PNAS

@ PERSPECTIVE

Check for
updates

Growing three-dimensional objects with light

Gabriel Lipkowitz*'(®), Max A. Saccone®<!

Jason M. Kronenfeld®

, Matthew A. Panzer®
,John R. Tumbleston?, Eric S. G. Shagfeh®®

, lan A. Coates®(), Kaiwen Hsiao®<, Daniel llyn?,
, and Joseph M. DeSimone®<2

Edited by Frank Bates, University of Minnesota Twin Cities, Minneapolis, Minnesota; received August 8, 2023; accepted March 7, 2024

Vat photopolymerization (VP) additive manufacturing
enables fabrication of complex 3D objects by using light
to selectively cure a liquid resin. Developed in the 1980s,
this technique initially had few practical applications
due to limitations in print speed and final part material
properties. In the four decades since the inception of VP,
the field has matured substantially due to simultaneous
advances in light delivery, interface design, and materials
chemistry. Today, VP materials are used in a variety
of practical applications and are produced at industrial
scale. In this perspective, we trace the developments
that enabled this printing revolution by focusing on the
enabling themes of light, interfaces, and materials. We
focus on these fundamentals as they relate to continuous
liquid interface production (CLIP), but provide context for
the broader VP field. We identify the fundamental physics
of the printing process and the key breakthroughs that
have enabled faster and higher-resolution printing, as
well as production of better materials. We show examples
of how insitu print process monitoring methods such
as optical coherence tomography can drastically improve
our understanding of the print process. Finally, we high-
light areas of recent development such as multimaterial
printing and inorganic material printing that represent
the next frontiers in VP methods.

3D printing | additive manufacturing | computational fabrication

Additive manufacturing (AM), also known as 3D printing,
is a family of processes that enable rapid fabrication
of complex computer-aided design (CAD) models. Three-
dimensional models, created by CAD or topology optimiza-
tion algorithms, are “sliced” into layers, and then deposited
sequentially or “additively.” Compared to subtractive meth-
ods, which remove material from a solid to shape a part,
and formative methods, which use molds to define part
shape, AM is well suited to rapid prototyping and the
fabrication of complex geometries. This perspective focuses
onvat photopolymerization (VP) techniques, which use light-
initiated polymerization to selectively polymerize or “cure”
a monomeric/oligomeric photoresin (1). VP methods have
emerged as an indispensable part of the AM ecosystem
due to their ability to form polymeric parts with high
resolution and good surface finish, at high speed using
relatively inexpensive instrumentation that has allowed
more users to take advantage of digital fabrication. Despite
their promise, VP methods still have opportunities for
improvement in speed, resolution, and attainable material
properties. Through the lens of light, materials, and inter-
faces, this perspective highlights the key developments in
the VP field and identifies areas where further research,
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development, and understanding are needed. We focus on
these fundamentals in continuous liquid interface produc-
tion (CLIP), while providing context for the rest of the VP
field.

VP in Context. Many different strategies enable additive part
fabrication; some of the most common are material extru-
sion, binder jetting, powder bed fusion, and VP. Material ex-
trusion shapes a part by extruding material from a motion-
controlled nozzle. A key criterion of extrusion methodolo-
gies is that the printed material must be able to pass
through the nozzle during printing, but also must remain
stable and self-supporting once extruded. For example,
fused deposition modeling deposits heated thermoplastic
filaments, and direct ink writing (2) deposits shear-thinning
and thixotropic inks which flow due to the high shear
stress during extrusion through a nozzle, but recover their
structural integrity quickly and do not flow after the inks
are extruded. Binder jetting techniques use a liquid binder
to selectively bind precursor powders together, followed
by thermal treatment to fuse the powder precursors and
remove the binder (3). Powder bed fusion techniques melt
or sinter precursor powders to define part shape (4).

VP approaches display distinct advantages and limita-
tions when compared to other AM techniques. Compared
with other printing methods, the reduced anisotropy and
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exceptional resolution of VP, with resolution specifications
in typical commercially available systems on the order of
tens of microns, opens the opportunity to design products
with a wide range of geometries. These include the design
of architected metamaterials (5), elastic microstructures (6),
and Voronoi foams (7), with applications including energy-
absorbing or energy-returning structures (8), soft robotics
(9), and biomedical devices (10).

In order for the field to continue to innovate and foster
the translation of VP materials into useful applications, it is
critically important to return to the fundamentals of light,
materials, and curing interfaces. For each of these three
sections, we will provide a brief overview of the mechanisms
that govern a key aspect of the VP process, and show
how these fundamentals have been leveraged to create
breakthroughs.

