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Abstract

Additive manufacturing has become a transformative fabrication method in a wide variety of ap-
plications, including prototyping, tissue engineering, aerospace, and dentistry. Recently, tomographic
volumetric additive manufacturing was introduced as a new light-based fabrication method that en-
ables the production of support-free cm-scale objects within seconds.

Tomographic volumetric additive manufacturing works by solidifying an entire 3D object simultane-
ously by irradiating a liquid photocurable material from multiple angles with dynamic light patterns.
The method relied on homogeneous and relatively transparent resins, so that the light patterns used
for photo-polymerization are not scrambled along their propagation. Many interesting materials, such
as composite and nanoparticle-filled resins or cell-laden hydrogels, are scattering and were not well
adapted to tomographic additive manufacturing.

In this thesis, the fabrication method is extended to scattering resins. 1) Refractive-index matching and
2) a computational method that considers light scattering in the resin prior to computing projection
patterns are proposed. The improvement in print fidelity is quantified and the relevance of the meth-
ods are demonstrated through the bioprinting of hydrogels with up to 5 million cells mL ™!, pushing
the application regime of light-based volumetric fabrication methods. Additionally, the scattering
correction is also applied to fabricate in vitro models of the exocrine pancreatic unit containing human
cells. These models are used to study the cross-talk between stromal and cancerous pancreatic cells,
mimicking the early stages of pancreatic cancer.

A corollary of the computational framework for scattering is the correction of light absorbance from
the resin and its photoinitiators. We exploit this to expand the library of materials for tomographic vol-
umetric additive manufacturing to polymer-derived silicon oxycarbide ceramics and nanocomposite
and phase-separating silica glasses. These ceramics, for example, are thermally resistant (up to 1400°C)
and could be used in the fabrication of microsatellites.

Inspired by helical computer tomography scans, the maximum printable size for tomographic printers
is expanded by incorporating a helical motion to the rotating photopolymer vial. Thanks to this, objects
with 4 times larger cross-sections and up to 3 times taller can be fabricated without compromising
print resolution.

Key words: 3D printing, light-based additive manufacturing, light scattering, biofabrication, polymer-
derived ceramics
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Résumé

Limpression 3D est devenue une méthode de production transformatrice dans une grande variété d’ap-
plications, notamment le prototypage, 'ingénierie de tissus, 'aérospatiale et la dentisterie. REcemment,
la fabrication additive volumétrique tomographique a été introduite en tant que nouvelle méthode
de fabrication utilisant la lumiere pour produire des objets a I’échelle centimétrique sans supports
en quelques secondes. Dans la fabrication additive volumétrique tomographique, un objet tridimen-
sionnel est solidifié simultanément en entier, en irradiant un photopolymere liquide depuis plusieurs
angles avec des motifs lumineux dynamiques. La méthode reposait sur des résines homogenes et
relativement transparentes, de sorte que les motifs lumineux utilisés pour la photo-polymérisation ne
deviennent pas flous le long de leur propagation. De nombreux matériaux intéressants, y-compris les
résines composites et chargées de nanoparticules ou les hydrogels contenant des cellules, sont diffusifs
et ne sont pas bien adaptés a la fabrication additive tomographique.

Dans cette these, la méthode de fabrication est étendue aux résines diffusantes. Deux solutions sont
alors proposées : 1) la réduction de différences dans I'indice de réfraction et 2) une méthode compu-
tationnelle qui tient compte de la diffusion de la lumiére dans la résine avant de calculer les motifs
lumineux a projeter. Lamélioration de la fidélité d'impression est quantifiée et la pertinence des mé-
thodes est démontrée par la bioimpression d’hydrogels de gélatine contenant jusqu’a 5 millions de
cellules par ml. De plus, la correction est également appliquée pour fabriquer des modeles in vitro du
pancréas exocrine, contenant des cellules humaines. Ces modeles sont utilisés pour étudier I'interac-
tion entre les cellules pancréatiques stromales et cancéreuses, imitant les premiers stades du cancer du
pancréas.

