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Abstract

The introduction of chemical and/or optical nonlinearity to 3D-printing has paved the way

towards volumetric 3D-printing, enabling remarkable advancements in speed, resolution, and the
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fabrication of previously inaccessible materials. Given the growing interest of the scientific
community, we present a critical review that aims to provide a comprehensive discussion of the
potential of volumetric 3D-printing. First, the theoretical framework of photopolymerization is
summarized. Subsequent sections highlight the progression of light-based 3D-printing from
traditional to emerging volumetric 3D-printing techniques, encompassing both single- and multi-
photon polymerization. Special attention is given to the rapidly advancing subfield of volumetric
bioprinting which holds great promise for the fabrication of complex multi-material tissue
constructs. Finally, critical considerations and limitations of volumetric 3D-printing as well as
prospective solutions and opportunities for future research are discussed to allow readers to

appreciate and participate in the exciting and rapidly advancing field of volumetric 3D-printing.
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2PA Two-photon absorption
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Acg, Excited activator

Ang, Singlet excited-state annihilator
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BN Butyl nitrite

Cabs Absorption cross section

CAL Computed axial lithography

CLIP Continuous liquid interface production
Ceca Scattering cross section

cw Continuous wave

DIW Direct ink writing

DLP Digital light processing

DMD Digital micromirror device

ETU Energy transfer up-conversion

FITC Fluorescein isothiocyanate

Gel-MA Methacrylamide-functionalized gelatin
Gel-NB Norbornene-functionalized gelatin
hMSCs Human mesenchymal stem cells
HOMO Highest occupied molecular orbital
HUVECs Human umbilical vein endothelial cells
I Intensity

l; Incident irradiance

ISC Intersystem crossing

I Transmitted irradiance

/ Propagation path length

LUMO Lowest unoccupied molecular orbital
MA Methacrylamide

MC Merocyanine

M, Molar mass in between crosslinks
MEMS Micro-electromechanical systems

MM Molar mass

N Number density of particles

NA Numerical aperture

NB Norbornene

NIR Near infrared

o-CI-HABI Bis[2-(ochlorophenyl)-4,5-diphenylimidazole]
PCL Poly(e-caprolactone)

PDC Polymer derived ceramics

PEGDA Poly(ethylene glycol) di-acrylate

PI Photo-initiator

PIPS Polymerization-induced phase separation
PVA Poly(vinyl alcohol)

Qy Quantum yield

r Distance separating the exchanging participants
RAFT Reversible-addition fragmentation chain-transfer
So Singlet ground state

Seng; Excited sensitizer

Sens; Sensitized singlet state

Senq, Sensitized triplet state

SF Silk Fibroin
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SLA Stereolithography

SLM Spatial light modulator

Sn Singlet excited state

SP Spiropyran

SS Silk sericin

STED Stimulated emission depletion
SWW Self-writing waveguides

T, Triplet ground state

TED Tetraethylthiuram disulfide
TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy
Ty Triplet excited state

TPO-L Ethyl phenyl(2,4,6-trimethylbenzoyl)phosphinate
TTA Triplet-triplet annihilation

uc Upconversion

UCNPs Up-conversion nanoparticles
uv Ultra-violet

VBP Volumetric bioprinting

VP Volumetric 3D-printing

Olext Extinction coefficient

€ Molar absorption coefficient
A Wavelength

1. Introduction

Light-based 3D-printing leverages the synergism between versatile polymer chemistry and the
precise manipulation of light. This unique combination provides spatiotemporal control over the
polymerization process, and combined with its ability to induce a liquid-to-solid transition, laid

the foundation for the field of (light-based) 3D-printing in 1984 [1-3].
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This remarkable combination has transformed the way functional 3D objects are fabricated
enabling impactful applications in tissue engineering, dentistry, microfluidics, bioprinting, soft
robotics, metamaterials and photonics [4—-11]. Recent advances in the field of light-based 3D-
printing and polymer chemistry have resulted in the emergence of 4D-printing (i.e., 3D objects
that are stimuli responsive), post-printing functionalization of 3D-printed objects via Reversible
Addition Fragmentation Chain-Transfer (RAFT) polymerization, and the introduction of
grayscale 3D-printing [12—-16]. Moreover, the emergence of red-shifted photoinitiating systems

has paved the way towards 3D-printing of objects in a biologically benign manner [17-19].

Despite the significant advances made, the fabrication of soft objects with intricate geometries at
high speeds and without layering artefacts remains a challenge. Novel innovations have
addressed this challenge by the introduction of chemical and/or optical nonlinearity to the
photopolymerization process, which, when combined with ingenious hardware, enables freeform
or volumetric 3D-printing (VP). While the definition of VP is not always unambiguous, it is
important to note that in this review, VP is considered as a process that enables freeform
conversion of precursor material at an arbitrary position within a volume of material, without
requiring secondary operations that relocate precursor material (i.e., absence of relative motion
within the material). Building on this definition, VP can be further classified based on the
dimensionality of the unit operation. Specifically, volume-at-once printing is a VP process that
has the capability to randomly access and polymerize the resin within the entire volume of an

object simultaneously.

Several approaches to VP exist to date, employing single- or multi-photon polymerization and
leveraging optical and/or chemical nonlinearity to fabricate 3D objects. Current prominent

techniques in the realm of VP include computed axial lithography or tomographic VP, 2-photon
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polymerization (2PP) and light sheet printing techniques such as xolography. These techniques
have revolutionized the field by enabling remarkable advancements in speed, resolution, and the
ability to 3D-print previously impossible materials such as solid photoresists. Additionally, VP
shows great promise as a tool in the field of bioprinting due to its short residence times, lack of

shear forces, and low photoinitiator content.

Given the recent upsurge and increasing interest in the scientific community for VP, a critical
review from a mechanistic point of view is crucial to understand the potential of this rapidly
evolving field. In this review, we provide a comprehensive examination of the VP techniques

available to date, including their mechanisms and applications.

To begin, the theoretical framework for photopolymerization is presented, which serves as the
foundation for subsequent discussions. The succeeding section chronicles the application of
single-photon polymerization to enable VP and discusses a rapidly evolving tomographic VP
technique also known as computed axial lithography (CAL). Subsequently, prospective VP
techniques are highlighted that leverage simultaneous and sequential multiphoton polymerization
strategies with optical nonlinearity and novel optical parallelization approaches. Moving
forward, the considerations and limitations of VP are examined from a polymer chemistry
standpoint, accompanied by prospective solutions. Finally, non-traditional approaches to VP are
reviewed, followed by future perspectives for the field. Through this comprehensive review, our
goal is to provide a thorough understanding of the current and future directions in the exciting

and fast-paced progressing field of VP.

2. Photopolymerization in light-based 3D-printing
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Traditional approaches in light-based 3D-printing, including stereolithography (SLA) and digital
light processing (DLP), leverage (single-photon) photopolymerization in its most basic form,
meaning that they do not require supplementary photochemical processes such as
(photo)inhibition to locally induce the liquid-to-solid transition to fabricate the 3D object. The
aforementioned photopolymerization process refers to a polymerization or crosslinking reaction
initiated by photoexcitation, which involves two distinct events: the formation of initiating
species and the subsequent polymerization. The purpose of this section is to introduce the
fundamental process of photopolymerization in traditional light-based 3D-printing which lays the
foundation for subsequent sections. However, readers seeking a detailed discussion of

photopolymerization are referred to other sources [13,20-22].

A wide variety of photoinitiators that can be activated by light spanning the deep UV to the
visible light region of the electromagnetic spectrum are currently available [17,18,20,23]. When
a photon is absorbed, an electron is excited from the singlet ground state to an excited singlet
state, with the energy required for this excitation determined by the gap between the Highest
Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO).
The spin multiplicity can subsequently change to a triplet excited state (i.e., intersystem crossing
(ISC)), and the formation of the initiating species almost unambiguously occurs from the triplet
excited state duc to its longer lifetime [24,25]. Depending on the type of photoinitiator, the
formation of initiating species from the triplet excited state can involve different processes, such
as electron transfer, energy transfer, and proton transfer. It should be noted that several processes
can compete with radical formation including internal conversion, fluorescence and

phosphorescence. Additionally, the excited triplet state can transfer its energy through triplet-



Journal Pre-proof

triplet energy transfer or triplet-triplet annihilation. Of particular importance is the ability of

molecular oxygen to quench the excited triplet state.

After the initiating species is formed, it triggers polymerization, which comprises three stages:
initiation, propagation and termination. During initiation, the initiating species reacts with a
monomer to create a propagating species. As the molar mass of the propagating species increases
during propagation, it carries the reactive center until polymerization is terminated. Propagation
can occur according to three mechanisms: chain-growth (e.g., acrylate polymerization), step-
growth (e.g., thiol-ene polymerization) or living (e.g., atom transfer radical polymerization,
ATRP, or reversible addition-fragmentation chain transfer polymerization, RAFT). The reactive
center responsible for the propagation reaction can be either ionic (anionic or cationic) or radical
in nature, and this affects the ability of the photoinitiator to polymerize specific monomers or
oligomers. Moreover, the termination reactions involved in ionic- or radical-mediated
polymerization differ. Ionic polymerization terminates when a positive and negative charge
combine, yielding a neutral molecule that cannot continue propagation. Radical polymerization
terminates when radicals combine during recombination, or when an unsaturated bond is formed
upon hydrogen transfer during disproportionation. Also here, however, various processes can
take place that can terminate the polymerization prematurely of which the most important
process is the formation of peroxyl radicals upon reaction with molecular oxygen. Peroxyl
radicals are relatively stable and therefore stop the propagation of, among others, (meth)acrylates
[26]. Finally, it is important to note the influence of the environment, such as the solvent, on
radical recombination (i.e., cage effect), reactivity and stability, as well as chain transfer

reactions to the solvent [27].
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The previously described light-initiated polymerization or crosslinking process triggers a liquid-
to-solid transition, which is exploited to construct the 3D object. Through the deliberate spatial
control of the incident light, accomplished using a series of discrete points (as in SLA) or 2D
arrays (as in DLP), the solidification of the liquid resin is precisely modulated in space and time,

resulting in the desired 3D shape.
3. Volumetric 3D-printing based on single-photon polymerization

The preceding paragraph described the fundamental application of photopolymerization to
fabricate 3D objects and, in traditional stereolithographic 3D-printing techniques (i.e., SLA and
DLP), the liquid-to-solid transition occurs at the surface of the vat, where it is assumed to receive
the highest incident light dose (Figure 1). This results from the fact that the conversion or the
extent of single-photon polymerization is directly proportional to the administered light dose,
when dose reciprocity is assumed and competing processes such as inhibition are not considered.
Consequently, the 3D object needs to be constructed by the gradual accumulation of subsequent
outermost layers, with each layer being photopolymerized followed by a resin replenishment
step. The resulting layer-by-layer process taking place at the surface of the vat inherently
precludes the possibility of VP, reduces printing speed, introduces layering artifacts in the

printed objects, and imposes shear stresses during the resin replenishment step.
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Figure 1. (A) Jablonski scheme illustrating the energy levels and transitions involved in
photopolymerization to create the 3D object in a layer-by-layer manner. (B) Schematic depiction
of how optical/chemical nonlinearity is able to shift the photopolymerization from the surface of

the resin to an arbitrary point within the resin volume and enable volumetric 3D-printing.

3.1 The evolution of single-photon polymerization

The first landmark to move single-photon photopolymerization process away from the surface of
the vat was introduced by DeSimone and colleagues through the introduction of a
polymerization-inhibited zone. Their approach involved the inhibition of acrylate
photopolymerization by allowing molecular oxygen to consistently diffuse into the resin. This
zone, which extends several hundreds of micrometers into the resin, remains in a liquid state
during the printing process, which enables uncured resin to flow freely beneath the part,
eliminating the need for a separate replenishment step. This process is called Continuous Liquid

Interface Production (CLIP) [28]. Noteworthy developments in this field include injection CLIP
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to overcome speed limitations imposed by passive resin flow, the use of a fluorinated oil to
reduce the adhesive forces between the interface and the printed object, and the introduction of
photoinhibition via a second wavelength [29-31]. However, while CLIP has eliminated the need
for a separate replenishment step, the photopolymerization step remains fixed in its location

relative to the resin vat.

Interference lithography is a notable early VP technology that exploits light wavefront
modulation or multiple intersecting light beams to create 3D interference patterns which are
transferred to a photoresist. While interference lithography is effective for the rapid production
of 3D photonic crystals and lattices, the method cannot fabricate arbitrary structures. The 3D
light distribution from interfering beams is periodic, hence, the geometry to be printed must be
periodic [32,33].The following paradigm-shifting milestone towards VP of aperiodic objects
through single-photon polymerization was established by Shusteff and colleagues, who utilized
holographically shaped light beams to deliver a 3D light dose distribution to create structures as
a 3D unit operation (i.e., volunmie-at-once VP) [34]. While this approach represents a remarkable
departure from 1D or 2D unit operations of traditional 3D-printing, the superposition of a small
number of beams limited the versatility of geometries that could be achieved. To address this
limitation, Taylor and colleagues introduced tomographic projections as an alternative for the
superposition of multiple beams to deliver a 3D distribution of light. This approach, referred to
as computed axial lithography or tomographic VP, provided the ability to create fully arbitrary

geometries with a 3D unit operation [35,36].
3.2 Tomographic volumetric 3D-printing

As previously mentioned, tomographic VP leverages tomographic projections to deliver a 3D

light-dose distribution into a rotating container of photopolymerizable material. Hence, the 3D
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object is obtained volume-at-once by the superposition of 2D projections that propagate through
the transparent resin from numerous directions, in accordance with the principles of reverse

computed tomography (Figure 2).