Advances in Photopatterning

VP techniques use light to shape polymeric parts through
selective curing of a polymer resin. In the following sec-
tions, we discuss how volumetric pixel or “voxel” patterning
approaches affect speed and scalability, and the develop-
ment of light delivery techniques that have enabled modern
printing processes. Finally, we will discuss the basics of
photoresin chemistry for VP printing and a framework for
controlling light propagation in photoresins.

Geometric Considerations. VP strategies are notable for their
wide variety of possible printer configurations. Scanning
stereolithography techniques (colloquially “SLA printing,”
deriving from the term “stereolithography”) create a voxel
by focusing an ultraviolet (UV) laser to a spot which is raster
scanned to cure a single layer of resin, shown schematically
in Fig. 1A. Photoinitiation can also be carried out with absorp-
tion of two or more (usually infrared) photons in a process
known as two-photon lithography (TPL) or multiphoton
lithography (MPL), which functionally operates similarly to
scanning stereolithography, but with much smaller voxel
sizes that can be focused throughout the photoresin Fig.
1B. TPL/MPL enables fabrication of structures with feature
sizes below the diffraction limit of light (11), and has been
demonstrated for features as small as 65 nm (12), and as
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small as 9 nm when combined with a second inhibition
laser (13). Because only a single voxel is exposed at a
time, scanning stereolithography techniques can have laser
spots with high intensity, but also require large translational
speeds to achieve high throughput.

In contrast, projection stereolithography techniques (col-
loquially digital light processing or “DLP") cure an entire layer
of resin at once by projecting a two-dimensional image into
the photoresin vat, shown schematically in Fig. 1C. This is
achieved by using either a digital micromirror device (DMD)
or a liquid crystal display (LCD) as a dynamic mask for a
UV source. Projection stereolithography systems expose
many voxels simultaneously; for example, a typical DMD
has 2,560 x 1,600 pixels, allowing a DMD-based projector to
simultaneously address over 4 million voxels. Compared to
SLA techniques, projection techniques tend to expose each
voxel with a lower intensity, but for a longer duration. CLIP is
a variation of DLP printing that uses oxygen to inhibit poly-
merization at the interface between the photoresin and the
oxygen-permeable window, forming a dead zone that facili-
tates resin reflow in the vat and rapid printing (15) (Fig. 1D).
Other variations of DLP printing include the use of dual-
wavelength printing, in which one wavelength initiates poly-
merization and a second wavelength inhibits polymeriza-
tion, which, due to the ability to tune inhibition volumes, can
also effect single-exposure topographical patterning (16).

Finally, volumetric additive manufacturing (VAM) tech-
niques create a three-dimensional light intensity distribu-
tion to cure parts within a volume of liquid photoresin.
For example, computed axial lithography (14) and tomo-
graphic AM (17) achieve tomographic reconstruction by
superimposing images projected from different angles into
a rotating vat of photocurable resin, allowing entire parts to
be cured within seconds (Fig. 1E). The effect of simultaneous
curingin VAM is achieved due to a nonlinear curing response
to light dose resulting from the existence of a gelation
threshold for the resin.

In 2020, a dual-wavelength VAM technique known as
xolography was reported, in which a light sheet at one
wavelength activates a dual color photoinitiator from a
dormant state to a latent state, and an orthogonal projected
image of light at a second wavelength activates the latent
photoinitiator to initiate polymerization (18). Xolography,

Fig. 1. Schematic of AM methods. Schematics
of common VP techniques including (A) scanning
stereolithography, (B) two photon lithography,
(C) digital light projection, (D) continuous lig-
uid interface production, and (E) volumetric AM,
specifically computed axial lithography, adapted
with permission from ref. 14. Support structures
may be needed for some techniques but are
omitted for clarity.
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therefore, prints objects in a layer-by-layer fashion, but the
layers are defined by the light sheet rather than physical
interfaces. Volumetric stereolithography techniques can
fabricate entire objects in seconds, enabling the use of
viscous resins due to the lack of mass transport limitations,
and enable overprinting or encapsulation of existing objects.

In the next section, we trace the development of light
delivery techniques that have enabled faster and more
precise VP printing.

Light Delivery Techniques. The first 3D printing techniques
used a raster scanned point source (optical fiber or cathode
ray tube) or masked projection to form three-dimensional
objects. These techniques were notably slow and were
limited by the conceptualization of masks as physical objects
that had to be changed for every new cross-sectional design.

In 1981, Hideo Kodama filed the first patent for a VP
technology (19), which used masked projection to introduce
a 2D image to a vat of resin (Fig. 2A). The masks utilized
in this system consisted of “black ink on transparent films”
that were each individually hand-drawn or composed using
a computer-controlled x-y plotter. Soon thereafter, Charles
Hull introduced the term “stereolithography” in a 1984
patent, deemed “the application of lithographic techniques
to production on three-dimensional objects” (20) shown
schematically in Fig. 2B. Similarly, in Hull's conception, masks
were static physical objects. Hull noted that “whenever that
cross-sectional shape is to be changed, a new mask for that
particular cross-sectional shape must be substituted and
properly aligned.”

