try and fabricate more topologically de�ned

architected materials. Methods such as templating [47, 48], dealloying [49, 50],

phase separation [51], and self-assembly [52] have been successful at making more

regular architectures, but they are all limited in the architectures that they can

achieve.
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1.3 Additive Manufacturing

Additive manufacturing (AM) has recently emerged as one of the most promising

technologies for fabricating architected materials. Broadly speaking, AM

encompasses a set of techniques that are based on the computer-guided

layer-by-layer fabrication of a 3D structure [53]. This layer-by-layer manufacturing

enables an unprecedented level of freedom in design, allowing for the fabrication

of arbitrarily complex geometries that would be impossible with traditional

manufacturing processes [54].

Since the �rst demonstration of AM in 1981 by Hideo Kodama4 with the use of

photopolymers [56], the �eld has expanded signi�cantly. On the technological

front, there are now over �fteen di�erent AM techniques that collectively span

almost every material class [57�59], at scales less than 10 nanometers [60] to over

10 meters [61]. And the pace of progress has been phenomenal, with an increasing

number of articles on the topic being published every year (Fig. 1.4).

Figure 1.4: Number of publications pertaining to additive manufacturing over the past ten
years. Data obtained from Web of Science using the key wordsAdditive Manufacturingand
3D Printing. Date of access: 16th April 2020.

AM has also had a broader impact on industry and society. The ability to fabricate

structures with any arbitrary geometry has completely revolutionized the engineering

and manufacturing industry. Complex architected parts can now be made faster

with less processing and waste, allowing engineers to design more e�cient and

lightweight structures [18, 62]. This revolution in manufacturing has also permeated

4Not to be confused with the �rstcommercialdemonstration by Charles Hull in 1988 [55].
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into other industries. For example, in the �eld of education, AM has been used as

an outreach tool to develop interest in STEM5subjects [63]. From an industrial and

economic standpoint, this growth and uptake of AM has given rise to a multi-billion

dollar ecosystem [64] that includes material suppliers, hardware manufacturers,

software vendors, and even quality assurance companies. At a societal level, AM

is one of the few cutting-edge technologies that have been normalized by society

� having entered the general lexicon6, and even being a regular feature in science-

�ction media. More importantly, it has helped to democratize manufacturing �

anyone is able to purchase their own AM machine and start making anything that

they want or need. This maker culture has led to the fabrication of cheap prostheses

in developing countries [65], and even ventilator parts and personal protective

equipment for healthcare workers during a global pandemic7[66] .

1.3.1 Additive Manufacturing Processes

In general, all AM processes can be classi�ed into seven broad categories, based on

how they deposit and bond the layers [67]. In this section, we will brie�y survey

each of the di�erent processes to provide a foundation for the work that will be

discussed in this thesis.

1.3.1.1 Binder Jetting

Figure 1.5: Schematic of Binder Jetting. A liquid binder is selectively deposited onto a
layer of powder. The build platform is then lowered, the powder re-coated, and the process
repeated until the structure is complete. The powder bed acts as its own support structure.

Binder jetting is a powder-based process where a liquid bonding agent is spatially

deposited onto a thin layer of powder (Fig. 1.5). After the layer is complete, the

build platform on which the powder is sitting is lowered, and a thin layer of powder

5Science, Technology, Engineering, and Mathematics.
6Albeit as "3D Printing", instead of "Additive Manufacturing", although the concept still stands.
7This thesis was written during the COVID19 global pandemic.
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is reapplied over the previous. The process is then repeated until the structure is

formed. The resolution achievable with this process is largely dependent on the

size of the powders used and the binder drop size. After fabrication, the part is

typically subjected to a post-processing step to remove the binder and/or improve

its mechanical properties. One of the advantages of this process is that all types of

powder materials can be used, making this a highly versatile technique for printing

polymers, metals, and ceramics. Furthermore, as the bonding process occurs at

room temperature, there is little to no heat-induced warping in the as-printed part.

There is also no need for support structures since the surrounding powder provides

all the necessary support, allowing for designs with almost no geometric limitations.

However, one of its main drawbacks is that incomplete coalescence of the powders

during the post-processing step(s) leads to internal porosities that are detrimental to

the properties of the structure [54, 68].