The 3D dose distribution that is administered to the resin induces the liquid-to-solid or solid-
soluble to solid-insoluble transition through single-photon polymerization of the resin. Given the
fact that the 2D projections propagate the entire resin volume and that only ‘in-part’ voxels can
be photopolymerized while ‘out-of-part’ voxels should remain non-crosslinked, it is crucial that
a certain degree of conversion can be obtained without gelation taking place — a conversion
threshold is required. In this context, it has been reported that inhibition-mediated non-linearity
can be employed to improve the dose contrast between ‘in-part’ and ‘out-of-part’ voxels. To
briefly restate, the local inhibitor concentration must be depleted such that polymerization
initiation and propagation (without inhibitor termination) are more probable than radical
quenching in order for polymer network growth to proceed. Therefore, the polymer degree of
conversion is a nonlinear function of the absorbed light dose which is discussed in more detail in

section 5.1 (vide infra).

Volume-at-once VP holds significant advantages as it can fabricate 3D parts that have complex
geometries, are isotropic and have low surface roughness. Moreover, it is significantly faster than
layer-by-layer printing, which builds an object through the sequential addition of 1D or 2D
subunits. For instance, printing a 1 cm? object using a continuous layer-by-layer process with a
layer thickness of 100 um and an irradiation time of 5 s for each layer would take 8.3 minutes.
Conversely, if a hypothetical scenario with identical resin composition and exposure conditions
is considered, the volume-at-once VP would only require 5 seconds, equivalent to the time

required to add a single subunit. Moreover, the ability of tomographic VP to print into high-
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viscosity fluids or even solids eliminates the need for support structures, enables the printing of
extremely low-modulus materials, and allows the printing of challenging geometries, including
overhanging and disconnected features. Finally, the elimination of layering reduces the surface
roughness and anisotropy of the printed part. Finally, tomographic VP has the potential to print

around pre-existing 3D structures.[34,36,37]

% rotation elnge

Figure 2. (A) Schematic depiction of tomographic light superposition in tomographic VP. (B)
DLP projector-based tomographic VP apparatus. (C) Time lapse of print completed in 51 s. (D)
Photographs Thinker models. (E-I) Photographs of polymer objects printed with tomographic
VP illustrating support-free printing capability. [36], Copyright 2019. Adapted with permission
from American Association for the Advancement of Science. (J) Laser-based tomographic VP

apparatus. (K, M) Photographs of polymer Notre Dame and Benchy. (L, N) Micro computed
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tomography scans of K and M. [37], Copyright 2020. Adapted with permission from Springer

Nature.

As mentioned earlier, acrylate photopolymerization is commonly used in tomographic VP owing
to its inhibition by molecular oxygen that introduces chemical nonlinearity to the resin.
However, the resulting materials are often glassy and brittle, and their tunability is limited. To
address this, thiol-ene photopolymerization has been applied. By manipulating the monomer
combination, the modulus and elongation at break of these more uniform molecular networks
could be varied over a wide range, while acrylate photopolymerized counterparts showed no
such tunability [38]. However, thiols used in thiol-ene chemistry can form thiyl radicals upon
reacting with peroxyl radicals that result from inhibition by molecular oxygen, allowing thiol-ene
chemistry to proceed in the presence of oxygen. Thus, to achieve the required chemical non-
linear dose response, alternative approaches are necessary. An effective approach that has been
demonstrated involves the incorporation of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO),
which acts as a radical scavenger, into the resin. The inhibitory effect of TEMPO results from the
stability of the resulting nitroxide radical that does not participate in further reactions. Section
5.1 discussed the related topic inhibition-mediated nonlinearity in more detail (vide infra).
Finally, the tunability of thiol-ene photopolymerized materials has been exploited to create
temperature-responsive shape memory polymers with variable glass transition temperature

ranging from -53 to 55°C [39].

In recent years, there has been a growing interest in the development of multi-material objects
with complex 3D geometries using tomographic VP. Multi-material VP can be accomplished in

two ways: single-resin versus multi-resin. Single-resin multi-material tomographic VP is
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significantly more complex from a resin development perspective as it requires orthogonal
photopolymerization to selectively control the solidification of both materials. Furthermore,
ensuring compatibility between the involved monomers is crucial, as a homogeneous mixture is
essential for achieving the desired multi-material object. Single-resin multi-material tomographic
VP was initially demonstrated by employing two photoinitiators sensitive to distinct
wavelengths. Visible light was utilized to selectively initiate the free-radical polymerization of
acrylates, while UV light was employed to initiate both the free-radical polymerization of
acrylates and the cationic photopolymerization of epoxides, leading to the formation of
interpenetrated networks (Figure 3A) [40]. This approach enabled precise variation of the
material properties throughout the object, making it suitable for applications where varied
material properties in a single 3D object are required. Multi-resin tomographic VP, on the other
hand, involves the use of multiple resins, which are alternately or simultaneously exposed to
create the final multi-material object. To date, multi-resin tomographic VP has been
accomplished via three subtly distinct approaches (Figure 3B-3D). Firstly, the object can be
printed with additional support pillars that enable the non-crosslinked resin to be exchanged with
a second resin, followed by a subsequent photopolymerization step. Secondly, the vial can be
filled with two different and separated resins, enabling the simultaneous printing of both
materials albeit with a clear division between both in the 3D object. Lastly, a pre-printed
construct can be immersed in a second resin, followed by a subsequent photopolymerization
step.[41] Multi-resin tomographic VP has been exploited for the fabrication of auxetic meshes
consisting of Rhodamine- and FITC-labeled gelatin [41]. However, although both resins were
alternately modified, the base material was the same in both cases and consisted of a

combination of norbornene- and thiol-functionalized gelatin. Another noteworthy study in this
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area used tomographic VP to print multi-material 3D constructs with dynamically tunable
perfusion by using a sacrificial template [42]. Both single-resin and multi-resin tomographic VP
have advantages and disadvantages, and the choice of approach depends on the specific

application and requirements of the final object.

Recently, the capabilities of tomographic VP have been extended beyond the production of
polymeric parts through the demonstration of 3D parts made out of glass [43]. This was achieved
by combining a technique known as nanocomposite consolidation with tomographic VP, which
allowed the creation of 3D parts of silica-based glasses with features as small as 50 um (Figure
3E). To achieve this, inorganic silica nanoparticles were introduced into an acrylate-based resin.
A noteworthy aspect is that positive feature sizes of 20 um were obtained by introducing
TEMPO into the acrylate-based resin in the absence of silica nanoparticles. Finally, an
alternative approach to produce inorganic 3D parts is through a technique called polymer-derived
ceramics (PDC) through which isotropic, fully dense and crack-free silicon oxycarbide 3D

objects were manufactured (Figure 3F) [44].

Single-resin multi-material VP

Fuly dense
sfica pan

Brown pan
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Figure 3. (A) Single-resin multi-material VP. Radical and cationic polymerization are
orthogonally triggered to create a 3D brain model with varied stiffness. [40], Copyright 2022.
Adapted with permission from Springer Nature. (B-D) Distinct multi-resin multi-material VP
strategies. [41], Copyright 2023. Adapted with permission from John Wiley & Sons Inc. (E)
Inorganic VP based on nanocomposite consolidation. [43], Copyright 2022. Adapted with
permission from American Association for the Advancement of Science (F) Inorganic VP based
on polymer-derived ceramic technique. [44], Copyright 2022. Adapted with permission from

John Wiley & Sons Inc.

Tomographic VP has also made significant strides in the field of tissue engineering through
printing of biodegradable polyesters, achieving positive feature sizes of 100 um [45]. The resin
was based on a thiol-ene photopolymerizable poly(e-caprolactone) precursor and the printed
parts were biocompatible and tunable (Figure 4A). It should be noted that also here, it was shown
that the mechanical performance of the thiol-ene photopolymerized materials was significantly
improved compared to their acrylate photopolymerized counterparts. Of particular importance is
the excellent suitability of tomographic VP for volumetric bioprinting (VBP) due to its short
residence times, low photoinitiator concentrations, and absence of shear forces. Tomographic VP
was exploited to print liver organoids using methacrylamide-functionalized gelatin (i.e. Gel-MA)
(Figure 4C). The bioprinted organoids induced hepatocytic differentiation and albumin secretion,
showed liver-specific enzyme activity, and native-like polarization [46]. Iodixanol, a commonly
used contrast agent for X-ray imaging, was used to match the refractive index of the resin to that
of the organoids. Moreover, tomographic VP was applied to bioprint trabecular bone models
with embedded angiogenic sprouts and meniscal grafts, with the latter showing maturation in

vitro as chondroprogenitor cells synthesized the neo-fibrocartilage matrix [47]. Cell viabilities
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exceeding 85% have been reported for Gel-MA-based structures. Another example illustrated the
applicability of tomographic VP for bone tissue engineering using a Gel-MA-based resin. High
cell viabilities (>90%), and the presence of early osteocyte markers were illustrated in 3D co-
cultures of human mesenchymal stem cells (hMSCs) with human umbilical vein endothelial cells
(HUVECs) [48]. Moreover, norbornene-functionalized gelatin (Gel-NB) has been processed via
tomographic VP in combination with a thiol crosslinker resulting in the rapid formation of 3D
parts (< 10 s) with cell viabilities close to 100% (Figure 4D) [49]. It was shown that the stiffness
of the 3D hydrogel parts could be effectively controlled over a range of 10—40 kPa by altering
the thiol-ene ratio, thiolated crosslinker, polymer content, and degree of substitution. The
stiffness of hydrogels is a key factor, which influences the morphology of mesenchymal stem
cells (MSCs) and their differentiation [50]. Furthermore, the realm of VBP hydrogels was further
extended towards silk-based bioinks [51]. VBP of silk sericin (SS) and silk fibroin (SF) have
been reported (Figure 4B). It was illustrated that the former can reversibly shrink and expand,

while the latter exhibits tunable stiffhess ranging from a few hundred Pa to hundreds of MPa
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Figure 4. (A) Biomaterial VP of thiol-ene crosslinkable poly(e-caprolactone) [45], Copyright
2023. Adapted with permission from John Wiley & Sons Inc (B-D) Volumetric bioprinting of:
(B) Tyrosine crosslinkable silk [51], Copyright 2023. Adapted with permission from Springer
Nature. (C) Methacrylate crosslinkable gelatin [46], Copyright 2019. Adapted with permission
from John Wiley & Sons Inc. (D) Thiol-ene crosslinkable gelatin [49], Copyright 2021. Adapted

with permission from John Wiley & Sons Inc.

Thiol-norbornene photopolymerization was further exploited to enable fast and efficient VBP of
functional ultrasoft hydrogel constructs based on poly(vinyl alcohol) (PVA) [52]. A thermo-

sensitive sacrificial gelatin allowed for the creation of stable, stress-relaxing hydrogel constructs
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with low polymer concentration that support rapid cell spreading, osteogenic differentiation of
stem cells and matrix mineralization. Remarkably, non-reacted norbornene moieties were
exploited to immobilize molecules of interest throughout volumetrically printed parts during a
subsequent post-polymerization modification (Figure 5A). Tomographic photopatterning is a
unique feature of tomographic VP that can be exploited to spatially graft bioactive molecules
throughout a previously printed (transparent) material. This approach was later extended to
pattern Gel-NB with a fluorescent dye (Figure 5B) [53].. A final application of tomographic VP
within the realm of biomedical applications involves the fabrication of three-dimensional printed

tablets that are loaded with paracetamol for drug delivery [54].

Recent advancements in the field of VBP have been aimed at expanding the range of materials
and the fabrication of multiscale features within a single print to better mimic the complexity of
intricate biological structures. To achieve this, the combination of various 3D-printing modalities
has been exploited. For example, multiscale organotypic perfusable models with vasculature-like
features ranging from 2 to 400 pm were created by post-processing tomographic VP prints
through two-photon ablation (Figure 5SD) [55]. Another interesting study in this regard illustrated
the combination of tomographic VP with melt electrowriting for the creation of multi-material
and multi-cellular structures. Noteworthy, melt electrowritten structures were able to provide
mechanical support to soft volumetrically printed hydrogels (Figure 5C) [56]. Finally, the
combination of extrusion bioprinting and VP has been demonstrated by patterning cells into a
microgel-based resin that could be subsequently processed via VP to create multicellular 3D

constructs (Figure 5E) [57].
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Figure 5. (A-B) Thiol-ene mediated photopatterning of fluorescent moieties in preformed: (A)
poly(vinyl alcohol) [52], Copyright 2023. Adapted with permission from John Wiley & Sons Inc.
(B) Gelatin 3D constructs [53], Copyright 2023. Adapted with permission from John Wiley &
Sons Inc. (C-E) Hybrid VP strategies with: (C) melt-electrowriting [56], Copyright 2023.
Adapted with permission from John Wiley & Sons Inc. (D) Two-photon ablation [55], Copyright
2023. Adapted with permission from John Wiley & Sons Inc. (E) Extrusion-based bioprinting

[57], Copyright 2023. Adapted with permission from John Wiley & Sons Inc.

In summary, tomographic VP is a promising technology that allows 3D-printing of a wide range
of materials, including polymers, ceramics, and cell-laden hydrogels. Tomographic VP is

revolutionizing the field of tissue engineering and bioprinting due to its short residence time, low
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photoinitiator concentration, and absence of shear forces. As a result, 3D tissue models can be
produced with close to 100% viability, outperforming other available bioprinting techniques.
Finally, for a more comprehensive exploration of the materials employed in tomographic VP, we
refer the reader to a recent review that complements our holistic approach to state-of-the-art

volumetric 3D-printing technologies [58].