Subsequent breakthroughs in light delivery replaced
physical masks with displays that dynamically masked a light
source, obviating the need for a series of physical masks to
form a three-dimensionally complex part. In 1997, Bertsch
et al. used an LCD to mask light from a visible laser to project
2D patterns of light, coined “microstereophotolithography”
(21). In 2005, Sun et al. built on the idea of dynamic
masks by substituting a DMD for the LCD to control 2D
light patterning, enabling higher contrast, faster switching
speeds, and smaller pixel sizes in a technique they called
“projection microstereolithography” (PuSL) (22). Today, both
LCDs and DMDs are commonly used as dynamic masks in
projection-based VP.

O

Fig. 2. Schematics from Kodama’'s and Hull's pioneering works. (A)
Schematic from Kodama’s 1981 work depicting bottom-up projection of 2D
image into resin vat. Adapted with permission from ref. 19. Copyright 1981
American Institute of Physics. (B) Schematic from Hull's 1984 patent, in which
photopatterning is controlled by a masked and collimated UV light source.
Adapted from ref. 20.
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Next, we show how chemistry developed in the early
20th century was adapted into photoresin chemistry for 3D
printing through key advances in process understanding.

Photoresin Chemistry. VP 3D printing processes rely on liquid
photoresins that polymerize and solidify when exposed
to light. How and why that polymerization takes place
has direct implications for print speed, precision, and the
mechanical properties of printed parts.

While many photcurable resin chemistries exist
(discussed further in the Photopolymer Advances section)
most VP techniques make use of photoinitiated radical
polymerization to shape parts by solidifying resin only where
light exposure occurs (Fig. 3). Radical polymerization is
inhibited by the formation of stable peroxy radicals in the
presence of oxygen, quenching initiation and radical propa-
gation (23). Such oxygen inhibition s critical to VP techniques
such as CLIP (15) and likely plays a role in other SLA and DLP
techniques that make use of oxygen-permeable interfaces
such as polydimethyl siloxane (PDMS) or Teflon. During
photoinitiation, the absorption of an appropriately energetic
incident photon by a photoinitiator generates radicals,
which then lead to radical polymerization. Photoinitiation
chemistry dates back to 1937, when Norrish and Bamford
reported the photodecomposition of aldehydes and ke-
tones (24); photoinitiation processes are commonly referred
to as Norrish Type | if an initiator undergoes homolytic
bond cleavage to form radicals, or Norrish Type Il if a
sensitizer and coinitiator work together to form a radical
species.

Today, the majority of common photoinitiators are small
molecules such as acyl phosphine oxides, which absorb
well in the near-UV (370 to 400 nm) (25). A wider range
of photoinitiators exist that absorb at wavelengths from
the mid-UV to near-IR (245 to 850 nm) (26), but com-
mercial systems mainly use near-UV to deep blue (365
to 405 nm) light sources due to their compatibility with
Type | initiators which are typically restricted to wave-
lengths <420 nm (27) but yield rapid curing (<10 s per
layer) at reasonable light intensities (<10 mW/cm?2), which
is important for commercial systems. In contrast, visible
photoinitiators tend to rely on use of a photoredox catalyst,
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Fig. 3. Scheme of photoinitiated radical chain-growth polymerization. 1)
A photoinitiator (Pl) is homolytically cleaved to form radicals. 2) Initiation
of polymerization by a radical. 3) Propagation of a radical across a double
bond leading to polymerization. 4) Termination due to combination of two
propagating chains.
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which usually results in slow curing (>60 s per layer)
and requires higher intensities (>20 mW/cm?2) due to a
multistep reaction mechanism; in 2020, Ahn et al. reported
rapid photopolymerization with visible photoinitiators (27),
pointing to these systems as a promising possibility for the
future of the field. Other novel initiators include polymeric
photoinitiators with high molecular weight and low diffusiv-
ity (28), which can reduce postcure migration of unreacted
initiators.

Acrylate-based reactive monomer systems are common
in projection stereolithography platforms and are well
studied (29). These systems generally gel via radical poly-
merization, which can exhibit complexity in propagation,
chain transfer, and termination mechanisms. Intramolec-
ular radical transfer via a secondary propagating radical
is the primary mechanism desired for 3D printing, but
tertiary mid-chain radicals may also form with further
intramolecular migration, hydrogen shifts, branching, and
p-scission possible (30). Photoinitiation and polymerization
kinetics have a direct impact on cured part properties. For
example, photoinitiation rate (related to both photoinitiator
concentration and incident light intensity) can modulate the
kinetic chain length (31), the number of monomer units
consumed per initiator radical. Variations in chain length
and crosslink density in turn can tune properties such as
glass transition temperature (32) and modulus of the cured
polymer (33).