1.3.1.2 Material Jetting

Figure 1.6: Schematic of Material Jetting. Droplets of material are selectively deposited
onto a substrate. The build platform is lowered and the process repeated until the structure
is complete. Supports are needed for overhangs.

Material jetting (MJ) is a process that operates similarly to a standard inkjet

printer. Droplets of material are selectively deposited onto a substrate. Once all the

material in the layer has solidi�ed, the build platform is moved, and the process

repeated until the layer is formed (Fig. 1.6). The resolution achievable is

dependent on the size of the drop and its wetting properties. MJ is typically used

with photopolymers, although ceramics [57], metals [69], and composites [70]

have also been demonstrated. Solidi�cation can be achieved in a few di�erent

ways: UV curing of a photopolymer, evaporation of a solvent [69], or solidi�cation

from a melt [71]. Additional post-processing steps are also sometimes necessary to

make fully dense materials. The main advantage of MJ is that multiple nozzles can

be easily incorporated into the print head, allowing for multi-material AM [72].



10

Some of the drawbacks include the need for supports during fabrication and MJ's

relatively expensive cost [54].

1.3.1.3 Material Extrusion

Figure 1.7: Schematic of Material Extrusion. Material is selectively deposited through a
nozzle onto a substrate. The extrusion head is moved up, and the process repeats till the
structure is complete. Supports are needed for any overhangs.

Material extrusion processes are where a material is selectively deposited through

a nozzle onto a substrate (Fig. 1.7). Heat and/or pressure is typically applied to

allow the material to �ow smoothly and continuously through the nozzle in a

semi-solid state. The material then solidi�es after deposition while retaining its

shape. The part is then built up by depositing over previously extruded layers. The

resolution achievable is primarily determined by the diameter of the nozzle, and

the solidi�cation rate of the material. In most cases, the material is a polymer, a

polymer-based composite material, or a paste. Metals or ceramics can be printed

by incorporating the appropriate precursors into the feedstock, but require some

additional post-processing treatments to remove the binder and consolidate the

material [73, 74]. Material extrusion is one of the most commonly used AM

processes due to its simplicity and accessibility of the inexpensive parts needed.

Multi-material structures can also be easily fabricated via the installation of

additional nozzles [75]. However, some of the main limitations include: Warping

due to the change in dimensions that occurs during the transition between the

semi-solid and solid state. Supports are often needed for more complex geometries

since the material is not rigid enough in the semi-solid state to support itself in free

space. The properties of the structures are also highly anisotropic due to the

di�erences in bonding within and between the layers [54].
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1.3.1.4 Powder Bed Fusion

Powder bed fusion (PBF) processes use a focused thermal source to selectively fuse

regions of a powder bed together (Fig. 1.8).

Figure 1.8: Schematic of Powder Bed Fusion. A focused thermal source is used to
selectively fuse regions of a powder bed together. When the layer is complete, the platform
is lowered, the powder reapplied, and the process repeated until the structure is complete.
No supports are needed as the powder bed acts as its own support.

Similar to binder jetting, after a layer is completed, the build platform is lowered,

and a thin layer of powder reapplied for the process to continue. The resolution

achievable is determined by the size of the powder and the fusion zone [76]. All

types of powders can be used, allowing for the fabrication of polymers, metals,

ceramics, and composites. A controlled atmosphere is often used to prevent any

high-temperature reactions that can occur between the powder and the air. Fusion can

occur through one of four di�erent mechanisms: solid-state sintering, chemically-

induced binding, liquid-phase sintering, and full melting. The mechanism employed

is determined by the type of powder used and the temperature at the focus point,

and will result in structures with di�erent degrees of porosity. Post-processing

steps like in�ltration or high-temperature sintering can then be used to obtain higher

densities. Structures made with PBF are susceptible to warping due to residual

thermal stresses. Although the powder bed can act as its own support, support

structures are often needed to mitigate warping of the structure. PBF processes are

relatively expensive due to the need of a high-power thermal source and a controlled

atmosphere [54].