Several assumptions can be made about the future directions of VBP. Post-printing modification
of multi-material and -scale 3D parts is likely to pave the way for constructs that increasingly
mimic the intricate complexity of biological tissues, and is expected to be a major driver of
future VBP research. Thiol-ene chemistry is considered highly suitable for this purpose, as it
allows for easy conjugation of bioactive compounds such as growth factors, cell-binding
motives, or antibacterial peptides. Finally, tomographic VP provides unique opportunities in the
context of multi-material printing, which is expected to further stimulate research towards
mechanically reinforced hydrogels or volumetric printing of tissues with varying degrees of

stiffness, such as cartilage.
4. Volumetric 3D-printing techniques based on multi-photon polymerization

Polymerization inhibitors including dissolved oxygen and other persistent radicals induce a
chemical nonlinearity in the photopolymerization process which is the fundamental mechanism
exploited by tomographic VP. This type of nonlinearity is beneficial because it requires
absorption of only a single photon per photoinitiator to operate and can be induced in many
different types of photopolymerization mechanisms. However, because the photoinitiating
species are generated via linear absorption, spatial selectivity is directly related to the degree of
nonlinearity of the polymer conversion vs. absorbed light dose relationship. In this section of the

review, we highlight volumetric printing methods which function primarily by optical
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nonlinearity, whereby the absorption or production of photoinitiating species is a nonlinear
function of the photoexcitation intensity. Given that these methods, in general, require absorption
of multiple photons—in some cases, simultaneously or within very short timescales—the
required photoexcitation intensity as reported in experimental demonstrations will be

emphasized.
4.1 Simultaneous multiphoton polymerization

The emergence of ultrafast pulsed lasers expanded the frontier of 3D-printing by enabling
researchers to demonstrate nanoscale volumetric printing via optical nonlinearity—simultaneous
multiphoton absorption. The number of photons absorbed per unit time in two photon absorption
(2PA\) is a function of the field-dependent third-order susceptibility, or hyperpolarizability, of the
photoinitiator and has a quadratic dependence on the excitation intensity[59]. Many fields of
research including microscopic imaging[60], optogenetics[61], and laser-induced material
removal[62], as well as light-based 3D-printing[63] benefit from the spatial selectivity that this
nonlinearity provides. Two-photon polymerization (2PP) is commonly used to fabricate micro-
optical components[64], scaffolds for cell culture[65,66], as well as optical[67,68] and
mechanical metamaterials[69]. While three-photon (or more) polymerization has also been
demonstrated, print resolution enhancement that might be expected with a higher degree of
nonlinearity is not guaranteed because the wavelength is increased and consequently the
diffraction-limited spot size also increases[70]. As industrial appetite grows for nanoscale 3D-
printing, so does the need for larger overall build size and faster production speed for mass
manufacturing. Along these lines, two thrusts are at the forefront of 2PP research: the
development of advanced optical parallelization techniques and the optimization of

photoinitiators for higher sensitivity photoresists.
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Much effort has been devoted to optical engineering to achieve high scanning speed and/or
massively parallelized fabrication[71]. Galvanometer mirrors, whether random-access[72] or
resonant-scanning[73], rotating polygonal mirrors[74], MEMS mirrors, and acousto-optic
modulators[75] are straightforward tools to enhance volumetric printing rate by rapidly scanning
the laser focus instead of scanning the substrate with motorized stages. Generating multiple laser
foci with static optical elements including micro-lens arrays[76,77] and diffractive optical
elements[72,78] can greatly improve the fabrication speed of periodic structures, e.g.,
mechanical metamaterials[69] and lattices for cell culturing[79,80], by enabling construction of
unit cells in parallel. Furthermore, dynamic spatial light modulators which modulate wavefront
phase or impart an amplitude mask have enabled even more advanced configurations. By
controlling the phase, multiple laser foci (>1000 in some cases) can be guided independently to
create aperiodic structures[81,82] or 3D holograms can be formed to print in volume-at-once
mode (Figure 6A-D)[83,84]. Continuous layer-by-layer nano-printing with many similarities to
macroscale DLP and CLIP counterparts has recently been achieved using digital micromirror
devices (DMDs) combined with spatiotemporal focusing to improve axial resolution[85,86]

(Figure 6E—H).
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Figure 6. Parallelized 2PP (A) Holographic 2PP enables versatile volumetric nanoprinting in
layer-scanning or volume-at-once modes. (B) Fresnel microlens array in holographic layer-
scanning mode. [87], Copyright 2020. Adapted with permission from MDPI. (C) Great Wall
model in holographic layer-scanning mode. [84], Copyright 2019. Adapted with permission from
John Wiley & Sons Inc. (D) 3D microcage array printed in holographic layer-scanning mode.
[88], Copyright 2019. Adapted with permission from John Wiley & Sons Inc. (E) Spatial and
temporally focused projection 2PP enables DLP-like volumetric nanoprinting. (F, G) Lattice and
micropillar array printed with spatial and temporally focused 2PP. [85], Copyright 20109.
Adapted with permission from American Association for Advancement of Science. (H)
Metamaterial lattice printed with spatial and temporally focused 2PP. Reprinted with permission

from [86], Copyright 2021. Adapted with permission from Springer Nature.

Inevitably, multiple foci and higher scanning speed require higher power because the photon flux
is either divided amongst multiple voxels or delivered for a shorter period of time per voxel.
Given that some methods are already near the boundaries of currently achievable average power,

the potential of these high throughput strategies is inextricably linked to the photoresist
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sensitivity. Alongside the proposal of these strategies, significant research towards optimization
of the photoinitiator has also been underway[59,63,89,90]. Advancements have come primarily
from chromophore engineering to increase the 2PA cross-section and, besides the photoinitiator
molecule, and from a more developed understanding of the complex efficiency dependence on
the environment, e.g., solvent and monomer. A common and successful approach is to maximize
the third order hyperpolarizability of the photoinitiator by increasing charge separation.
Commonly starting from an effective single-photon photoinitiator, this is done by increasing the
n-conjugation thereof through substituting groups with moieties with strong electron donor or
acceptor characteristics[91-93]. Increased branching has also proven to increase 2PA cross-
section[94]. Reduction of radiative decay, i.e., fluorescence, and, consequently, improvement in
the ISC efficiency to the triplet excited state from which the radical is generated, has also been
an effective strategy to optimize the overall sensitivity. Comprehensive analysis of monomer,
solvent, and photoinitiator properties has revealed that the fluorescence quantum yield is not only
affected by the molecular structure but is also dependent on the polarity and viscosity of the
photoinitiator’s local surroundings[94,95]. It is important to weigh the benefits gained by
increasing 2PA cross-section with potential overall sensitivity setbacks that could be associated
with decreased solubility or decreased radical generation efficiency. Alternatively, selection of
the excitation wavelength near-1PA resonance can also greatly enhance the effective 2PA cross-

section[96].

Apart from organic photoinitiators, a newer class of materials, being inorganic metallic
nanoclusters, has been found to exhibit large 2PA cross-sections[97,98]. Due to their small size
(~1-5 nm) and small number of atoms, nanoclusters possess molecule-like electronic structures.

Some 2PA measurements have reported nanoclusters with 10-1000x larger 2PA cross-sections
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than engineered organic photoinitiators[99], though there is some debate regarding the accuracy
of reported values as 2PA cross-section is difficult to measure with conventional two-photon
excited fluorescence methods due to the very low fluorescence quantum yield[100,101].
Nonetheless, recent work has proven the effectiveness of metallic nanoclusters for 2PP printing
sub-um width suspended lines and complex lattices[102]. The nanocluster can also activate a
variety of reactions enabling printing of different classes of monomers. The dispersed metallic
phase can also lead to enhanced mechanical properties of the printed nanocluster-polymer

composite, especially ultimate strength and toughness.
4.2 Sequential or stepwise multi-photon polymerization

To induce 2PA and initiate 2PP, however, high instantaneous light intensity of the femtosecond
laser pulse is required. High intensity generally requires tightly focused light and consequently,
very small addressable volumes. Though it is generally viewed as an advantage, as evidenced by
recent commercial efforts to increase volumetric printing rate by enabling voxel enlargement
during printing, an extremely small voxel size is not always required or desirable[103,104]. High
peak intensity can induce microexplosion of the photoresist leading to release of gasses and
consequently poor print quality. This threshold constitutes an upper limit on volumetric
production speed for a given photoresist-optical system combination[89]. On the instrumentation
side, special optics may be required to maintain short pulse width for customized systems, e.g.,
dispersion compensation for micromirror arrays[81,82], and amplifiers may be required to reach
the polymerization intensity threshold in each voxel in massively parallelized systems[85,86].
While the cost of ultrafast lasers has been steadily decreasing, the price of a fixed wavelength
Ti:sapphire laser, for instance, remains upwards, i.e. $50,000 USD and, with tunable wavelength,

> $100,000 USD. Additional expenses arise from the aforementioned specialized optics.
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The limited print volume, high peak power, high cost, and relative complexity compared to other
light-based 3D-printing techniques can pose a barrier to entry for VP via 2PP. Researchers have
sought new photochemical mechanisms to address these deficiencies. Sequential, or stepwise,
absorption processes have emerged as a capable alternative for 2PA for nanoscale as well as
macroscale printing due their versatility. The key difference between stepwise and simultaneous
absorption processes is the existence of an intermediate stage with a lifetime that is not
dependent on the pulse duration of the incident light but is governed by slower relaxation
mechanisms and often tunable by appropriate synthesis or selection from viable candidates. As
we will describe, this transient intermediate stage can take the form of a single or pair of excited
molecular electronic state(s) or a reversible isomeric transformation. The volumetric printing
technologies reviewed in this section exploit the stepwise nature of the absorption-initiation
mechanism to achieve nonlinear effective light dose response at substantially lower intensities
and employ novel joint multiwavelength illumination schemes to greatly increase volumetric
printing rate. Although research on sequential or stepwise absorption processes for
photopolymerization began in the holographic recording field predating direct laser writing by
2PP, the potential this mechanism has to lower the cost, increase accessibility, and realize
previously impractical applications of volumetric 3D nanoprinting has become ever clearer in

light of the mentioned recent challenges of high throughput 2PP.
4.2.1 Reluctant photoinitiators

a-diketones have a metastable excited triplet state T, that has a lifetime within the order of <100
ps and a red-shifted absorption spectrum from the singlet ground state So. From this transient
state, the molecule can a) be further excited by a photon with wavelength situated in the excited

triplet-state absorption spectrum to a higher triplet state T;—T,—above the bond scission energy
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required for photolysis—from which it can initiate free radical polymerization, b) reversibly
decay back to ground state, or c) abstract a hydrogen from a donor (or even other a-diketones in

the ground state) which is the conventional pathway for Norrish Type Il photoinitiation.

An important implication of the red-shifted triplet absorption spectrum is that
photopolymerization is nominally confined spatially to the volume of the intersection of two
excitation light beams, each with wavelengths situated in the ground and excited triplet-state
absorption spectra. When the peaks of these spectra are orthogonal, i.e., well separated with
minimal overlap, and two photons of different wavelength are absorbed stepwise to initiate
polymerization, the process has been termed two-color two-step absorption[105]. Originating in
the field of holographic recording, a method was_described to “gate” photopolymerization or
recording of a hologram with the a-diketone, biacetyl, used as a photoinitiator[106,107]. Biacetyl
has a singlet ground state Sy absorption peak at ~410 nm and triplet ground state T, absorption in
a wide band ~600-1100 nm. For the hologram, a 752 nm laser was selected, and for optical
gating, a UV lamp was selected. When both wavelengths were incident on the photoresist, both
transitions—Sy—S, and T;—T,—were excited and hologram formation progressed; otherwise
photopolymerization ceased. This logical-AND gating effect meant that, after formation, the
hologram could be read non-destructively, i.e., without the readout wavelength inducing a

photochemical reaction, since only one of the wavelengths is used for readout.

Recently, this approach re-emerged in the field of volumetric 3D laser nanoprinting. Instead of
globally gating photopolymerization, a configuration was introduced in which the gating source
was focused into a light sheet to activate only a slice of photoresist at an instant in time[105]. By
projecting a digital light pattern orthogonally to the light sheet, photopolymerization was

initiated where the two beams intersected (Figure 7E and F) Notably, the wavelengths are
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reversed in this demonstration because the propagation distance to the focal plane of the
projection beam (~500 um) is larger than the photoresist thickness in the holographic
configuration (200 pm). Since the extinction coefficient of T; is about 100x larger than Sy
(er, = 100¢g,), to achieve sufficient intensity at the focal plane, the blue/UV wavelength which
excites Sp—S; was selected for the projection beam. The intensity threshold for light-sheet
printing was determined to be around 10°-10° W m™ for both wavelengths. This is substantially
lower compared to the peak intensity of around 10%°-10% W m™[95] required by 2PP which

enabled the use of low-cost continuous wave (CW) lasers.