Controlling Light Propagation in Resins. To achieve high-
resolution prints, it is critical to spatially localize polymer-
ization. Unmitigated light propagation in resin media can
lead to “overcure,” the undesired curing of resin beyond the
intended curing area. The ability for a resin to attenuate
light can be characterized with the Jacobs working curve
(34), which assumes Beer-Lambert absorbance of the resin,
expressed as E = Eoe(_Z/DP), where Ej is the UV dose at
z =0 (at the polymerization interface), z is the height above
polymerization interface, and Dp is “penetration depth,”
the characteristic length scale for exponential decay of
UV dose in resin. This analysis also assumes that after
absorbing a certain dose of UV light, known as the critical
cure dose E¢, a liquid photoresin will gel due to the resulting
polymer no longer being soluble in the monomer resin.
When exposing a liquid resin to a beam of light, this is
expressed as E(z = Cy) = Ec. Together, this gives the working
curve equation Cy = DpIn(Eqg/ Ec). Experimentally, plotting
measured film thickness Cy vs. the natural logarithm of
the exposure dose Ey allows one to easily find Dp and
Ec as the slope and intercept of the resulting plot. Since
Jacobs' introduction of the working curve concept, the basic
assumptions have largely remained the same, but some
variations regarding the implementation and nomenclature
have arisen for situations with suspended particles that
scatter light (35), or for considering a volumetric dose (36).
The working curve characterization approach has been
used to model and correct for overcure due to repeated
light exposures during printing, enabling fine-tuning print-
ing parameters (36-38). This framework also intuitively
shows how resin modification can improve resolution. For
example, the penetration depth of resins can be reduced

4 of 10 https://doi.org/10.1073/pnas.2303648121

by adding UV absorbing agents (39, 40) or by mechani-
cally blocking UV light from penetrating into the printed
object (41).

Accelerating Printing through Advances in
Interfaces

3D printing processes must be fast in order to be adopted in
real-world manufacturing. A summary of the throughput of
state-of-the-art methods is shown in Table 1, contextualized
with their respective resolutions. The time required for pho-
topatterning discussed in the previous section is only one of
many factors that contribute to the overall speed of VP pro-
cesses. Fig. 4 summarizes these for CLIP: a) light exposure
duration, b) platform velocity, c) layer thickness, and d)
delay time between layers. Similar factors fundamentally
determine the speed of various VP techniques, but the exact
kinematics vary by printing process as explained below.

Managing Part-Window Adhesion in SLA and DLP. In traditional
SLA and DLP printing, objects adhere to the window during
curing and must be forcibly detached. Separation forces
exertsignificant stresses on each layer of the growing object,
which have been studied in detail via computational mod-
eling (50), online force monitoring (51, 52), and through the
use of deep learning predictions (53). If separation forces are
greater than the work of adhesion between the part's initial
layer and the build platform, or any surface users employ to
overprint on existing objects (54), adhesive failure between
the growing part and the platform occurs. Separation forces
can also cause delamination of subsequent layers and newly
cured layers, i.e., cohesive failure. In either case, significant
time and material is wasted. Even if parts remain attached
to the platform, such suction forces can cause significant
print defects, e.g., observable layering and stair-stepping
(55). These forces scale with the size of the part and the
printing speed, limiting both.

Traditional SLA and DLP printers utilize a lift-and-retract
mechanism whereby the object is forcibly detached every
layer. Various approaches have been attempted to alleviate
separation forces to accelerate printing, including sliding
mechanisms, vibration-assisted methods (56), with induced
resin reflow via programmed tilt (57), with variable ten-
sioning film systems (58), and hydraulically assisted active
separation methods (59). Regardless of the mechanism,
the need to address separation forces slows down printing
significantly.

Table 1. Resolution-throughput in VP methods

Printing Linear Voxel

method speed” throughput™  Resolution® Reference
CLIP 17 mm/min 150 mm3/s 4.5um (15, 42)
HARP 7 mm/min 280 mm3/s 100 pm (43)
TPP 1,000 mm/s 8.7mm?3/h 175nm (44, 45)
Holographic n/a 108 mm3/h 100 um (46)
VAM n/a 800mm?3/s 300pm (47)
Xolographic 10 mm/min 55mm3/s 50 um (18)
PpSL 6mm/min  215mm3/min 0.6 um (22, 48)

*Best-case metrics are reported for all methods for the provided references.
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Fig. 4. Factors that affect CLIP speed specifically include chemical kinetics,
fluid dynamics, and supporting machine movement. (A) Initially, the build
platform is stationary and uncured resin is quiescent. (B) The stage moves
a layer thickness Ah. (C) After moving the prescribed layer height, the stage
stops, and the resin settles. (D) Once the resin is again quiescent, UV exposure
cures a new layer of resin. (£) Coordinated stage movement and UV exposure
as a function of time. Adapted from ref. 50.