1.3.1.5 Directed Energy Deposition

In directed energy deposition (DED) processes, patterned layers are fabricated via

the simultaneous local melting and deposition of material from a powder or wire

feedstock. This is commonly achieved via the focusing of an energy beam onto a
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Figure 1.9: Schematic of Directed Energy Deposition. Patterned layers are fabricated via
the simultaneous local melting and deposition of material from a wire feedstock. When the
layer is complete, the platform is lowered, and the process repeated until the structure is
complete.

continuous stream of feedstock that is being deposited onto a substrate. After each

layer is completed, the build platform is lowered, and the process repeated until the

structure is made (Fig. 1.9). The resolution achievable is largely dictated by the size

of the melt pool. DED has hallmarks of powder bed fusion processes, but is similar

to extrusion in that the material is only deposited where it is needed. Although the

technique is theoretically compatible with polymers and ceramics, it is primarily

used with metal feedstocks. Structures made with DED are highly dense due to their

formation from a traveling melt pool. Unfortunately, the rapid cooling from the melt

often leads to residual thermal stresses, and the complex thermal history can also

lead to an inhomogeneous microstructure within the structure. Supports are also

needed for more complex geometries, and a controlled atmosphere is necessary to

prevent oxidation of the metal [54, 77].

1.3.1.6 Sheet Lamination

Figure 1.10: Schematic of Sheet Lamination. In this schematic, a heated roller is used to
adhere each layer to the previous stack. A laser is then used to cut out the desired contour.
The unwanted areas of the sheet are then sliced using a crosshatching method for easy
removal after. The platform is lowered and a new sheet rolled over. The process then repeats
until the structure is complete.
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In sheet lamination (SL) processes, sheets of material are bonded to form an object.

The desired shape is cut into the material via a laser or a mechanical blade, and

then stacked over the previous layer (Fig. 1.10). Bonding is achieved by one of

the following ways: adhesive bonding, thermal bonding, clamping, or ultrasonic

welding. Depending on the process used, the unwanted parts of the sheet are either

completely removed or sliced into small cubes of material. For the latter-type of

processes, the small cubes act as supports, and need to be removed after fabrication.

The resolution achievable is largely determined by the precision of the cutting tool.

SL is compatible with polymers, metals, ceramics, and composites. Although,

much like the other techniques discussed so far, for non-polymeric materials, post-

processing steps are needed to debind and consolidate the part. SL is a relatively

quick process since only the contours of the layer need to be cut, rather than the

entire cross-sectional area. Furthermore, depending on the bonding type used,

the structures can exhibit little shrinkage or residual thermal stresses. However,

removal of supports can be time-consuming and also challenging. The properties

of the structures are also anisotropic due to the di�erences in bonding within and

between the sheets [54].

1.4 Additive Manufacturing � Vat Photopolymerization

The last category of AM is vat photopolymerization (VP). As it is the foundation of

all the work in this thesis, a more in-depth description is warranted. VP is a family

of AM processes in which a liquid photopolymer in a vat is selectively cured via

photopolymerization. For most VP systems, this entails the use of either ultraviolet

(UV) or visible light to initiate the photopolymerization process. Before we go into

more details about the di�erent type of VP processes, it is worth brie�y going over

some of the general principles behind photopolymerization.

1.4.1 Overview of Photopolymerization

In general, mostconventionalVP occurs via free-radical chain polymerization. This

is a rapid process which consists of the characteristic steps of initiation, propagation,

and termination8, ultimately resulting in the formation of a polymer.

Initiation

The initiation step is considered to involve two reactions. First, free radicals are

produced from some reaction process. In the context of photopolymerization, this

8This section has been largely adapted from George Odian's classic text "Principles of
Polymerization" [78]. I encourage the reader to refer to it for a more in-depth discussion.
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occurs via the absorption of light, with an appropriate wavelength, by a

photoinitiator. Generally speaking, radical photoinitiators can be designated as

either Norrish Type I or Type II (Fig. 1.11). Norrish Type I photoinitiators are

single molecules that cleave into radical fragments on absorption of light with the

appropriate energy. In contrast, Norrish Type II photoinitiators require a

co-initiator for the generation of the free-radicals. Upon irradiation, the Type II

photoinitiator reaches an excited state, and then proceeds to abstract a hydrogen

from the co-initiator, leading to the formation of free-radicals. In some cases, Type

II photoinitiators are able to generate radicals via direct hydrogen abstraction from

monomers or solvents [59].