The a-diketone, benzil, has also been used for one-color two-step absorption volumetric 3D laser
nanoprinting[108]. Benzil exhibits a special case of two-step absorption in which the red-shifted
T, absorption spectrum partially overlaps with the Sy absorption spectrum[109]. For volumetric
printing, the excitation wavelength was selected to lie within this overlap such that a single light
source—one color—could be used to excite both energy-level transitions. Functionally, this
operating mode is very similar to conventional 2PP—photopolymerization occurs in the volume
where the intensity surpasses a threshold such that the probability of absorbing a second photon
T,—T,is greater than the probability of decay T1—S,. Since both photons inherently occupy the
same volume because they are focused from one source, the photon flux threshold required for
stepwise absorption defines the minimum voxel size. Printing resolution of 100 nm,
outperforming stimulated emission depletion (STED) direct write lithography, and in-plane
voxel width of 110 nm were obtained. Again, nanoscale printing was achieved with sub-mwW

laser power provided by an inexpensive CW semiconductor laser diode.

Clearly, an important advantage due to the relatively long metastable triplet state lifetime is that

neither excitation light source is required to be pulsed, in contrast to 2PP. Each wavelength can
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be supplied by CW lasers or even incoherent sources provided that sufficient photon flux can be
achieved. In holography, the UV gating wavelength was supplied by a high-power Hg lamp.
Given the impact the use of such low-cost light sources has on the system’s expense and
complexity, research on stepwise absorption processes for volumetric 3D laser nano-printing

and, more generally, volumetric light-based printing is likely to grow rapidly.

To date, screening of other potential photoinitiators which exhibit favorable electronic structures
for stepwise absorption has been initiated. Compounds which are modifications of the
demonstrated photoinitiators, biacetyl and benzil, as well as other diketones like the well-known
cyclic diketone, camphorquinone, were investigated[110]. The study revealed that more than half
of the 22 candidate compounds could act as photoinitiators for VP via stepwise absorption with

some having increased radical reactivity which further reduced threshold intensity.

For effective two-step absorption, hydrogen abstraction which can occur from Ty should be
limited. Radical quenchers, often stable nitroxide-free radicals like TEMPO, have been used to
prevent this side reaction from initiating polymerization which would be, effectively, a single-
photon process[105,108]. Alternatively, another approach is to separate entirely the absorption
and initiation processes by carefully selecting an absorber which exhibits the two-step absorption
behavior (without side reactions) but does not induce photopolymerization via primary radical
formation and an acceptor to which the absorber’s energy is transferred via resonant non-

radiative transfer that induces photopolymerization[111].
4.2.2 Photochromic sensitization

While the above-mentioned photochemical reactions have relatively long-lived excited states

compared to 2PA, the photon flux required to induce two-step absorption is within the order of
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10%-10° W m™. This intensity is readily achievable with the combination of a high-NA objective
and a low power CW laser (<1 mW in some cases). Hence, two-step absorption mechanisms are
well suited for geometries with nanoscale critical dimensions. However, large area exposure and
consequently, limited NA and lower intensity settings call for a mechanism exhibiting higher

sensitivity.

In stepwise absorption, the sensitivity of the light-induced reaction is correlated with the lifetime
of the intermediate state. As opposed to an electronic excited state, upon irradiation,
photochromic molecules isomerize into a chemical species with a different absorption spectrum.
The photogenerated isomer may be thermally stable and the reverse reaction is induced by
irradiation in the absorption band of the new species (P-type photochromism) or thermally
unstable and the reverse reaction is inevitable and can be accelerated by heating (T-type
photochromism)[112]. One prevalent T-type photochromic molecule is the spiropyran
photoswitch[113]. The initial spiropyran (SP) compound absorbs primarily in the UV range, and,
upon irradiation, a ring-opening transformation produces the isomer merocyanine (MC) form
with a new red-shifted absorption peak in the visible range. The MC form has a long lifetime that
can lie in the range of 10°-10' s. Similar to the two-color two-step absorption above, a net
nonlinear absorption can occur when the material is irradiated simultaneously by excitation

wavelengths in the UV and visible range. (Figure 7B)

The use of photo-switches for photopolymerization, in the context of holographic recording,
precedes the use of reluctant photoinitiators (vide supra). In 1975, Jeudy and Robillard reported
the synthesis of a bi-photochromic compound which enabled nonlinear recording and
nondestructive reading[114]. It consisted of a spiropyran conjugated to a benzophenone

chromophore. By combining the photo-switch with benzophenone, absorption of a photon in the
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MC form which would normally result in reversal to the SP form, yet instead induced hydrogen
abstraction by the benzophenone. Along with an electron donor, the reaction produced free

radicals and initiated chain-growth polymerization and An = 102,

Later, a similar photochromic photoinitiator was synthesized by combining an indole derivative
with a nitrobenzyl-containing compound[115]. The nitrobenzospiropyran product had high
absorbance <400 nm in the SP form and developed an absorption peak near 580 nm in the MC
form. Similarly, polymerization was initiated by absorption of a photon in the MC form and
subsequent electron transfer by a co-initiator to the excited MC state. Motivated by elimination
of the time-consuming reflow period in top-down SLA, the authors demonstrated that
polymerized spikes could be formed at depths up to 3 mm under the surface of the
photopolymerizable solution only upon simultaneous irradiation at the spatial intersection of
orthogonally-propagating UV (324 nm) and red (632 nm) lasers. However, freeform 3D-printing

was not reported.

Recently, the photochromic sensitization approach was adopted to demonstrate freeform light-
sheet-based VP at the centimeter scale in a process called xolography[116]. Combination of a
spiropyran photo-switch with a benzophenone moiety produced a “dual-color photoinitiator”. In
the VP configuration, a UV light sheet defined the thickness of a slice of the 3D model while an
orthogonally propagating digital light projection defined the in-plane geometry of each slice (i.e.,
the cross-section). The digital light projection refresh frequency was synchronized with the
translation of a container of photoresist such that the object was printed layer-wise within the
volume. A variety of geometries were fabricated from complex multibody discontinuous “ball-
in-cage” structures to anatomical models which required UV penetration depth up to 30 mm

(Figure 7G). Xolography has also been adapted in a continuous flow lithography configuration
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where the photoresist was pumped through a flow cell and the light sheet and orthogonal
projector fabricated objects within the moving photoresist[117]. The napthopyran photoswitch
has also been employed in a similar photochemistry scheme to enable two-color printing[118].
While demonstrations were limited to 2D objects, two-color VP should be possible with the

same light-sheet approach used in xolography.

Contrary to the light-sheet printing approach enabled by two-step absorption with an
intermediate electronic state, because of the long-lived MC form, the intensity threshold to
achieve stepwise absorption with photochromic compounds is relatively low. The
aforementioned examples achieved photopolymerization with UV and visible intensity within the
order of 10"-10> mW cm™ [114-116,119]. However, the lifetime of the MC presents a dilemma
when analyzing the maximum printing rate. Although the process may be continuous, i.e.,
without discrete slice-by-slice stepping of the light sheet, consider a scenario in which the light
sheet forms a slice of activated photoinitiator and the projected pattern contains a void where
polymerization is unwanted. Ideally, the process is time-independent such that, if the next slice
contains a “cap” for the void, any light that propagates beyond said slice does not initiate
polymerization in the void. In reality, there is necessarily a time dependence related to the rate of
back reaction to the SP form. This interlayer parasitic effect is analogous to the so-called cure-
through phenomenon in DLP. Thus, the maximum scanning rate of the light sheet is directly
dependent on the lifetime of the photogenerated MC form. Because the intensity threshold of
stepwise absorption is dependent on the intermediate lifetime, there exists a tradeoff where the
sensitivity of the photoresist must be balanced with the desired light sheet scanning rate, and

equivalently, the volumetric fabrication speed.
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Several investigations reported non-negligible absorbance in the UV range by the MC form or an
increase in absorbance in the UV range from SP to MC form[115,116,119]. Since the UV
channel is utilized to sensitize the material for subsequent patterning, in the context of VP, this is
important to consider because this attenuation directly affects the maximum of at least one of the
model’s dimensions which is further discussed in section 5.2. Additionally, Regehly and
colleagues posit that this absorption could contribute to an initiation channel which competes
with the visible absorption channel. In other words, the UV light sheet could contribute to
consumption of quenchers or polymerization in regions where this is unwanted, e.g., in the

interstices of a sparse lattice.
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Figure 7. Jablonkski diagrams for: (A) reluctant Pl and (B) photoswitch Pl or photochromic
sensitization. (C) Dual-color photoswitch PI used in xolography: a short wavelength photon
induces SP-MC isomerization activating the photoswitch PIl. Absorption of a long wavelength
photon in the MC form in conjunction with an amine electron donor leads to polymerization
initiation. (D) Light-sheet VP is enabled by reluctant and photoswitch Pls. (E) Chiral

metamaterial unit cells printed with biacetyl reluctant Pl and light-sheet microprinting. [105],
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Copyright 2022. Adapted with permission from Springer Nature. (F) Ball-in-cage model printed
with photoswitch Pl (xolography). [116], Copyright 2020. Adapted with permission from

Springer Nature.
4.2.3 Frequency upconversion

Photon upconversion (UC) is a photophysical process which begins with one or more molecules
or ions absorbing at least two low energy photons, proceeds through a series of sequential energy
level transitions and/or energy transfers, and terminates with anti-Stokes emission of one photon
of higher frequency, i.e., higher energy. The long lifetime of metastable excited states (up to
milliseconds) makes the UC process different from simultaneous multiphoton absorption and
substantially more efficient. Most UC systems discovered result in upconversion of photons in
NIR wavelengths to visible or UV wavelengths[120,121]. Operation in the NIR spectrum
provides utility in diverse fields of application including biological imaging and deep neuron
photostimulation by exploiting the “optical transparency window” in tissue and semiconductor
photovoltaics by broadening the usable portion of the spectrum to IR[121,122]. In addition to
operation in NIR, the effective nonlinearity of photoluminescence (as a function of excitation
intensity) is advantageous for deep volumetric UC-assisted photopolymerization where the
emission excites a photoinitiator to initiate local polymerization reaction near the UC

emitter[123].

There are many different UC mechanisms and description and delineation of these is beyond the
scope of the current review. We direct the reader to other reviews for a more extensive
background of the subject[121,124-126]. Here, we focus on two which have been commonly
employed in UC-assisted photopolymerization. First, lanthanide ions (Ln**) have many energy

states and they support the energy transfer up-conversion (ETU) process. In ETU, a sensitizer
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ion, commonly one with a high absorption cross-section, e.g., Yb®", absorbs photons and
transfers energy to an activator ion, e.g., Er** or Tm**. After receiving the energy from two
excited sensitizers (Seng) sequentially, the activator is excited to the emitting energy level

(Acez) and emits anti-Stokes photoluminescence upon relaxation to the ground state (Figure 8A).

Second, triplet-triplet annihilation (TTA) has recently gained popularity for UC-assisted
photopolymerization in part due to its high efficiency at low excitation intensities compared to
other UC mechanisms[127-130]. In TTA, two photons excite two sensitizer molecules, typically
transition metal porphyrin complexes, from ground state to the singlet excited state (Sens;) and
the triplet state (Senty) after ISC. The energy of two excited triplet-state sensitizers is transferred
to two annihilator molecules, typically organic n-conjugated molecules with high fluorescence
quantum vyield, by intermolecular Dexter triplet-triplet energy transfer. Two triplet-state
annihilators collide and undergo TTA resulting in one ground-state annihilator and one singlet
excited-state annihilator (Ans;) which produces an anti-Stokes emission after ISC and relaxation

to the ground state (Figure 8B and C)[131].

The UC photoluminescence intensity is a superlinear function of the excitation intensity where
the number of photons required to emit one upconverted photon determines the scaling order.
ETU requires at least two excited sensitizer ions to transfer energy to the activator; TTA is a
bimolecular reaction between two triplet-state annihilators. In both mechanisms, absorption by
the sensitizer is still a linear process. However, since two excited ions or molecules are required
for UC, the net photoluminescence effect is nonlinear. Emission occurs only where there is a
high population density of excited states such that energy transfer is probable. Non-radiative
energy transfer between the sensitizer and activator ions (ETU) and sensitizer and annihilator

molecules (TTA) can occur through electrostatic and/or electron exchange interactions. The
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probability of these interactions is very sensitive to distance, specifically, electrostatic transfer is
proportional to 7. Electron exchange occurs when wavefunctions overlap and is proportional
to e™" where r is the distance separating the exchanging participants[120,125,132]. Therefore, it
is crucial that the UC materials are in close proximity, i.e., high concentration, to promote

efficient energy transfer.

UC materials are typically deployed in a host matrix or in solution in the form of a nanoparticle
or nanocapsule to ensure that their concentration can be high, without requiring large quantities,
and flexible to allow for controllable energy transfer efficiency[121,127,129]. The properties and
composition of the nanoparticle also have significant influence on the functionality of UC for
photopolymerization. Particularly for TTA, UC efficiency in solution is highly sensitive to the
presence of molecular oxygen. Due to the electronic structure of molecular oxygen, it can quench
the sensitizer triplet state Sent;, and hence, reduce the probability of energy transfer to the
annihilator[122,133]. Depending on its composition, the nanocapsule can provide a barrier to
molecular oxygen ingress by diffusion and guarantee higher UC efficiency[134]. Furthermore, a
durable nanocapsule shell grown from silica precursor can protect its payload from strong
solvents that could be present in photoresists|134]. For both lanthanide-based and TTA UC
nanoparticles, surface functionalization of the nanoparticle or nanocapsule can be engineered to
enhance solubility and dispersion stability in different polar or non-polar photoresists[122]. The
size of the nanoparticle can be designed such that scattering of the excitation light can be

sufficiently minimized, and hence, penetration depth maximized[124,134].