Un corollaire de la méthode de calcul qui tient compte de la diffusion de la lumiere est la correction de
son absorbance par la résine et ses photoinitiateurs. Nous exploitons ce corollaire pour inclure dans
les matieres imprimables de facon tomographique les céramiques d’oxycarbure de silicium dérivées
de polymeres et les verres de silice (nanocomposites et a séparation de phases). Ces céramiques, par
exemple, sont thermiquement résistantes (jusqu’a 1400°C) et pourraient étre utilisées dans la fabrica-
tion de microsatellites.

Inspirés des scans de tomographie hélicoidale par ordinateur, la taille imprimable maximale pour les
imprimantes tomographiques est étendue en incorporant un mouvement hélicoidal au flacon rotatif
de photopolymere. Grace a cela, des objets avec des sections transversales 4 fois plus larges et jusqu’a 3
fois plus longs peuvent étre fabriqués sans compromettre la résolution d’'impression.

Mots clefs : Impression 3D, fabrication aditive basée sur la lumiere, diffusion de la lumiere, bioimpres-
sion, céramiques dérivées de polymeres
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1] Light-based additive manufacturing

This chapter introduces 3D printing and describes the light-based technologies used in additive
manufacturing applications. It then presents the molecular bases of photocuring and uses acrylates
as an example to discuss photopolymerization. Finally, vat photopolymerization technologies are
outlined and compared.

1.1 Additive manufacturing

Additive manufacturing has been a disruptive force since its wide-spread adoption. It has most directly
impacted prototyping, radically reducing times between object ideation and manufacturing. Thanks to
an expanded library of materials and fabrication methods, the commercial and industrial applications
of additive manufacturing now reach a wide range of fields including aerospace and car racing for
metallic pieces, skin grafts in tissue engineering, and dental prostheses and retainers.

Additive manufacturing methods work by solidifying a material that is otherwise in a liquid or a powder
form. As an example fused deposition modelling (FDM), a popular technology among desktop 3D
printers, melts a stock polymer with heat, then deposits the material sequentially, filling one voxel after
the other (fig. 1.1a). Analogously, liquid gels can be extruded with pressure into a supporting bath,
as is the case of FRESH, and then thermally solidified or photocured (fig. 1.1b). [1]-[3] The support
bath of FRESH offers the possibility to fabricate objects with overhangs or hollow cavities. In addition
to pressure, high voltage can thin an extruded material into a Taylor cone, producing micron-sized
fibers of very constant diameter in a method called melt electrowriting (MEW). The fibers can be then
spun onto a rapidly moving collector to build up the desired geometry, where they solidify after cooling
down (fig. 1.1c). [4]

Light can also be used to give the required energy to solidify the working material. In selective laser
sintering (SLS), high-intensity CO, lasers are typically used to locally melt and fuse metallic pellets,
one voxel at a time, as the light from the laser is steered across the powder bed (fig. 1.1d). In an
alternative approach, visible or UV light can be used to trigger polymerization of a liquid monomer
resin. In such photopolymerization processes, liquid materials solidify typically using an intermediary
molecule called a photoinitiator. The photoinitiator goes from a ground to an excited electronic state
upon light absorption. Once in the excited state, the photoinitiator becomes reactive and triggers the
polymerization of the liquid monomers. In sterolithography (SLA, fig. 1.1e), [7] voxels are polymerized
in a sequential manner by projecting a laser point onto the bottom of the resin vat. SLA can be used
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a. Fused deposition modelling b. Extrusion 3D printing

e. Stereolithography

Figure 1.1: Examples of 3D printing methods. a. Fused deposition modelling (FDM). Reproduced
from hlhrapid.com/knowledge/what-is-fdm-3d-printing/. b. Extrusion 3D printing, and
FRESH (Freeform Reversible Embedding of Suspended Hydrogels) in this particular case.
Reproduced under CC-BY 4.0 from [5]. c. Melt electrowriting (MEW). Reproduced under
CC-BY-NC 4.0 from [6]. d. Selective laser sintering (SLS). Reproduced under CC BY-NC 4.0
from all3dp.com. e. Stereolithography (SLA). Reproduced from fastradius.com/resources/vat-
photopolymerization/. f. Two-photon polymerization. Reproduced from upnano.at

to fabricate large objects with a resolution down to hundreds of microns within hours. The method
has been widely adopted and is currently used by the dental retainer industry to fabricate models
of patients’ teeth. On the other hand, two-photon polymerization (2PP) relies on the non-linear
simultaneous absorption of two photons by the photoinitiator to strongly decrease the size of each
polymerized voxel. [8], [9] In two-photon polymerization, microscope objectives are used to focus
pulsed lasers into micron-sized regions. Although the process is slow, it enables the fabrication of
microdevices at unrivalled resolutions (fig. 1.1f).
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1.2 Photoinitiators and photopolymerization