Figure 1.11: Examples of Norrish Type I (2-hydroxy-2-methylpropiophenone) and Type II
(benzophenone and a tertiary amine co-initiator) photoinitiators.

For simplicity, we will depict the formation of a radical species via the homolytic

cleavage of an initiator speciesI to generate a pair of radialsRˆ.

I
�E

�! 2R̂

The second reaction involves the addition of an initiator radical,Rˆ, to a monomer

molecule, M, to produce the chain-initiating radicalRM ˆ
1. These monomers

typically feature an unsaturated double bond for the radical to add to.

Rˆ + M �! RMˆ
1

Propagation

During the propagation step, the chain-initiating radical grows via the successive

addition of monomer molecules. For simplicity, we will illustrate these in the growth

of a linear homopolymer (i.e. one type of monofunctional monomer) (Fig.1.12).
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Figure 1.12: Generalization of propagation steps and a representative example illustrated
with the linear growth of polystyrene. n denotes the number of monomers in the chain.

For VP processes, the most commonly used type of monomer is acrylates, due to

their high reactivities that arise from their activated double bonds. Multifunctional

acrylates are used to obtain a highly crosslinked network, while monofunctional

acrylates are often employed as reactive diluents [79].

Termination

In general, the propagating chain will stop growing and terminate at some point.

The termination reaction usually occurs by a bimolecular reaction involving radical

chains. Two growing radical chains can react with each other via coupling or

disproportionation (Fig. 1.13). Coupling involves the combination of two radical

chains to form a single chain. In contrast, in disproportionation, a hydrogen atom

from one chain end is abstracted to the other, producing two polymers, one of which

is unsaturated. While not a termination reaction, the growing radical chains can

also react with oxygen to form peroxy radicals at the chain ends. These peroxy

radicals inhibit the growth of the polymer chains and slow down the polymerization

signi�cantly [80].

Figure 1.13: Generalization of termination steps and representative examples illustrated
with the termination of polystyrene. n and m denote the number of monomers in the chain.
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Termination reactions in VP processes are signi�cantly more complicated. The

use of multifunctional monomers leads to an increasingly crosslinked network as

the reaction proceeds. At some point after the gel point9, autoacceleration occurs,

where the termination reaction becomes di�usion controlled since the chains have

reduced mobilities. The concentration of active chains increases and polymerization

increases signi�cantly since the small monomers are still able to travel relatively

freely. As the crosslink density increases further, polymer propagation becomes

di�usion controlled as the mobility of all the reactive molecule decreases [82]. The

trapped radicals remain in the polymer but are e�ectively "terminated" since they

are isolated from unreacted monomers [83].

Taken together, we can see that light is used to initiate the formation of a chain-

initiating radical, which then grows rapidly via the addition of monomer molecules.

After a period of time, this propagating chain stops growing to give the �nal polymer.

Post-curing

The use of multifuntional monomers implies that gelation occurs at very low

conversions [84]. Thus, a post-cure in often necessary to increase the degree of

double bond conversion. This is typically achieved via additional UV exposure or

thermal treatment [59, 85].

1.4.2 Vat Photopolymerization Processes

Now that we have covered the basics of photopolymerization, let us discuss how VP

is achieved. There are multiple ways to achieve spatial patterning, namely: vector

scanning, mask projection, two-photon absorption, and volumetric absorption.

1.4.2.1 Vector Scanning

In vector scanning processes such as stereolithography (SLA), a laser is used to

initiate photopolymerization at its focal point. The laser is then selectively rastered

across the build platform to fabricate the desired 2D pattern [54]. Vector scanning

is conducted using either a top-down or bottom-up con�guration (Fig. 1.14).

In a top-down con�guration, the build platform is submerged just beneath the surface

of a large vat �lled with photoresin. The laser is then focused onto the surface of the

photoresin to begin the patterning process. When the layer is complete, the build

platform descends into the photoresin by a distance equal to the layer thickness, and

9Not to be confused with the gel e�ect [81].
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Figure 1.14: Top-down (top row) and bottom-up (bottom row) con�gurations for vector
scanning VP processes.

a blade sweeps across the vat to circulate and �atten the photoresin. The process

then repeats itself until the structure is complete. One of the main advantages of

the top-down con�guration is the large build volume possible � the size of the

structure is only constrained by the size of the vat. There are also very low forces

on the part during the fabrication process, resulting in good dimensional accuracy.