Reducing Adhesion Forces with CLIP. Applying the well-known
role of oxygen as a free radial photopolymerization inhibitor
(60) to VP, in 2015 Tumbleston et al. reported CLIP printing,
using an oxygen-rich “dead zone” to prevent resin from
curing onto the window (Fig. 5). By obviating the lift-and-
retract mechanism of SLA and DLP, this accelerated printing
by up to orders of magnitude, depending on part geometry
(15). Moreover, the lack of a need to forcibly separate
the object from the window allowed for layerless objects
with unprecedentedly smooth surface finish and isotropic
mechanical properties (61). CLIP's dead zone required the
build window to be highly oxygen permeable. Windows
for SLA and DLP such as PDMS are oxygen-permeable to
facilitate part-window detachment and can be enhanced
with air-diffusion-channels (62, 63) and other surface modi-
fications (64). However, PDMS can cloud due to solvent
absorption over time, and has lower oxygen permeability
than Teflon AF, which was initially used for CLIP. Teflon has
an oxygen permeability of 1,000 barrers, resulting in dead
zone thickness ranging from 20 pm to 100 pm that could be
enhanced with concentrated oxygen (15), enabling printing
at speeds of meters per hour.

Nonetheless, limitations on process speed remained,
largely due to mass transport limitations on resin flow
through the thin dead zone, and the introduction of Stefan
adhesion forces that scale dramatically with part size. From
lubrication theory, for a cylindrical part of radius R:

_ —3zR%uU
F. Stefan ~ 3

where p is dynamic resin viscosity, U is print speed, h is dead
zone thickness, and R is part radius. This force can cause
part delamination or cohesive failure. If drawn too fast, the
build window can flex or “drum” (65-67). Large negative
pressures in the dead zone can also cause resin degassing
or cavitation, leading to part deformation. These forces limit
print sizes, necessitate cumbersome supporting scaffolds as
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in traditional VP techniques, and impose a printing “speed
limit.”

Various strategies have been developed to further
accelerate CLIP. To prevent window drumming, rigid
composite build windows have been investigated, combin-
ing arigid supporting substrate with a semipermeable mem-
brane. More advanced mechatronic control mechanisms
have been developed as well. CLIP-based printers, while
initially introduced with a fully continuous stage motion
mechanism, may also operate under stepped motions,
interspersing UV exposure with incremental upward stage
movements or pumped motions to facilitate resin reflow.
Recently, we have shown that microfluidic injection into the
dead zone can alleviate deleterious suction forces (42).

Addressing Thermal Limitations. In addition to interface
forces, another limitation on print speed is the exothermicity
of the photopolymerization reaction. If uncontrolled, this
can cause runaway polymerization and damage window
hardware. In 2019, Walker et al. reported a “high area rapid
printing” (HARP) technique, which made use of a fluorinated
oil liquid interface for printing, enabling heat dissipation
during rapid prints (43). Fig. 6 shows how this strategy
can reduce the accumulated heat during several printing
conditions.

Visualizing Printing in Real-Time with OCT. In situ observation
of the printing process can elucidate the role of the printing
interface in improving print speed, and also identify print
interface limitations. Optical coherence tomography (OCT)
is a broad-band interferometric microscopy technique that
is capable of noninvasive in situ imaging of the print process
with micron-scale resolution with subsecond frame rates
(68, 69). While the use of OCT is well established in many
biological fields (70-74), its use as a metrology tool in
AM is relatively new. Here, we demonstrate how OCT can
provide a means to directly visualize and measure the range
of phenomena that occur during the vat polymerization

Photoinitiator (Pl) Monomer (M) Crosslinked polymer

\ Oxygen-permeable window

02
11UV light 1 1 2

Fig. 5. Photoinduced free radical polymerization with acrylate monomers
and oxygen inhibition. Interaction of UV light with a photoinitiator generates
radicals that initiate free radical photopolymerization to define the shape
of a 3D printed part. In acrylate-based resins, dissolved oxygen in the resin
must be consumed before gelation can occur. In CLIP (pictured) additional
oxygen is delivered to a thin region near the window known as the dead zone,
preventing resin from curing on the window.
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Fig. 6. Thermal control with a mobile interface. Infrared camera images of
prints (A) without a mobile interface and (B) with a mobile interface show a
reduction in accumulated heat during printing when incorporating a mobile
interface that can convectively remove heat. Figure adapted with permission
from ref. 43.

process including cure front development, window interface
dynamics, and flow fields.