Early demonstrations of UC-assisted photopolymerization utilized the long penetration depth of
NIR excitation to extend polymerization depth and to perform stereolithographic noninvasive in-

vivo bioprinting underneath a layer of translucent skin or muscle[123,135-137]. Recently, the
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nonlinear photoluminescence has been exploited for nanoscale and macroscale VP with both
lanthanide-based and TTA up-conversion nano-particles (UCNPSs) [130,138-141]. Direct write
lithography was performed at intensities in the order of 10° W cm? in Gel-MA with
NaYF4Yb®* Tm* UCNPs and in penta-functional acrylate monomer with the biacetyl and 2,5-
diphenyloxazole = TTA  sensitizer-annihilator ~ pair ~ (not combined in  delivery
nanoparticles)[140,141]. The minimum line width achieved was 1.3 um in Gel-MA and 50 nm in
the acrylate. Other demonstrations have reduced this intensity to the order of 10' W cm™? by
using TTA UC systems with higher UC photoluminescence efficiency, specifically, palladium
metalloporphyrin sensitizers paired with 9,10-diphenylantiiracene annihilator[138,139]. The
minimum line width achieved was in the range of 0.6-1 um in acrylate photoresists (Figure 8D
and E). Similar UC systems were also used for point-scanning volumetric printing at larger
length scales. With NaYF4:Yb®", Tm** UCNPs, UC-assisted volumetric photopolymerization was
merged with standard DLP printing to demonstrate sequential multi-material printing. A
palladium metalloporphyrin _and = 9,10-bis((triisopropylsilyl)ethynyl)anthracene sensitizer-
annihilator TTA pair was encapsulated in a robust silica nanocapsule and facilitated both DLP-
like and volumetric ‘point-scanning photopolymerization (Figure 8F and G). Furthermore,
synthetic modifications of the annihilator enabled tunability of the UC saturation threshold to
optimize the UC system for high-intensity point-scanning modes (~10° W cm™) or low-intensity
parallel excitation modes (~10-10> W cm™)[127]. An advantageous characteristic of UC-
assisted volumetric printing is the ability to control the voxel size without changing optical
components. For instance, simply by increasing the photoinitiator concentration, the penetration
depth of light emitted from UCNPs is decreased, and accordingly, the polymerized voxel size is

decreased, or vice versa[127,142]. Also, by leveraging the UC photoluminescence saturation
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effect, the axial voxel size can be controlled by only changing the excitation intensity[140]. This
effect could facilitate adaptive voxel size nanoscale volumetric printing which has been shown to
be effective in 2PP. It is important to note that all of these demonstrations utilized either low-

power continuous wave lasers or LEDs for photoexcitation.
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Figure 8. Jablonkski diagrams for: (A) energy transfer upconversion and (B) triplet-triplet

annhilation upconversion. (C) Substructures of a common TTA pair: metalloporphyrin and
anthracene. (D) UC-assisted VP: two long wavelength photons are upconverted to one short
wavelength photon which is absorbed by the photoinitiator. (E) Open strut-like structure printed
with point-scanning UC-assisted volumetric nanoprinting. [138], Copyright 2022. Adapted with
permission from American Chemical Society. (F, G) Benchy printed with point-scanning UC-
assisted VP and gear printed with parallel projection UC-assisted VP. [127], Copyright 2022.

Adapted with permission from Springer Nature.

Even though the intensity requirement is already substantially smaller than that of 2PP, UC
quantum vyield, or efficiency, is still rather low, typically 0.1-10% and up to ~20% for the most

efficient TTA UC out of a maximum theoretical efficiency of 50% for two photon
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mechanisms[125,126]. However, there are several strategies to increase quantum efficiency
which could be impactful for future massively parallelized volumetric printing configurations.
Aside from choosing different lanthanides or TTA pairs, indirect methods to improve efficiency
of the mechanism can also be considered. Plasmonic resonance can amplify the electric field and
indirectly enhance the interaction of the excitation light with the UC materials and enhance
energy transfer mechanisms or enhance the emission[143-146]. Methods as simple as
incorporating metallic nanoparticles together with the UC materials into a host material have
resulted in emission enhancements. With adjustment of nanoparticle size and concentration (to
promote proximity to UC materials), enhancements of ~2-5x have been reported[143].
Similarly, metallic nanoparticles may be directly bound to upconverting nanoparticles[146].
More complex multilayer metal-insulator (UC materials)-metal nanostructures designed to
maximize plasmon resonance upon absorption of excitation have achieved ~100-1000x UC
enhancement depending on the excitation intensity[145]. Alternatively, organic dye molecules
anchored to the surface of UCNPs can act like antennae that absorb light and transfer energy
through non-radiative Forster-type energy transfer to the UC sensitizer. This strategy greatly
enhances UC photoluminescent intensity of lanthanide-based UC providing up to thousands of
times higher brightness because lanthanide sensitizers have absorption cross-sections 10°-10"
smaller than organic dyes. Organic dye selection is an additional degree of freedom to control the
absorption spectrum which is normally confined to spectra of the UC sensitizers with the highest

absorption cross-section[121,132].

The most common usage of UC for photopolymerization relies on the photoinitiator absorbing a
photon radiatively emitted by the UCNP. There can be substantial inherent losses in the

emission-reabsorption process depending on the photoluminescence quantum vyield of the UC
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emitter and the quantum yield of the photoinitiator. However, similar to dye-sensitized UCNPs,
if the photoinitiator molecule is in close proximity (<10 nm) to the UC emitter, it has been
demonstrated that energy transfer can also occur through non-radiative modes, like Forster
resonant energy transfer, enhancing the overall efficiency of the UC-assisted photoinitiation

mechanism[147,148].
5. Considerations related to volumetric 3D-printing

The light-based VP technologies highlighted in this review are transformational for processing
materials into 3D objects and they have enabled significant advances in nanoscale fabrication,
high-throughput freeform photopolymerization, and bioprinting. With the exciting possibilities
and promises of VP, however, there are new challenges and considerations that emerge. In the
following section, we have categorized these considerations into logical categories to aid readers
who may not be familiar with the field. However, due to the multifaceted nature of VP, there is
inevitably some overlap between categories. Whereas 2PP is a relatively well-established
technology, it is important to note that we place a stronger emphasis on considerations pertaining
to tomographic VP which has seen rapid adoption and research output in recent years. However,
we anticipate that many of the challenges and considerations discussed here will also become

relevant to sequential multi-photon polymerization VP as it matures.
5.1 Inhibition-mediated nonlinearity

In VP, the resin inherently requires a nonlinear dose response to enable selective
photopolymerization of an arbitrary voxel within the resin volume. In early VP, this nonlinearity
was achieved through optical means using 2PA[149]. However, VP methods such as

tomographic VP cannot rely on the aforementioned optical nonlinearity and require an
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alternative approach to attain the required nonlinear dose response. This was initially achieved
by introducing nonlinearity in a chemical fashion through inhibition of free-radical
polymerization of (meth)acrylates by molecular oxygen[150]. Upon excitation, the initiating
radicals can either initiate propagation or react with dissolved oxygen. Since the rate constant for
the reaction with oxygen is typically three to four orders of magnitude higher than propagation,
oxygen will first be locally consumed. Hence, it is only after oxygen is depleted that the
propagation starts to proceed. This delayed start of propagation is referred to as the inhibition
period and allows the resin solidification to occur after at least one cycling period of
tomographic light projection (Figure 9A)[44,151].

Several important aspects need to be considered such as the initiator-to-inhibitor ratio, diffusion
of initiation and inhibiting species, and light intensity. For robust process control, the resin
should be formulated with [PI] > [O;]. If the initiator-to-inhibitor ratio is close to or below unity,
inhibition times are extended many-fold, or even indefinitely, such that polymerization does not
take place even despite continuous delivery of light energy[34]. Moreover, a feature size
dependence exists because of the rediffusion of O, into illuminated regions. If the feature size is
within the same order of magnitude as the O, diffusion length, O, rediffuses into the exposed
areas, and additional energy is required to cure the respective feature which induces diffusion
blurring of the delivered dose distribution[34,37]. In this context, the diffusion length is of
significant importance, which in turn, strongly depends on the resin’s viscosity. Oxygen was
reported to diffuse over 100 to 200 pm within several seconds when using low-viscosity
poly(ethylene glycol) di-acrylate (PEGDA) resins (u ~ 0.012 Pa.s), while for a resin based on di-
pentaerythritol penta-acrylate with high viscosity (n ~ 10 Pa.s), the diffusion of oxygen was

reported to be less than 2 pm over 20 seconds of printing time. Hence, it was suggested that
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printing of detailed structures in low viscosity resins will require operation at reduced oxygen
concentration[34,37,152]. A computational model that captures the diffusion of oxygen and
feature size dependence of polymerization time that results from said diffusion was
experimentally verified and proved that objects with large feature size range that were previously
impossible to print became possible by accounting for this effect[152].

While an excess of photoinitiator molecules is preferred for robust process control, the feature
size dependence can also be exploited to overcome Abbe’s diffraction limit, making the
achievable resolution determined by the contrast that is maintained between initiation and
inhibition[153]. Indeed, if the laser power is sufficiently low and the initiator-to-inhibitor ratio is
close to unity, the photoexcited reaction ultimately stops due to depletion of locally present
photoinitiator molecules by in-bound diffusion of oxygen from the surroundings, whereas the
refill of initiators is negligible due to their low diffusivity. However, if the laser power is
increased beyond a threshold level, polymerization starts to occur locally at the laser focus and
operating near this writing threshold has been exploited to write nanoscale solid structures
consistently under dynamic inhibition control[151,154]. It should be noted that writing of
nanoscale features by diffusion-assisted inhibition imposes certain limitations on the writing
speed as it requires that the laser scanning speed allows sufficient time for the quencher to
diffuse[154].

Moreover, while the diffusivity of oxygen is governed by the viscosity of the resin, the oxygen
concentration is set by the solubility in the respective resin composition, which strongly depends
on temperature. Thus, the oxygen concentration is determined by the solubility in the resin at the
respective conditions (i.e., temperature). Consequently, the duration of the inhibition period (i.e.,

the time it takes for the propagation to become dominant over the inhibition) cannot readily be
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controlled. Finally, oxygen inhibition in radical initiated thiol-ene reactions is negligible,
requiring an alternative approach to induce the inhibition-mediated nonlinearity to the resin. In
this context, TEMPO, a potent nitroxide-based radical scavenger, was found to be suitable for
creating the nonlinear threshold behavior required for VP[38,43,45]. Interestingly, other
stabilizing agents were screened for possible use as inhibitors, but only TEMPO showed the
needed threshold behavior[38]. Since oxygen is generally present within the resin as dissolved
gas and its concentration is therefore hard to control, it might be favorable to control the
inhibition period—even in photoresist compositions which do exhibit oxygen inhibition—with a
dissolved radical scavenger such as TEMPO[45]. A potential disadvantage of a dissolved radical
scavenger is that it cannot be removed by simply purging the resin with an inert gas, which might
limit reusability of the resin. However, reusability of VP resins is an important aspect of future

research if the environmental advantages of additive manufacturing are to be fully harnessed.

In addition to inhibitors such as TEMPO and molecular oxygen, photo-inhibitors are of
significant interest for VP. Photo-inhibitors differ from other polymerization inhibitors in that the
inhibitory effect must be activated by photoexcitation. Prominent examples of photo-inhibitors
for free-radical polymerization are o-nitroaromatic compounds[155,156], tetraethylthiuram
disulfide (TED)[157-159], bis[2-(ochlorophenyl)-4,5-diphenylimidazole] (o-CI-HABI)[30,160],
and butyl nitrite (BN)[161]. These photo-inhibitors are commonly excited by ultraviolet
illumination and the photoexcitation typically produces photo-inhibitor radicals or nitroso
compounds that will scavenge photoinitiator radicals or propagating chain radicals to produce
inert species. In order to maximize the range of controllable polymerization rates, material
systems are typically designed such that the photoinitiation can be independently triggered from

the photoinhibition. This can be achieved by carefully selecting photoinitiator and photo-
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inhibitor according to their absorption spectra such that one excitation wavelength only
effectively excites one of the species but not the other antagonistic species. In practice, this is
typically done by using a visible light photoinitiator (such as camphorquinone) that has
negligible absorption at near UV wavelengths where a UV-sensitive photo-inhibitor can be
excited almost independently. This preferable spectral arrangement is commonly referred to as
spectral orthogonality. Moreover, the radical generation quantum vyield (QY) of the photo-
inhibitor is important as it describes the chance of generating a photo-inhibitor radical per photon
absorption event. Photo-inhibitors with high QY (such as o-CI-HABI with QY close to 2
[162,163]) are preferable as they can produce the same amount of inhibiting species with less
photon absorption and allow higher light transmission in VP. In addition, efficient photo-
inhibitors require lower excitation light intensity which, in turn, leads to less cross-excitation of
photoinitiating species. Moreover, photo-inhibitors such as TED[158,164] and BN[160,161]
produce radicals with short lifetimes much less than or on the order of seconds, while other
photo-inhibitors such as o-CI-HAB! produce stable radicals lasting from tens of seconds to
minutes[30,162,165]. A short lifetime of inhibiting species allows for dynamic modulation of
local inhibition strength, and favors applications for direct point-spread function refinement in
point-scanning and light-sheet VP modalities. On the other hand, long-lived inhibiting species
tend to accumulate, hence, they are naturally suited for encoding 3D volumetric inhibition
profiles in volume-at-once modalities such as tomographic VP. Finally, introduction of photo-
inhibitors are often accompanied by undesirable side reactions. At concentrations where
photoinhibition is effective, photo-inhibitors such as TED undergo significant chain transfer

reactions with the propagating chains and slow down polymerization without UV
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excitation[30,164]. Formulations with BN showed similar polymerization suppression and this

limits acceptable BN concentrations to be well below 3 wt% in methacrylates.[161]
5.2 Light attenuation

In contrast to layer-by-layer printing methods, VP requires the propagation of illumination
throughout the entire volume of the resin. In order to effectively address regions deep into the
resin, it becomes essential to limit the attenuation or extinction of light (Figure 9B). Extinction
refers to the reduction in light intensity as it traverses a medium of absorbing and/or single

scattering materials. The extinction coefficient in units of inverse length is given by:

Aext = N(Caps + Cseq) (1)

where N is the number density of particles, C,;s and Cy., are the absorption and scattering cross
sections of the particles[166]. Typically, in the context of VP, the photoinitiator dominates the
absorption contribution and has negligible scattering, whereas particulate additives dominate the
scattering contribution and have negligible absorption. The absorption contribution is often
simplified to be the product of the molar extinction coefficient of the PI, ¢, and the molar
concentration of the PI, [PI], such that the absorption coefficient can be calculated more easily.