The main disadvantage is that for a given structure, the entire vat must be �lled to

a point where it can fully enclose that structure. This requires a large amount of

photoresin, most of which will remain unused during the entire process. Because of

this, it is also time consuming to handle, �lter, and swap photoresins. Furthermore,

as photopolymerization occurs at the surface of the resin exposed to the atmosphere,

curing speeds are slow due to oxygen-inhibition [86, 87].

In contrast, in bottom-up con�gurations, a small vat with a transparent window at

the bottom is used instead. The build platform is lowered all the way into the �lled

vat, leaving a space equivalent to the desired layer thickness. The UV laser is then

focused onto the build platform from the bottom of the vat, curing the polymer
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between the build platform and the window. The cured layer is then separated

from the window either through tilting, rotation, sliding, pulling, or a combination

thereof [88]. The build platform then rises away from the window by a distance

equal to the layer thickness, and the process then repeats itself until the structure

is complete. The main advantage of using the bottom-up con�guration is that the

size of the structure is independent of the volume of the vat. Thus, a shallow

vat can be used for fabrication, making the process more cost-e�ective and also

easier to handle. During the curing process, the photoresin is also isolated from

the environment, reducing the e�ect of oxygen inhibition. However, the separation

of the cured layer from the window is challenging, often causing the structure to

break or deform during the process [89]. To address this, coatings can be applied

onto the transparent window to reduce the attachment force of the cured layer [90].

Polydimethylsiloxane (PDMS), in particular, is widely used as a coating material as

molecular oxygen di�using through it results in a thin oxygen inhibition layer at its

interface, preventing the cured layer from attaching to it [91].

In both the top-down or bottom-up con�gurations, the resolution achievable is

dependent on the laser spot size. Supports are required for more complex geometries,

and the fabricated structures also exhibit some degree of anisotropy [92, 93].

1.4.2.2 Mask Projection

In mask projection processes, such as projection micro-stereolithography (P` SL)

and digital light processing (DLP) printing, the entire pattern of the layer is projected

onto the photoresin, resulting in the simultaneous curing of the entire cross-section.

Once the layer is complete, the build platform moves by a distance equivalent to the

layer thickness, and the process repeats itself. Mask projection can be realized in

both top-down and bottom-up con�gurations, and share the same setups, advantages,

and disadvantages as its respective vector scanning counterparts [54, 90].

The projection of the pattern onto the photoresin is achieved through a dynamic

digital photomask that only allows light to shine through in a de�ned pattern. This

is identical to the use of a photolithography mask in standard 2D photolithography.

However, here, the photomask is able to rapidly recon�gure itself to display the next

pattern in the series [54] (Fig. 1.15). The dynamic photomask is generated using

one of two systems: a light-emitting diode (LED) array used with a liquid-crystal

display (LCD) screen or a lamp with a digital micromirror device (DMD).

With the LED system, a UV or visible light LED array backlights an LCD screen.
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Figure 1.15: Bottom-up con�guration for a mask projection VP system using a DMD
system.

The pixels on the LCD screen act as the dynamic photomask by selectively

transmitting the light in the desired pattern to initiate the photopolymerization

process [94]. On the other hand, the DMD system uses a rectangular array of

micromirrors that correspond to the pixels in the pattern to be displayed. These

micromirrors can individually rotate� � 10° to reach an "on" and "o�" state. In the

"on" state, the light from the lamp is re�ected o� the micromirror and into the lens,

turning that pixel bright. In the "o�" state, the light is directed elsewhere and the

pixel remains dark. The desired pattern is then generated by modulating which

micromirrors are "on" or "o�" [95].

In both systems, the resolution achievable is dependent on the size of the pixel.

DMD systems typically o�er higher resolutions but are generally more expensive.

Although the entire layer is cured simultaneously, the use of supports is sometimes

still necessary, especially for large overhangs. Similar to vector scanning

processes, structures fabricated with mask projection typically exhibit some degree

of anisotropy [96].