Photoinitiators are light-sensitive molecules that transition into a reactive state upon the absorption
of a photon. Once in the excited reactive electronic state, photoinitiators can trigger polymerization
of monomers or cross-linking of hydrogel chains by donating a free electron. Photoinitiators have
particular absorbance spectra, which match the possible energy differences between the excited and
the ground state. Many common photoinitiators are organic salts, splitting into two excited groups,
each with a free radical, as seen in fig. 1.2a for TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide), a commonly used photoinitator. The free radical is depicted with a black circle for the unpaired
electron. At a molecular level, photoinitiators typically have 7t-bonds connected to aromatic rings;
which increase their photon absorbance cross-section. [10] Photoinitiators can be designed to absorb
light at different wavelengths, [11] although most efficient initiators absorb in the UV or blue parts
of the spectrum. Producing efficient photoinitiators that absorb longer wavelengths is an active field
of research. [12] Fig 1.2b shows the spectral dependence of the molar extinction coefficient of TPO
and camphorquinone (CQ), both photoinitiators used in tomographic VAM. The molar extinction
coefficient (€), a measurement of the spectral absorbance normalized by molarity, is derived from
Bouguer-Beer-Lambert’s law:

I
A:—log—l( ) ecl
0

Where A is the absorbance, I(1) is the light intensity at a given depth 1, and c is the concentration
of the absorber. Bouguer-Beer-Lambert law is illustrated in fig. 1.2, where a 510 nm laser beam is
attenuated as it traverses three cuvettes with decreasing concentrations of an absorber, the fluorophore
Rhodamine 6G. What is visible in the pictures is the fluorescence from the Rhodamine, which indicates
the remaining light intensity. In the left-most cuvette, Rhodamine is so concentrated that there is no
visible fluoresence from the right end of the cuvette.

" | Fluorophore

Incident light

D ——

Figure 1.2: Bouguer-Beer-Lambert’s law. The amount of light decreases exponentially as it travels
through an absorbing medium. In the picture, light travels through 10-mm cuvettes filled
with solutions of decreasing concentrations of Rhodamine 6G, a fluorophore. Penetration
depth increases as the concenctration of the absorber decreases. Adapted from Edinburgh
Instruments.

Photoinitiators that are highly efficient and have low molar extinction coefficients (which means less
aborbtive) are preferred for tomographic VAM. This is not necessarily the case for other 3D printing
technologies such as DLP or VAM, where higher absorbance could be preferable. This is why, in
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tomographic VAM, TPO was excited at 405 nm [13] and CQ at 440 nm, [14] away from their absorbance
peaks (fig. 1.2b).