The irradiance of a beam of light is attenuated exponentially according to

;_Z = exp(—aextl) = exp[—(E[Pl] + NCsca)l] (2)

where [ represents the incident (/;) and transmitted (I;) irradiance and [ represents the
propagation path length. Note that this formulation assumes the PI is the only species that

absorbs light.
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To ensure a homogeneous intensity distribution throughout the resin volume, it becomes crucial
to control the attenuation of light carefully. This restricts the photoinitiator concentration that can
be introduced as excessive photoinitiator concentration would lead to higher absorbance,
resulting in increased attenuation and limited penetration depth of the light. Consequently, the
curing process would be restricted to a shallow region near the light source, compromising the

completeness and quality of the printed object.

Hence, in contrast to the selection of photoinitiators (PIs) for layer-based printing, the choice of
PIs for VP requires a combination of low molar absorption coefficient (¢) and high quantum
yield at the operating wavelength. This allows for a sufficiently high PI concentration while
maintaining a large penetration depth[38]. By carefully optimizing the concentration of
photoinitiator, it is possible to strike a balance between efficient absorption for polymerization
and minimal attenuation for uniform light propagation. This optimization process involves
considering factors such as the desired print resolution, the specific photoinitiator used, the
wavelength of light, and the desired cure depth. However, a tradeoff exists between intensity
uniformity and print speed. A low concentration of PI minimizes absorption and ensures
intensity uniformity of projection throughout the volume but results in longer print times and
possibly lower conversions. To compensate for the slower print time, a higher intensity can be
used[36]. For tomographic VP, it has been suggested that the illumination time required for
curing can be minimized when the resin’s absorption coefficient equals the reciprocal of the
printing volume’s radius, given a specific projector power[36]. Additionally, it should be
acknowledged that while inhibitors typically cause negligible attenuation due to their non-
absorbing nature (e.g., molecular oxygen) or low concentration (e.g., TEMPO), photo-inhibitor

concentrations have been reported to limit the penetration depth as well[160].
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Despite the favorable perception of low PI concentrations by the bioprinting community, as they
reduce potential toxicity risks associated with high PI concentrations, it can be expected that they
will ultimately limit the size of printable objects using VP. Considering the practical example of
Gel-MA and the commonly employed Li-TPO-L (ethyl phenyl(2,4,6-
trimethylbenzoyl)phosphinate) as photoinitiator, it is possible to derive a quantitative value based
on Equation 1. The solubility of oxygen in water, which approximates 0.25 mM, sets the lower
threshold for the concentration of the photoinitiator[34]. When taking into account a maximum
intensity reduction of 63 % (vide supra) across the diameter of the resin container and a molar
absorption coefficient of 50 M™.cm™ at 405 nm, a maximum achievable resin diameter of 35 cm
can be determined[36,46]. It is important to acknowledge that this representation disregards the
fact that the dissolved oxygen concentration depends on temperature and, can be altered, for
example, by purging with an inert gas. To further increase the resin diameter, reducing the molar
absorption coefficient and increasing the quantum yield of the PI becomes imperative to ensure
sufficient conversion. It should be noted that, alternatively, the inhibitor concentration can be
reduced. However, this will ultimately limit the achievable resolution due to loss of the
inhibition-mediated nonlinearity. In essence, suitable resins for all VP modalities, especially
tomographic VP, should exhibit strong reactivity and low absorption, which differs from the
requirements of layer-by-layer printers where both high reactivity and absorption of the resin are

necessary to obtain well-defined layers[37].

While minimizing attenuation remains important in VP, there have been proposals to
computationally account for attenuation in the projections according to the Beer-Lambert
law[37,167]. In initial works related to the superposition of light beams to create an object

volume-at-once, transverse intensity profile gradients were applied to the light beams to
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compensate for attenuation of other coordinating beams. However, absorption is a nonlinear
phenomenon, and beyond a certain point, the spatial nonuniformity of absorbed energy cannot be
adequately compensated for by the linear superposition of intensity profiles[34,168]. Similarly to
tomographic VP, light-sheet 3D-printing methods require a sufficiently low extinction
coefficient at the primary exciting wavelength[105]. [lluminating from several sides or rotating
the light sheet of defined intensity distribution around the vessel were proposed to enable deeper

printing volumes[116].
5.3 Conversion and post-processing

In layer-by-layer printing, high concentrations of photoinitiators and light doses facilitate near-
complete conversion of the green part. However, in VP, there are restrictions on the available
photoinitiator and light dosage. Multi-photon techniques are less affected by these restrictions
since the respective optical/chemical nonlinearities are not inhibition-mediated. Yet, all VP
methods have some need to limit background exposure given their volumetric nature. In
tomographic VP, however, the upper limit on the resin’s optical attenuation imposes restrictions
on the photoinitiator concentration. Additionally, the limited light dose arises from the challenge
of delivering a light dose that cures the intended voxels while avoiding unintended curing outside
the part boundaries[160]. Consequently, the achievable conversion within the part boundaries is
restricted in tomographic VP (Figure 9C).

The boundaries of the deliverable light dose are determined by the inhibition period (i.e.,
inhibitor concentration) and the contrast in dosage between the voxels within and outside the
targeted part. An extended inhibition period allows for a higher level of conversion in the in-part
voxels, promoting more complete curing of the green part. However, increasing the inhibitor

concentration comes at the expense of printing time[45]. Furthermore, as previously noted, when
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the concentrations of photoinitiator and inhibitor become similar, incomplete crosslinking or
cessation of crosslinking may occur.

It is important to note that the low conversions in the green part directly impact its mechanical
stability[37,46]. Insufficient curing of the in-part voxels can compromise the overall strength and
integrity of the printed object. Consequently, post-processing becomes more challenging in
tomographic VP compared to traditional layer-by-layer printing. However, it should be
mentioned that tomographic VP also simplifies post-processing of the green bodies due to the
absence of a build plate or support structures[44].

Furthermore, the process of photopolymerization plays a significant role in addressing the
aforementioned issue. By achieving a sharp change in material properties at the gelation
threshold, potential problems associated with a more gradual or linear conversion behavior can
be mitigated[169]. The rapid molar mass (MM) increment and concomitant gelation (at 9%
conversion if a resin based on small multifunctional acrylates is considered) in case of chain-
growth polymerized networks (i.c., acrylates) leads to early rigidification of the network and
illustrate a sharp change in material properties. In comparison, the delayed MM increment and
concomitant gelation (at 50% conversion if a comparable thiol-ene resin is considered) for step-
growth polymerized networks (i.e., thiol-ene) leads to a more gradual evolution of the
mechanical properties[170]. This is illustrated by the observation that can be made when
comparing the mechanical properties of acrylate photopolymerized materials (chain-growth
polymerized network) which are comparatively less affected during post-curing in comparison to

their thiol-ene crosslinked counterparts (step-growth polymerized network)[38].

Several approaches have been proposed to address the challenge of developing objects with low

conversion following tomographic VP. One straightforward approach is to post-cure the green
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part in a solution containing additional photoinitiator. At this stage, the resin outside the intended
part boundaries has been removed, eliminating the strict limitations regarding the light dose and
photoinitiator concentration. Consequently, the additional photoinitiator can diffuse into the
swollen part and increase the conversion upon irradiation. This approach has shown promise in

enhancing the mechanical integrity and reducing tackiness of the printed object[45,171].

While ultra-soft structures such as hydrogels are supported during VP, their low mechanical
stability during development still poses handling challenges when taken out of the surrounding
liquid. Photopolymerized materials require a certain crosslink density (M) to withstand
gravitational and surface-tension driven collapse. This represents a fundamental challenge when
printing porous structures using loosely crosslinked materials. However, a solution has been
proposed for loosely crosslinked materials capable of crystallization. By inducing crystallization
to the green part while it is still immersed in solution, the mechanical integrity provided by the
crystalline domains enables the printing of highly porous designs using loosely crosslinked

materials that would otherwise collapse[45].

Finally, an alternative approach for printing soft materials involves a hybrid printing strategy that
combines different 3D-printing modalities. Melt-electrowriting, a form of extrusion-based
printing, has been employed to build fibrous scaffolds onto which hydrogel structures were
printed with tomographic VP. Composite poly(e-caprolactone) (PCL)-Gel-MA constructs
exhibited enhanced mechanical integrity and improved resistance to collapse when removed

from developing solution compared to Gel-MA only[56].

An aspect related to conversion that has received little attention in the VP community
encompasses polymerization shrinkage stress. In chain-growth polymerization, the most

prevalent reaction mechanism in VP, covalent bonds formed between propagating
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macromonomers are shorter than the van der Waals distance that separates them (before bond
formation) [172,173]. Free volume contraction manifests as shrinkage of the gelling phase. The
extent of shrinkage and developed shrinkage stress varies depending on the polymerization
mechanism and conversion. A detailed review of shrinkage stress is beyond the scope of this
review, but briefly, the delayed gelation conversion associated with step-growth polymerization
can result in reduced residual stress build-up compared to chain-growth polymerization [174]. As
tomographic VP results in low green body conversion, the shrinkage stress immediately after
printing is expected to be low. However, a large fraction of remaining conversion to reach 100%
is completed in a post-curing step and shrinkage stress accumulation will happen primarily
during this stage. As the field develops, it will be important to investigate how the geometry of
the green body coupled with large post-curing conversion affect shrinkage deformation behavior
and locations of maximum shrinkage stress. Understanding this effect could lead to software-
based distortion pre-compensation schemes to achieve accurate design realization as well as
contribute to the design of novel temporal light dose profiles which could incorporate stress
relaxation periods. However, ultimately, it is unlikely that shrinkage stress can be entirely
avoided by implementing such techniques, hence complementary investigation of low-shrinkage
polymer chemistry in VP should be conducted to minimize shrinkage stress altogether. In the
upcoming section, a second effect—sedimentation—also caused by volumetric shrinkage and

densification from liquid to solid during polymerization is discussed.
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Figure 9. (A) Inhibition-mediated nonlinearity. Nonlinearity is chemically introduced by means
of an inhibition period to enable the out-of-part voxels to absorb a certain light dose without
noticeable curing, illustrated by the slice of the 3D dose distribution of the printed object. (B)
Attenuation of light throughout the print volume according to Beer-Lambert’s law illustrating the
importance of the photoresist composition in VP. (C) VP requires distinct post-processing
considerations to push the conversion in the green body due to the inherently limited light dose

that can be delivered during printing.

5.4 Sedimentation

A major advantage that is often claimed for VP is the ability to print with high viscosity and even
gel or solid-state materials due to the localized selective photopolymerization provided by
chemical or optical nonlinearity. Because there is no relative fluid motion requirement, many
geometries can be printed without sacrificial support structures. However, from a different
perspective, the necessity that the photoresist must be highly viscous or solid to reduce the

detrimental effects of sedimentation can be viewed as a major limitation — not all materials that
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would be useful to process with VP are highly viscous and post-printing development is

substantially easier with low viscosity materials (Figure 10A).

Although specific thresholds on the required material viscosity to eliminate sinking have been
proposed, especially in the context of tomographic VP, the situation is complex and the relative
magnitude of sedimentation is dependent on many factors including the monomer chemical
structure, the polymerization reaction mechanism and rate, the temperature and exothermic
enthalpy of formation, and the spatiotemporal light dose distribution. In this section, we will
examine these factors along with several approaches that have been taken to reduce print motion

during the printing process and its effects on geometric distortion.

The polymerization chemistry, i.e., the mechanism and monomer characteristics, influences
shrinkage and viscosity which are directly responsible for sedimentation. In chain-growth
polymerization, after the induction period, there is a rapid increase in degree of conversion and
associated high shrinkage as mentioned previously. This nonlinear reaction speed can be
beneficial because it means print formation occurs rapidly and, depending on viscosity, the print
may be completely defined before any deformation due to sedimentation takes place. On the
other hand, in a step-growth reaction, the reaction and increase in degree of polymerization is
more gradual, and gelation is delayed compared to chain-growth[38]. Consequently, the period
during which deformation due to sedimentation can occur is longer for more linear reactions.
Although, in a thiol-ene reaction, for instance, each thiol group reacts with only one ene group
which leads to lower shrinkage and sedimentation than (meth)acrylate polymerization where
each group may bond with two other monomers[170,175]. Mechanisms like ring-opening
polymerization may even result in free volume expansion[173]. In general, regardless of the

mechanism, starting with high MM macromolecular monomers (i.e., oligomers) with a low
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number of crosslinkable groups leads to low polymerization shrinkage. Although, high MM
typically yields high viscosity, which by itself reduces the sedimentation rate. In summary, while
freedom of choice of the polymerization mechanism and material composition is not always
available, when available, informed design of the photoresist can decrease densification, and

therefore, also decrease sedimentation acceleration and terminal velocity.