In recent years, there have been signi�cant advances in mask projection VP

technology towards industrial-scale fabrication. Of the processes discussed so far,

bottom-up mask projection VP has all the makings of an industrial process � fast

fabrication speeds, high resolution and accuracy, and minimum waste. However,

the process is still too slow for mass production. This is largely due to the time

needed for the separation step and subsequent repositioning for the next layer to be

fabricated. In 2015, Joseph DeSimone and his colleagues demonstrated a new
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mask projection process called Continuous Liquid Interface Production (CLIP)

that used a continuous printing approach to achieve� 100x faster fabrication

speeds [97]. CLIP uses an oxygen-permeable transparent window to exploit the

oxygen inhibition e�ect � generating a persistent liquid interface between the

window and the fabricated part. The rate at which the build platform is raised can

then be timed with the projected image to continuously fabricate a structure. As a

result of this, these structures also exhibit little to zero anisotropy [98]. At the time

of this writing, Carbon, the company behind CLIP, is worth an estimated $2.4

billion, and is best known for its partnership with Adidas to make additively

manufactured shoes [99].

More recently, in late 2019, Chad Mirkin and his team at Northwestern University

unveiled a new mask projection process called High-Area Rapid Printing (HARP).

Similar to CLIP, HARP utilizes a persistent liquid interface to enable continual

fabrication of the structure. In HARP, the photoresin �oats on a bed of �owing

immiscible �uorinated oils instead. This oil layer prevents sticking to the

transparent window and also helps to dissipate the heat generated from

polymerization. Structure fabricated with HARP exhibited litte warping, and could

be made at speeds comparable to CLIP [100].

1.4.2.3 Two-Photon Absorption

Spatial patterning can also occur via a two-photon absorption (TPA) process10, in

a technique called two-photon lithography (TPL). In the VP processes described

earlier, polymerization was initiated via a one-photon absorption, i.e. for an energy

gap,Egap, between the ground state and the lowest excited state, a photon of energy

E1P that is larger than or equal toEgap is absorbed to start the process of radical

generation for polymerization (Fig. 1.16). In TPL, two photons,eachof energy

E2P that is less thanEgap is absorbed to reach the lowest excited state and start the

process of radical generation for polymerization [102].

Since there is no allowed state on absorption ofE2P, the lifetime of this virtual

state is on the order of femtoseconds. Within this time, the molecule has to absorb

a second photon to reach the excited state. As you can imagine, this is extremely

di�cult to achieve with a classical incoherent light source. Thus, for TPA to occur,

a femtosecond pulsed laser is necessary to provide su�cient photon density. As the

10Multiphoton absorption can also happen, although it is not in the scope of this work. I encourage
the reader to refer to [101] for more details.
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Figure 1.16: Simpli�ed Jablonski diagram showing one-photon absorption and degenerate
two-photon absorption, leading ultimately to radical generation.

probability of TPA is proportional to the square of light intensity, TPA only occurs

within a small volume at the focal point of the laser [101].

To fabricate structures with TPL, the laser focus is moved around the photoresin in

the desired pattern. Because one-photon absorption is insu�cient to cause radical

generation, cross-linking only occurs at the focal point, allowing for structures to be

fabricated anywherewithin the photoresin. As a result of this, TPL is not always a

layer by layer technique since the laser focus can be moved in any direction within the

resin (Fig. 1.17). TPL can occur in a few di�erent con�gurations: the conventional

way is to drop-cast the photoresin onto a transparent substrate, and then focus the

laser into the photoresin through the transparent substrate. This method requires the

use of an immersion liquid that has the same index of refraction as the objective,

but is especially useful if the photoresin is corrosive or could leave some residue

on the lens since the photoresin is never in contact with the objective (Fig. 1.17a).

The major disadvantage here is that the substrate can limit the movement of the

objective, restricting the height of the structures that can be fabricated.

Figure 1.17: Schematics of thea. conventional andb. dip-in (right) con�gurations for
two-photon lithography.

Another approach is to drop cast a photoresin onto a substrate before immersing
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the objective into the photoresin directly. The laser is then focused through the

photoresin without passing through any other medium. This is often referred to as

the "Dip-In" method (Fig. 1.17b). The bene�t of this approach is the increase in

height of the structures that can be fabricated. The height is now dictated by the

cohesive forces of the liquid photoresin, i.e. how much the objective can move away

from the substrate before either the objective leaves the photoresin completely, or

the photoresin splits into separate drops. Another advantage to this approach is the

ability to use almost any substrate. However, the photoresin must be index-matched

with the objective, which can be challenging. Furthermore, the photoresin should

also be benign to the objective, and must leave little to no residue behind.