Fig. 7A shows schematically the use of an OCT micro-
scope for real-time, noninvasive imaging of print dynamics.
OCT enables direct observation of phenomena such as
an oxygen-inhibition zone, observable as a darker region
between the bottom of the part and the window in Fig. 78,
and window-drumming. OCT images can enable measure-
ment of the complex flow field in the build zone, revealing
the shape of the flow field inside the dead zone and the
presence of stagnation points at the center line (Fig. 7B),
which qualitatively agree with our analytical modeling of
flow in the dead zone (Fig. 7C) (42).

OCT can also be used to better understand printing inter-
faces and accelerate the evolution of VP technologies. Fig. 8
provides an example using OCT imaging to capture some
of the differing and complex phenomena that can occur
with immiscible liquid-based windows, which are at the
opposite extreme of window compliance compared to the
rigid window case shown in Fig. 7B. Fig. 8 shows a snapshot
during the printin “pumped"” (reciprocating mode) ofa2 mm
diameter cylinder in a liquid resin (the region seeded with
particles) floating on top of a Krytox GPL101 immiscible
liquid layer (the darker region without particles). This is
similar to HARP interfaces (43), but with no transverse flow
imposed on the Fluorinertin this example. The OCT imaging
(Fig. 8A) reveals that when the Fluorinert immiscible liquid is
not degassed prior to use, a dead zone is present and visible
between the end of the curing part and the immiscible
liquid due to the large solubility of oxygen in fluorinated

Part motion

Curedresin [} | |

Resin

polymerization ————.
front
O Ta——

— T r—

Oxygen-permeable window

Optical
coherence
tomography
scanner

UV light

engine Projected UV image
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liquids (75). When the Fluorinert is degassed prior to use
(Fig. 8B) that dead zone is significantly reduced, consistent
with the behavior of the deoxygenated dead zone (15).
Full videos of both processes under the aforementioned
varying conditions are provided in S/ Appendix. Such insights
provided by OCT imaging can be critical in understanding
and optimizing resin reflow into the build zone at these
resin-immiscible liquid interfaces.

Additionally, OCT imaging can be useful for capturing
dynamics at resin interfaces and diagnosing problems such
as deflection and relaxation. For example, in both cases
of Fig. 8 A/B, taken after a 1 mm part was printed, the
interface shows a net deflection downward past the point
of its initial flat equilibrium position at the beginning of
the print. This deflection is attributed to suboptimal print
parameters which allow insufficient time after the return
stroke of the pumped motion for the resin to relax to the
intended slice thickness, exacerbated by the low restoring
force provided by the liquid-liquid interface.

Proposing Novel VP Interfaces. To avoid these interfacial
separation forces entirely, top-down VP methods do not
require a window (76). However, these set-ups require a
tank larger than the to-be-printed part and can still require
significant support structures (77). VAM avoids separation
forces entirely, allowing it to process highly viscous resins
(14). However, without a build platform, challenges arise
in ensuring cured polymer remains in the desired location
without sinking, though printing in zero-gravity environ-
ments promises to alleviate this potential issue (78).

Toward Better VP Materials

From the outset, VP has relied on the use of photoinitiated
curing reactions, typically making use of acrylate monomers.
For example, in 1981, Kodama used a commercial resin
known as “Tevista,” which contained an acrylic ester cross-
linker (19). Acrylates have enabled VP techniques over the
past 40 y, but these materials tend to be brittle due to
defects associated with the chain-growth polymerization
mechanism and also have poor solvent resistance (79).
The following sections describe advances in resin design
that have enabled higher-functionality VP materials such as
impact- and solvent-resistant plastics, flexible elastomers,
polymer-derived organic materials, and multimaterials.
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liquid has been degassed.

Photopolymer Advances. Extensive work has gone into de-
veloping photopolymer systems from prototyping resins to
usage in structural applications with modest load-bearing
components. Acrylate-based resins that undergo radical
photopolymerization are commonly used due to their fast
cure kinetics (30). These resins typically contain a mixture
of multifunctional monomers (crosslinkers) and monofunc-
tional monomers (reactive diluents). Increasing monomer
functionality tends to increase network crosslink density,
leading to stiff but brittle materials (80).

Challenges associated with acrylate systems include the
fact that multifunctional monomers demonstrate gelation
and autoacceleration early in the chain growth phase due
to mobility hindrance of termination reactions, which are
bimolecular in polymeric radical species (31). This leads
to high kinetic chain lengths at early stages of polymer-
ization, resulting in highly heterogeneous polymer net-
works. As the network gels, mobility of growing radical
chains is restricted (81), typically leading to incomplete
conversion of monomers and radicals. Finally, volumetric
shrinkage occurs due to reduction in free volume during
polymerization (82).