The viscosity of the photoresist is directly dependent on the temperature. Cooling the photoresist
is a simple method to increase viscosity but can reduce the reaction rate. On the other hand,
polymerization reactions are exothermic because energy is released in the formation of bonds.
This thermal energy generated heats the liquid photoresist surrounding the gelling phase and the
gelling phase itself. In particular cases where the heat dissipation is slow and photoresist
viscosity is low, convective flows may develop and cause upward motion of the printed part
(opposing the gravity vector)[34,176]. This effect is governed by a complex interaction between
the polymerization reaction rate, thermal diffusivity of liquid, degree of densification during
polymerization, thermal expansion coefficient of liquid and gelling phases, and temperature-
dependent viscosity behavior of the photoresist. By describing the process in terms of the two
phases, liquid and gelling phase, a simplified model has been used to simulate effects of
densification and, separately, heat generation on part motion in tomographic VP[169,177]. To
simulate the effects of heat generation together with the polymerization kinetics and shrinkage
and validate results experimentally, however, will require extensive material characterization.
Nevertheless, undertaking this challenge would be valuable to derive a relationship between the
part motion, photoresist material properties, and reaction rate and perhaps would reveal a set of
conditions in which sedimentation, buoyancy, and convective flows balance to minimize part

motion during printing.
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Physical modifications to the photoresist to minimize print motion are commonplace. In VBP,
cytocompatible natural and synthetic thermally reversible polymers are typically the backbone of
the photoresist. In solution, the long polymer chains interact through physical crosslinking
mechanisms like weak hydrogen bonding to form a gel upon cooling prior to printing.
Substitution with photopolymerizable functional groups makes the polymers chemically
crosslinkable, e.g., Gel-MA, Gel-NB, PVA-MA, PVA-NB, and VP effectively fixes the hydrogel
eliminating thermal reversibility with spatial selectivity. This is highly advantageous because
sedimentation of printed structures as well as embedded cells is avoided. While these approaches
are restricted to aqueous solutions due to solubility, a recent demonstration has proven a similar
concept can be extended to nonaqueous organic solutions. In this case, partially ethylated
cellulose dissolved in a low viscosity monomer formed a thermally reversible organogel
photoresist that enabled overprinting onto embedded structures[178]. Besides physical gelation,
incorporation of rigid scaffold structures into the print volume has also recently witnessed
growing interest. This intervention may be viewed as somewhat of a regression as supports are
often claimed as unnecessary in tomographic VP, but a rigid (in some cases intentionally
biodegradable) skeleton reinforces ultrasoft materials, e.g., hydrogels, which may otherwise
collapse after removal of excess photoresist[56]. Scaffolds also enable multiple-step printing
maintaining dimensional registration between printed subparts during sequential printing and
auxiliary operations. So far, these techniques have been demonstrated primarily in the context of
tomographic VP but will certainly be important for emerging light-sheet scanning VP
techniques, e.g., xolography, multistep absorption and up-conversion-assisted light sheet

methods, when the part is not anchored to a substrate.
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The viscosity of a liquid is commonly modified by using colloids. An area of research which
recently emerged within the VP field is the inclusion of pre-oligomerized or physically gelled
microgels. Microgel stacking introduces a small but finite yield stress to the photoresist such
that, upon sufficient agitation or shear stress, the colloid assembly flows enabling direct ink
writing (DIW) into a VP print container[57]. Due to this shear thinning property, sedimentation
of direct ink-written structures and volumetrically printed objects is avoided and excess material
flows away easily. Silica nanoparticles were used in UC-assisted point-scanning volumetric
printing to increase the viscosity of the monomer for self-supporting structures[127]. Even
though they were necessary for tomographic VP of glass, silica nanoparticles included in a
nanocomposite photoresist created high zero-shear viscosity which was beneficial to prevent
sedimentation during printing and substantial shear thinning behavior which aided in
development[43]. Colloidal gels and microgels have been the focus of intensive research in the

DIW 3D-printing field and much research could be translated to VP[179].

As effective as physical gelation and viscosity modification may be to minimize print motion,
additives may not always be compatible with the photoresist and/or they may not be desirable
due the potential to impact negatively, for example, the ultimate conversion and correlated
mechanical ‘properties of the product. In these cases, alternative approaches related to
modification of the spatiotemporal light dose profile may be considered. The onset of
densification and hence, sedimentation, is dependent on the light dose history of each voxel. In
tomographic VP, dose optimization algorithms, preferentially weighting high dose uniformity is
important to ensure that all voxels proceed through polymerization and densification together,
i.e., low differential sedimentation. However, optimization algorithms typically must trade off

dose uniformity with dose contrast (between the out-of-part and in-part voxels) meaning that as
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the risk of differential sedimentation decreases, the sensitivity of the photopatterning process to
optical aberrations and nonidealities increases[180,181]. Alternatively, rebinning the projection
intensity history for each voxel to bias high intensity towards the end of exposure has been
demonstrated to be an effective way to confine the post-gelation polymerization to a shorter
window of time and thus, minimize sedimentation during exposure[181]. In a related approach, a
high intensity flood lamp (more than an order of magnitude higher than digital projections) was
activated just before gelation—coinciding with the end of the induction period—to complete
polymerization rapidly and avoid distortion due to sedimentation in a low viscosity

monomer[182].

Understanding the rheological characteristics and dynamics of the photoresist is critically
important for successful implementation of unsupported VP. A variety of approaches to
minimize sedimentation have been proposed. Nevertheless, sedimentation will continue to be a
subject of further investigation as more and more materials are explored, and alternative
solutions are required. In-situ imaging feedback (discussed in the next section) to track
sedimentation and update digital light projections in real time has been proposed as a purely
computational approach to the problem[183,184]. Setting aside several challenges including the
material optical properties and imaging modality used, in brief, the combination of high temporal
resolution and high dimensional accuracy of registration is challenging and is expected to limit

the scope of compatible photoresist materials to those with slow reaction rates.
5.5 Optical aberrations

In VP methods, there are multiple sources of optical aberrations: (1) polymerization-induced

scattering and refraction, (2) scattering due to dispersed additives with near-wavelength or sub-
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wavelength dimensions, and (3) absorption and refraction due to embedded macroscale objects

(Figure 10B and C).

Generally, as described in section 5.4, density increases as a result of bond formation and
increase in the degree of polymerization. Besides sedimentation, an optical effect of densification
is increased refractive index. In practice, subpixel spatial variation in intensity in digital light
projection images is inevitable and especially prevalent from laser speckle in partially coherent
laser-based systems. Nonuniform intensity seeds the formation of a nonhomogeneous refractive
index distribution. Light is focused by regions of higher refractive index which results in faster
polymerization and further refractive index heterogeneity, effectively establishing a positive
feedback loop that leads to filamentation or self-writing waveguides (SWW)[185]. Microscale
self-organization is advantageous for some applications where the pattern of microchannels and
microfilaments promotes unidirectional cell migration and alignment for anisotropic tissue
engineering[186] and where the ultra-high aspect ratio of the SWW is used to produce
hierarchical lattices with characteristic dimensions spanning a large range[187-189]. However,
in tomographic VP, the formation of filaments upon gelation—which is typically prior to
completion of patterned light exposure (see section 5.3 on green part strength)—can distort the
digital light projections and impact the fidelity of printing and roughness of the printed object’s

surface[182].

Along with densification and refractive index change, the miscibility of a reacting monomer in
solution with non-reactive guest solvent (or polymer) changes, which may result in
polymerization-induced phase separation (PIPS)[190]. The dynamic competition between the
polymerization reaction which restricts molecular mobility and phase separation which drives

mixture components apart can be leveraged to create porous microstructures with intensity-
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controlled morphology[191,192]. An inherent potential consequence of phase separation is
heterogeneous refractive index distribution if the phases have different refractive indices. In
cases where the pore size is near or greater than the excitation wavelength, the body is scattering
which can distort digital projection images. Similar scattering effects emerge when microscale or
near wavelength-sized particles are added to the photoresist. Composite photoresists with a
liquid monomer binder phase and solid dispersed particle phase are especially important in 3D-
printing because they enable low-shrinkage VP of materials like glasses and ceramics which,

historically, have been challenging to process due to brittleness and high melting temperatures.

On the other end of the relevant length-scale spectrum are macroscale aberrations which include
large objects (relative to the excitation wavelength) embedded within the photoresist prior to
printing or the printed object itself. Clearly, opaque embedded objects will occlude directed or
digitally patterned photoexcitation and prevent the formation of particular geometries, while
aberrations caused by transparent embedded objects or the polymerizing body itself could be
tolerated provided that they would not distort photoexcitation beyond recovery by computational

pre-compensation. This concept is described in the next section.
5.5.1 Mitigation of optical aberrations

A physical strategy to mitigate scattering effects of additives is to tune the composition of the
liquid phase with reactive or non-reactive components such that the refractive index of the
mixture is near that of the dispersed phase. The extent to which refractive index tuning is
required to mitigate scattering depends on the wavelength of light and size of scatterers
according to scattering theory[193]. This strategy has been particularly effective in 2PP and
tomographic VP for composite photoresists containing glasses with low refractive index like

silica through the use of monomers with similar refractive index[43,194,195] and for aqueous
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biological inks containing cells or multicellular organoids through the use of a liquid, iodixanol,
commonly used to “clear” biological samples for microscopy[47,55]. Polymerization-induced
scattering can be mostly avoided in scanning-based volumetric methods by appropriate design of
the beam focus path or light sheet scanning direction with respect to the printed geometry.
However, volume-at-once methods are more susceptible to these effects because all voxels are
illuminated simultaneously and for a short duration after gelation. Depending on the magnitude
of the refractive index change at gelation, this scattering can be detrimental to the microstructure
and surface morphology. In this context, iodixanol has also been employed to increase the
baseline refractive index and decrease the nonlinearity to eliminate filamentation at
concentrations up to 50% wi/v[55]. At high concentrations of iodixanol (10-50% wi/v), the
gelation behavior was not affected; however, the shear and compression moduli were
significantly decreased because crosslinking density was lower[47,55]. For all types of
photoresist formulations where scattering by particles is problematic, including aqueous and
organic, the mechanical properties vs optical transmission tradeoff is expected to be present

when a non-reactive component is used to control the refractive index of the matrix phase.

Computational methods offer strategies to compensate for optical aberrations without
modification of the photoresist. Attenuation by embedded or previously printed objects is
relatively straightforward to simulate and compensate for when excitation comes from only one
or a few directions as in 2PP and light sheet scanning VVP. However, when photoexcitation comes
from many directions in tomographic VP, the limitations on printable geometry imposed by the
shape of the embedded occlusion are not as clear. According to the Fourier slice theorem,
assuming negligible material attenuation, angular coverage >180° is sufficient to reconstruct

perfectly an arbitrary geometry in a tomographic reconstruction. This implies limitations when
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the embedded object is nonconvex, because, by definition, concavities restrict accessibility to
<180°. The result of restricted accessibility (similar to the “limited angle” problem in computed
tomography[196]), however, depends on the spatial frequency content of the geometry to be
printed. For example, for a specific lattice-type geometry, substantial degradation in

reconstruction quality was only observed <120° angular coverage[197].

There has been limited analysis of geometric feasibility and angular accessibility topic in the
context of embedded objects with treatments ranging from neglecting light occlusion for simple
axisymmetric embedded objects[36] to empirical measurement of attenuation in order to identify
embedded geometries which have minimal influence on printing such that occlusion can be
neglected[56] to modeling occlusion in the ‘light propagation model of the dose
reconstruction.[178] Transparent embedded objects are yet to be considered. However, analytical
rebinning and geometric ray tracing approaches have been developed to accommodate light
refraction by the photoresist and container in non-ideal tomographic VP configurations[198,199].
Especially in systems without telecentric optics, these approaches have demonstrated the ability
to maintain high print fidelity without the constraint of maximum build volume size being less

than the size of the optics.

Scattering aberrations are most apparent in centimeter-scale VP where attenuation by large
concentrations of additive particles significantly decreases the light penetration depth. Due to the
nonuniform angular spreading of light as described by the scattering phase function, scattering
also attenuates high spatial frequencies in digital light projections faster than low spatial
frequencies —the material acts as a low pass filter with decreasing cutoff frequency for increasing
propagation length[167,193,200]. Rather than full simulation of a scattering light propagation

model, one heuristic approach to counteract this affect is to apply a propagation length dependent
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high pass filter on the target model such that the relative magnitude of spatial frequencies is
balanced. In-situ empirical measurement of the spatial frequency attenuation provides a simple
means to gather the necessary correction mask. With compensation, the resolution and fidelity of
tomographic VP could be improved in photoresists with concentrations of cells up to four times
higher than reported in the state-of-the-art and for low concentrations of TiO,[167]. With optical
changes in the apparatus (see section 6) such as increased wavelength to take advantage of the
scattering dependence on A=* in the Rayleigh regime, for example, or using a coherent source

and phase modulation, we expect the maximum tolerable scattering to increase even further.