Regardless of experimental con�guration, one of the main advantages of TPL is that

it is able to achieve extremely high resolutions of� 100 nm [59]. However, because

of that, it is not feasible to fabricate large structures due to the serial nature of the

process; although, recent work in the �eld has suggested that this could change in

the next few years [103].

1.4.2.4 Volumetric Absorption

Recently, a new class of VP techniques based on volumetric absorption has been

developed [104�106]. In brief, structures fabricated with these techniques are

generally formed in a single step by the irradiation of a photoresin from multiple

angles. The desired geometry is converted into a set of 2D images and then projected

into the photoresin at di�erent angles. The superposition of energy from the di�erent

angles results in a total volumetric energy dose that is su�cient to cross-link the

photoresin in the desired shape (Fig. 1.18).

As a volumetric printing technique, no supports are needed since the entire structure

is fabricated simultaneously. Photoresins with high viscosities can also now be

used since there is no need to re�ow the photoresin in between layers. This is an

exciting new area of research in VP, and has the potential to signi�cantly improve

the fabrication speeds of VP.

1.4.3 Materials Compatible with Vat Photopolymerization

The majority of the materials compatible with VP are polymer based by de�nition.

Any monomer and/or macromonomer that has photopolymerizable groups can, in

theory, be used with VP to fabricate polymer structures. VP is also capable of

fabricating ceramics and, to some extent, metals. In brief, this involves the use of a
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Figure 1.18: Concept behind volumetric absorption. Irradiation of the photoresin from
di�erent angles results in the concurrent formation of the structure. From [104]. Reprinted
with permission from AAAS.

hybrid polymer or polymer system that contains inorganic precursors [57].

Structures fabricated with these hybrid polymers are then treated at high

temperatures to remove the organic polymer binder, leaving the inorganic

components behind. As such, VP is a versatile technique that is compatible with

every class of materials.

1.5 Vat Photopolymerized Architected Structures and Materials

The ability to produce arbitrarily complex geometries with additive manufacturing

makes VP ideal for fabricating topologically de�ned architected structures and

materials. Vat photopolymerization techniques, in particular, are well suited to this

purpose, as they are able to achieve both high resolutions and fabrication speeds.

Over the past decade, the use of VP has led to the development of numerous materials

and devices with exotic and unprecedented properties, especially for mechanical,

optical, and biomedical applications. We will highlight just a few examples in the

literature, as there has been so much work in the �eld that it would be impossible to

cover it all in this section.

Mechanical Behavior

As alluded to earlier in this chapter, the use of architecture has tremendous bene�ts

for the mechanical properties of a material. As a result, it has been heavily

investigated by the mechanics community � materials that are ultra-strong but

have very low relative densities have been achieved through the fabrication of

topologically de�ned architected materials [45, 46, 107]. There have also been
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numerous examples in the literature of how architecture can be used to imbue

ductility to a material despite being made from an underlying brittle material [16,

108, 109] (Fig. 1.19).

Figure 1.19: Example of a resilient architected material made from an underlying brittle
material. Cyclic deformation of a hollow alumina structure with bicontinuous geometries
shows strains up to 0.3. Bulk alumina typically fails at strains of� 0.0002. No visible
permanent deformation or microcracks can be seen after 10 cycles. All micrographs
correspond to the �rst cycle except for H, which corresponds to the end of the 10th cycle
[108].

Architecture has also been demonstrated to be able to dictate the fracture behavior

of a material or structure [110]. For example, Brodnik et al. fabricated "fracture

diodes", which used triangular voids in a structure to create

directionally-dependent toughness behaviors [111]. Materials and structures with

unusual mechanical responses, including twisting on compression [112, 113],

negative Poisson's ratio [114], and bistability [115] have also been achieved

through precise tailoring of topology. Recently, composite materials with

interpenetrating architected phases have also been explored, and have led to

materials with exceptional mechanical properties [116, 117].

Optical Properties

The ability to fabricate materials with periodic de�ned features, that are on the order

of the wavelength of light, has also allowed for the precise control and manipulation
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