Approaches to improve material properties of acry-
late networks include adding cycloaliphatic and aromatic
acrylates to reduce the negative volume of reaction (83).
Inclusion of less reactive methacrylate functional groups
instead of acrylate functional groups has been favored due
to the reduced toxicity of methacrylates (80). Variations in
side chain length, functionality, and tacticity can influence
glass transition temperature of the cured polymer system
(84). Additionally, use of modified acrylates that exhibit
hydrogen bonding such as urethane acrylates has been
shown to improve curing kinetics and resulting mechanical
properties relative to acrylates that do not experience
hydrogen bonding (85). Finally, the addition of chain transfer
agents can introduce step-growth behavior, leading to more
uniform polymerized networks (80). In commercial systems,
a combination of these strategies is needed to tune and
optimize the properties of acrylate-based 3D printing resins.

Thiol-ene/yne photocuring chemistry has also been a
long-standing alternative to acrylate radical polymerization
(86). Thiol-based curing chemistry follows step-growth cur-
ing kinetics, enabling more uniform crosslink densities and
higher double bond conversion relative to acrylate radical
polymerization (87). However, poor shelf stability resulting
from oxidative disulfide bond formation and an unpleasant
odor have prevented widespread implementation of thiol-
based resins; recent development of additives and systems
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based on secondary rather than primary thiols have shown
promise for improving shelf life and reducing odor (88).

Photocurable epoxies (or oxetanes) can also be used in
photopatterning applications with cationic photoinitiators
or photoacid generators that initiate ring-opening poly-
merization (80). Like in acrylate systems, high crosslink
densities in epoxies are correlated with high stiffness and
low toughness. To reduce the brittleness of epoxy networks,
strategies such as inclusion of hyperbranched polyesters
(89) have been employed.

Within a variety of polymer systems, the inclusion of
fillers such as metal oxides, silicate glasses, and inorganic-
organic hybrids has also been used as a strategy to improve
printed material properties such as modulus and impact
strength, particularly in filled resins for dental applications
(90). The inclusion of inorganic particles within the polymer
matrix can yield improved properties via several mecha-
nisms, including adhesion between particles and polymers,
chain confinement effects, and shifting of brittle-ductile
transition temperatures (80).

Beyond Polymers: Inorganic Materials and Composites. While
VP was initially designed to fabricate polymeric structures,
novel synthetic techniques have enabled printing of a
variety of inorganic materials and composites (91, 92).
These approaches still define the shape of a 3D printed
part via selective curing of a photopolymer; inorganic
precursors are included in the resin or introduced after
printing. This approach has led to wide variety of new
VP materials such as ceramics (93), glasses (94), carbon
materials (95, 96), and metals (97, 98), shown in Fig. 9.
Typically, precursors are incorporated as a suspension
(97), as a homogeneous inorganic-organic mixture (99),
dissolved in an aqueous resin (100), or infused into a gel

Fig. 9. Inorganic VP materials. (A) Glass fabricated with volumetric AM.
Adapted with permission from ref. 102. (B) Pyrolytic carbon fabricated
via projection-based VP. Adapted with permission from ref. 97. (C) Silicon
oxycarbide ceramic fabricated via projection stereolithography. Adapted with
permission from ref. 103. (D) Copper metal fabricated via hydrogel infusion
of gels produced using projection stereolithography (98, 103).
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after printing (98). These techniques broaden the scope
of VP AM, enabling a wider range of functional materials
to be fabricated with high-resolution and throughput and
convenient processing conditions.

Doing More with Photopolymers: Dual-Cure Resins. In order
to access a broader range of materials using photocurable
systems, recent research has focused on the development
of “dual cure” resins that incorporate two or more orthogo-
nal polymerization chemistries. Typically, a first component
composed of a photocurable resin is polymerized via a
photoinitiated chain-growth process during 3D printing.
The resulting gel structure is referred to as the “green
state,” and contains a secondary uncured resin compo-
nent. Typically, this second component is thermally cured
after completion of 3D printing (and also after solvent
washing or mechanical cleaning to remove excess resin).
The resulting interpenetrating polymer network can have
improved material properties, chemical resistance, and
printability compared to typical photocurable resins.

A common and commercially relevant example is the
acrylate/epoxy dual cure resin system (104, 105). Pho-
toinitiated radical polymerization of acrylate monomers
is used to define part shape in a fast, oxygen-inhibited
process, and subsequent step-growth polymerization of
epoxides with nucleophilic diamines gives rise to enhanced
material properties. For example, Carbon EPX 81 resin
cure chemistry is shown in S/ Appendix, Fig. S1. Other
common dual-cure chemistries with first-stage UV-curable
acrylate monomers include Michael-type additions, such as
thiol-Michael or aza-Michael additions, which take advan-
tage of the activated double bond in an acrylate group to
add thiols or amines, respectively (106). Other common
second-stage monomer systems include polyurethanes,
polyurea/urethanes, cyanate esters, and silicones. Other
types of postprocessing, such as reactive extraction, have
also been used to create stretchable, elastomeric materials
such as reinforced styrene-butadiene elastomers (107). In
real-world product applications, such elastomeric materials
can be used for highly deformable and reconfigurable
designs (108, 109).