We have discussed these physical, optical, and computational mitigation strategies separately,
but in practice, we envision that a combination of approaches would be used to achieve the best

results when optical aberrations are problematic.
5.5.2 Metrology

Taking advantage of polymerization-induced changes in the optical properties of the photoresist,
several in-situ inspection techniques have been developed for VP techniques. As the refractive
index of the photoresist typically increases with crosslinking density, spatially varying and time-
dependent changes in refractive index result in varying phase shifts which can be observed
directly with coherent and incoherent phase imaging strategies. In 2PP, several strategies have
been implemented to inspect the formation of microstructures. Optical coherence tomography
was used to reconstruct 3D microstructures with dimensional resolution of about 3 um and
nominal refractive index sensitivity of 3.8 x 10 [201]. Optical diffraction tomography achieved
diffraction-limited dimensional resolution of 200 nm and 500 nm in the lateral and axial
directions, respectively, with imaging exposure time of 6 ms [202]. A non-interferometric

method based on phase retrieval from intensity images by the transport-of-intensity equation
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with structure height resolution better than 1 pum was developed[203]. In tomographic VP, an
incoherent method called color schlieren tomography was used to reconstruct the evolving 3D
refractive index distribution during a print with refractive index sensitivity on the order of 1 x 10°
* and to observe dark polymerization effects after illumination ceased[183,204]. Scattering
generated by polymerization-induced filamentation/SWW and phase separation can be observed
as an attenuation in bright-field imaging modes or the signal itself in dark-field imaging modes.
By illuminating the photoresist coaxially with rotation axis and imaging perpendicularly to the
rotation axis in tomographic VP, side-scattered light was observed after gelation and azimuthal
projections of the scattered light intensity were used to reconstruct the printed 3D object through
a technique called optical scattering tomography[184]. Not every material of interest in VP
exhibits easily detectable refractive index changes or scattering, such as compositions with a
large fraction of non-reactive diluent[205]. Hence, a universal in-situ metrology technique is
elusive; increasing the sensitivity of the imaging modality usually results in a smaller signal

range which narrows the scope of applicability to different material systems.

A Sedimentation B Polymerization-induced C  Aberrations from additives
aberrations

PIPS

~A particles

\
Jb—-.&‘

filamentation . occlusion

Figure 10. (A) Sedimentation occurs when the polymerizing body densifies and a liquid
photoresist is used. If sedimentation begins prior to completion of the light exposure, blurring

effects can impact the print quality. (B) Polymerization-induced aberrations including PIPS and
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filamentation scatter light and impact print quality primarily after polymerization has begun. (C)
Aberrations from additives including near wavelength-scale particles like cells or inorganic

nanoparticles or macroscale embedded occlusions scatter or occlude exposure light.
6. Non-conventional volumetric 3D-printing

It is clear that, for certain material systems, the requirement of precursor transparency for VP is
challenging — in extreme cases impossible — to achieve through precursor composition tuning
or computational methods at the near-UV and UV wavelengths commonly used. Within the
realm of light-based methods, significant advances have been enabled by red-shifting the
illumination into long visible and near-IR wavelengths. 2PP_and up-conversion-assisted VP, as
mentioned previously, commonly utilize NIR wavelengths and are inherently well suited for
highly scattering materials. Though most demonstrations of tomographic VP to date have used
wavelengths in the range 350-550 nm, we anticipate increasing interest in longer-wavelength
illumination to enable further material processing innovations, especially for scattering
composite photoresists and biological inks with high concentrations of embedded cells that have
particularly acute phototoxicity to UV or near-UV light[206-208]. Indeed, focused microwave
energy has been proposed to expand the range of materials and, early proof-of-concept
experiments showed that time-reversal wave propagation algorithms enable energy localization
(by a microwave antenna phased array) sufficient to cure an opaque epoxy resin[209]. Similarly,
long coherence length photoexcitation and wavefront shaping, which have been used extensively
for deep photo-stimulation in highly scattering biological tissues, could be readily adopted for

photopolymerization of challenging composite materials as a form of phase-modulated VVP[210].

Besides electromagnetic energy, sound — which propagates through a material as variations in

pressure in a compressible medium — is transmitted through many materials opaque to UV-NIR
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light. Ultrasound energy typically in the frequency range of 10 kHz—1 MHz focused to a point
can induce cavitation in liquid materials and, consequently, rapid heating and cooling where the
pressure amplitude is sufficient. Heating can induce polymerization by self-initiation or thermal
free radical initiators. Due to the rapid cavitation heating-cooling cycle and corresponding
spatially limited heat diffusion, the polymerization reaction is largely localized to the focus. This
nonlinearity, similar to single-focus up-conversion-assisted VP[127,138,140] and 2PP, enables
VP in a variety of thermally curing materials including opaque (to visible light) resins and
ceramic composites[211]. Just as light can be controlled holographically by phase spatial light
modulators (SLMs), phased arrays of ultrasound transducers or phase-plate holograms can
produce 3D acoustic pressure fields. For now, the manipulation of particles and cells for directed
assembly has motivated research into structured acoustic fields[212]. However, there is a clear
synergy between these approaches, and it is likely that their convergence would enable novel in-
situ multi-material assembly and volume-at-once patterning techniques. Furthermore,
holographic ultrasound-directed assembly and localized heating could complement light-based

tomographic VP enabling fascinating advances in tissue and composite engineering.
7. Conclusion and future perspectives

In this review, we have highlighted several VP techniques enabled by chemical and/or optical
nonlinearity that have led to significant advances in printing rate, minimum feature size, and
resolution. The progression from light-based printing at the surface to deep within a volume of
photoresist carries with it many challenges involving the photochemical and optical behavior of
the material. Furthermore, the characteristics of the photochemical mechanism from absorption
of the photon/s to growth of the polymer network are tightly coupled with the physical properties

of the material which vary both spatially and temporally during volumetric printing. Perhaps the
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most pertinent example is that local change in viscosity associated with network growth and/or
temperature change affects the diffusion rate of inhibitors employed to enhance chemical
nonlinearity in tomographic VP and reduce parasitic initiation from intermediate metastable
states in sequential absorption VVP. In general, these links are complex and extensive trial-and-
error is usually required to optimize printing conditions by identifying regimes where these
effects are least consequential. Several reaction diffusion models have captured these relational
properties in the context of 2PP[213-216]. However, multi-physics modelling efforts for
emerging VP techniques have been limited and, when implemented, have often resorted to
simplifications, such as, neglecting accumulation of light dose over time from tomographic
projections. Not only do the changing physical properties of the photoresist affect the
photochemical mechanism but, they can also distort the propagating light wavefront. We
highlighted several distinct computational methods to simulate homogeneous scattering,
refraction by axisymmetric aberrations, and absorption by opaque occlusions for tomographic
VP. Ideally, a more general approach would be used, i.e., one that unifies all optical aberrations
or non-idealities without employing disparate models to account for refraction at surfaces,
refraction in smoothly varying refractive index distributions, scattering, and absorption
separately and that supports time-varying effects like refractive index changes due to
polymerization. As light-based 3D-printing evolves towards a volumetric volume-at-once
process with resolution capabilities from nanoscale to the macroscale, the photophysical,
chemical, and material dynamics naturally grow more complex. We expect that it will become
increasingly important to be able to simulate the process with varying levels of fidelity from

molecular simulations towards understanding complex polymerization dynamics[170,217] to
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photochemical reaction-diffusion and optical propagation models to give the optimization of

digital light projections a higher degree of fidelity.

Existing in-situ inspection techniques provide sufficient information to measure the evolution of
the geometry and/or the refractive index of the printed object. To derive other properties relevant
to the photopolymerization process, e.g., viscosity or modulus, temperature, and chemical
species concentration, requires either an appropriate model relating the measured optical quantity
to the desired physico-chemical property or extensive ex-situ characterization to relate the
properties empirically. Alternative strategies drawing inspiration from fluorescence imaging in
which a particular molecular probe responds to specific local material properties more directly
could offer enhanced inspection capabilities to quantify evolving properties, reaction Kkinetics,
and reaction products that are unmeasurable or confounded when measured with phase or
scattering imaging modes[218-223]. Such an inspection strategy will be essential for validation

of sophisticated multi-physics models.

VP, being light-based, non-contact, and not requiring relative material motion, enables unique
combinations of different VP modalities and allows fabrication characteristics that none could
achieve alone (at present). For example, tomographic VP offers massively parallelized
photopolymerization at the macroscale with minimum feature size from 20-80 pm, whereas
point-scanning multiphoton and UC-assisted photopolymerization achieves state-of-the-art sub-
diffraction-limited minimum feature size and sub-micrometer resolution at high voxel production
rate yet at lower volume production rate. Together, these optical volumetric photopolymerization
modalities could produce unprecedented multiscale objects at high throughput. Two-photon
ablation of microvascular channels inside previously tomographic VP-printed hydrogels hints at

the utility that could be gained by incorporating 2PP in addition to subtractive machining. While
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volumetric methods are the focus of this review, non-volumetric 3D-printing techniques have
also converged with VP. The ability to print over or inside existing objects with optical VP
means that direct extrusion-based methods can also participate. Several demonstrations including
tomographic VP printing of hydrogels around melt-electrowritten skeletons and direct-ink-
written cellular structures and UC-assisted direct write lithography around DLP-printed
structures have already suggested the value of this synergy[55-57]. We expect that the
perspective of viewing 3D-printing techniques, especially volumetric, as process modules which
can be combined to capitalize on the best characteristics of each and form a process that is
“greater than sum of its parts” will continue to generate products with superior functionality and

cultivate meaningful collaborations between experts in different fields of 3D-printing.

Current advancements in VP have primarily focused on radical-mediated polymerizations,
specifically involving (meth)acrylates and thiol-ene-based systems. While these chemistries have
demonstrated considerable success in fabricating 3D objects via VP, it is anticipated that it will
be important to extend the applicable chemistries to include non-radical chemistries, which will
significantly broaden the scope of achievable material properties. Light-induced and radical-free
uncaging of thiols through coumarin-based chromophores has illustrated this possibility by
producing 3D objects via thiol-Michael-mediated 2PP[224]. Nucleophilic addition and
substitution reactions as well as pericyclic reactions (i.e., Huisgen 1,3-dipolar cycloaddition,
Diels-Alder) hold great promise for VP as a broad range of orthogonal click-chemistries exist
that could be harnessed to create multi-material constructs, for example, in combination with
radical-mediated polymerizations [225,226]. In particular, volume-at-once techniques such as
tomographic VP, where the object is developed simultaneously, are well-suited for the

implementation of relatively slow non-radical chemistries given the fact that only one unit
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operation is needed to fabricate the entire 3D object. Several approaches can be considered to
introduce the aforementioned chemistries to VP such as the use of photolabile protecting groups,
photoacids/bases, or other photocatalysts that can catalyze the respective crosslinking reactions
upon photoexcitation. However, it should be noted that some form of optical/chemical
nonlinearity remains paramount to be applied in VP, making it a pivotal aspect for future

research.

While the opportunities of the introduction of non-radical chemistries into VP are manyfold, one
key advantage encompasses the ability to incorporate dynamic crosslinks, leading to 3D objects
that are fully recyclable. By combining associative (i.e., vitrimers) or dissociative covalent
adaptable networks with 3D-printing, it becomes possible to create objects that can undergo
controlled depolymerization and reprocessing, enabling a more sustainable approach to
manufacturing, paving the way towards exciting new avenues for material design and circular

economy within the field of VP [227-229].

In the realm of VP, the significarnce of wavelength orthogonality and multi-material printing has
been established. However, it is anticipated that this area will continue to be a focal point for
future research. By manipulating additional wavelengths, the achievable complexity in the
printed 3D objects can be significantly expanded. Implementation of spectral control (i.e., the
ability of the incident color of light to tailor reactivity) is expected to be important, further
building on pioneering principles including light-driven isomerization, deprotection, coupling,
and electron/energy transfer[230]. Furthermore, the introduction of advanced photochemical
schemes that rely on multiple wavelengths (including synergistic, orthogonal, and antagonistic
photochemical schemes) is expected to play a crucial role in expanding the possibilities of

spectral control in VP[231]. Carefully designing and orchestrating photochemical reactions that
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rely on multiple wavelengths is expected to progress the field, enabling multi-material objects

with advanced mechanical, optical and electrical properties.

The versatility of VP for 3D-printing of diverse polymers is abundantly clear, but the same
cannot be said for 3D-printing inorganic materials. When incorporated as particles as they have
commonly been in binder jetting and extrusion-based methods, inorganic materials present
optical challenges in light-based VP. One approach, adjusting the refractive index of the
photoresist to match that of the particle phase, has been successful for low index glasses but this
only represents a small subset of desirable inorganic materials. Besides nanocomposites,
polymer-derived ceramics and direct photo-reduction of metal salts dissolved in photoresists are
routes to ceramic and metallic structures[232—235] without the potential of light scattering by a
particle phase. However, the organic-inorganic hybrid photoresist approach has a limited scope
because, for each inorganic material, a corresponding organic ligand and synthesis to combine
the compounds must be optimized. The metal-salt solubility in organic photoresists requirement
can be circumvented by employing a solvent exchange process to infuse previously printed
polymer gel structures with a metal-salt solution[236]. In conjunction with adjustment of the
photoexcitation wavelength or even utilizing non-light-based energy such as ultrasound to access
favorable transmission in challenging composites and hybrid organic-inorganic photoresists, we
anticipate that these approaches for printing inorganics can be extended to emerging VP

techniques to further expand the gamut of processable materials.
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