Multimaterials. 3D printing with multiple materials has nu-
merous potential applications in areas such as functionally
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graded materials (112). This approach is established for
extrusion (113) and direct ink write (114) approaches, which
have achieved high precision multimaterial structures,
albeit at relatively slow print speeds and with significant
anisotropy. However, multimaterial VP has seen less rapid
progress. This is largely due to the significant challenges
associated with controlling fluid flows of multiple materials
during VP. Nonetheless, several innovative approaches are
summarized in Fig. 10.

Hardware-focused approaches to multimaterial VP
typically employ vat-switching methods using, e.g., rotating
carousels (115-117) or air jetting of multiple solution
puddles (118), with researchers showing centrifugation can
dramatically improve the resolution of these methods (110).
Other materials-centric methods include formulating resins
with varying monomer-cross linker ratios (119), orienting
magnetic fillers anisotropically with external magnetic fields
(120), using dual-cure resins cured partially by UV during
printing and partially thermally afterward (121), or with
multiwavelength UV projections (122). Others have sought
to more tightly control the fluid dynamics at play within
the vat during printing to achieve spatial gradients, such
as with dynamic fluidic control (123) or by injecting resin
spatioselectively into the vat through channels designed
within the part itself (42). It remains a grand challenge to
develop a high-throughput, high-resolution multimaterial
VP printing platform.

Conclusion

In four decades, VP has been transformed from a novelty
to a prototyping technique, to a rapidly industrializing
process. Greater understanding of how light can grow
materials at interfaces has led to marked advances in
speed, resolution, and material properties of 3D-printed
resins. The most impactful developments in this field have
changed the way we think about these key factors; from the
reimagining of photomasks as dynamic rather than static,
the reinvention of interfaces that improve mass transport,
and material synthesis schemes that enable fabrication
of materials ranging from tough plastics to elastomers to
metals. In the next decade, this field will push further into
the mainstream of research and manufacturing, driven by
key breakthroughs that continue to speed up VP while
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maintaining high resolution, expand the palette of materials
compatible with VP, and demonstrate mastery of free-form
multimaterial printing.

Materials and Methods

OCT Imaging. OCT images were taken through transparent windows at the
bottom of VP printers. The OCT system was placed approximately 15 degrees
off-axis from the axis of UV illumination to prevent obscuring the UV light.
The photopolymer resin is optically transparent at OCT operating wavelength
of 930 nm; the resin contains 300 nm diameter TiO particles which serve
as contrast agents to help visualize the flow field and enable particle image
velocimetry (PIV) analysis. Resin curing can be visualized with OCT due to
increased backscattering of cured resin, which creates contrast between the
cured part and the liquid resin. The cure front appears slightly lighter compared
to uncured resin.

Rigid window OCT measurements. OCT images were taken through a trans-
parent, oxygen-permeable, rigid window placed at the bottom of a vat
polymerization printer. OCT image frames were taken through the vertical
midplane of a2 mmwide by 25 mm deep part during printing under continuous
draw with a velocity of 40 mm per hour. Parts were printed using Carbon PR3

XGresin(Ec =10.9 mJ/cmz, Dp =108 pm) with a UV intensity of 2.0 mW/cm?.
During printing, an atmosphere of 100% O, atatmospheric pressure was present
beneath the window. The flow field was extracted using Matlab's PIV Lab (124).

J. Panetta et al., Elastic textures for additive fabrication. ACM Trans. Graphics 34, 1-12 (2015).

PN~ wWN =

1530-1540(2022).

Liquid window OCT measurements. Similar OCT images were taken while
printing above a liquid window of GLP101 Fluorinert (density: 1.9 g/mL;
viscosity: 32 cP) which had been equilibrated with an air atmosphere at room
temperature. The liquid thickness was 5.0 mm, and the liquid was static during
printing. Parts were printed with Carbon PR Clear urethane acrylate resin (Ec = 23
mJfem?, Dp = 1,500 pm; viscosity: 1,650 cP) ata UV intensity of approximately
4 mW/em?. In pumped mode, the pump height was 2.5 mm. The estimated
dead zone thickness based on OCT observations was 30 to 40 pm.
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inthearticleand/orsupporting information. Previously published datawere used
for this work. Previously published data is used to create Table 1, with citations
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