Acrylates are versatile materials with broad industrial applications in coatings, sealants and plastics.
They can be easily cured using light; [19] so we use them as reference material in this work. After
the photoinitiator is excited in a photocuring process, it can react with acrylate monomers, giving
them a free radical, as seen in fig. 1.2e. Then, a chain reaction follows where new monomers are
added to the polymer chain, like building blocks. The chain can continue to grow even when no more
photoinitiator molecules are produced. This makes the reaction efficient and reduces the required
stoichiometric concentrations of photoinitiator; but leads to unwanted effects such as dark curing,
where polymerization continues even after the light source has been turned off. [19] Polymer chain
growth can be terminated by the fusion of several chains, or by the reaction of the free radicals in
the polymer chain with an excited photoinitiator. Acrylate polymerization is characterized by the
conversion from a terminal double carbon bond (shown in blue) to a single bond (shown in red).
The resonance IR spectra of these two bonds are different, thus FTIR spectroscopy can be used to
quantify the proportion of double bonds that have converted to single bonds, a good indication of
polymerization. Fig. 1.2f shows the progression of carbon bond conversion with light dose. Liquid
acrylates solidify, or gel, only when a given proportion of monomers have been polymerized, resulting
in a gelation threshold. The light dose needed to transition from liquid to solid is called the threshold
dose. Conversion starts slow when initiation is inhibited by any electron-scavenging species, such
as molecular oxygen diluted in the monomer resin. [20] Oxygen inhibition can be detrimental in
some applications, but in tomographic VAM it simplifies thresholding between solidified and liquid
parts of the resin. Once oxygen has been depleted, polymer chain growth speeds the conversion, until
monomers become less abundant, and conversion decelerates. Chain-to-chain termination and the
consumption of the photoinitiator make the conversion saturate at values below 100%. We use acrylate
photopolymerization as an example, although tomographic VAM has been demonstrated in other
photocurable materials, such as epoxies and thiols. [21], [22] Thiol-ene photopolymerization, is mostly
unsensitive to oxygen inhibition and the stiffness of the resulting prints can be tuned with dose. [21],
[23]
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Figure 1.3: Photoinitiation and photopolymerization. a. TPO, a common potoinitiator, splits into two
reactive subunits, each with a free radical, upon the absorbance of a photon. b. Wavelength-
dependence of the molar extinction coefficients of two photoinitiators camphorquinone
(CQ) and TPO (data from [15]), with the wavelengths at which they were excited in recent
tomographic VAM works. c. Energy level diagram of photoinitiation. The photoinitiator can
transition to the excited state after absorbing one high-energy photon or simultaneously
absorbing two photons with double the wavelength, through a virtual state. The excited
photoinitiator can relax to the base state by emitting fluorescence, or it can induce poly-
merization. Image adapted from [16]. d. Single-photon and two-photon absorption by a
fluorescent medium. The cross-section of the fluorescent spot in two-photon absorbance
depends on the square of the intensity, an is much more confined. Image credit: New-
port corporation. e. Acrylate photopolymerization. Acrylate monomers (R stands for any
alkyl chain), get a free radical after reacting with an excited photoinitator. Multiple active
monomers can react to form polymer chains; a process that terminates by the fusion of two
chains, for example. [17] f. Typical conversion curve of acrylates, [18] a common photoresist
in this thesis. Liquid acrylates gelate when the degree of conversion (the proportion of
double carbon bonds that have been converted to single bonds) surpasses a threshold. The
light dose at which gelation occurs is called the "threshold dose".
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1.3 Vat photopolymerization

Until only a few years ago, the conventional approach in light-based additive manufacturing, or 3D
printing, relied on constructing objects by piling 1D voxels or 2D layers on top of each other. Each
layer being formed by the solidification of a photoresist under light irradiation, for example, by either
scanning a laser beam point-by-point, as in stereolithography [7] or two-photon fabrication, [9], [24] or
by projecting 2D light patterns, as in digital light processing (DLP) technology. [25], [26]

Recently, several new techniques for the additive manufacturing of photo-sensitive materials have
been proposed, including the holographic display of light patterns, [27] tomography, [13], [28], [29] and
xolography.[30] They derive from the layer-by-layer process by fabricating centimeter-scale objects
in a true 3D fashion. This is achieved by illuminating the entire resin’s container with one or a set of
light patterns used for photo-polymerization. The cumulative light exposure results in a volumetric
energy dose that is sufficient to solidify the material in the desired geometry. The main advantages
of these methods is that: 1) they are volumetric, meaning that the object is printed within the resin,
with the resin supporting the built object (which removes the need for support struts); and 2) they are
non-sequential, meaning that voxels are not polymerized one after the other.

Here we describe these vat photopolymerization methods, present their working principle, their
main strengths and shortcomings, and name some commercial applications of the technologies. The
comparison between these methods are summarized in fig. 1.4 and table 1.1.

Stereolithography

In stereolithography light from a laser is rastered onto a vat of photopolymerizable resin using a
steerable galvo mirror, as seen in fig. 1.4a. The laser spot is small by design, so polymerization
is localized and occurs fast. Thanks to this, there is no need to integrate the laser beam for long
times at each voxel. The object is built onto a platform, which moves upwards after each layer is
completed. To prevent the photocuring of voxels deeper into the vat, photoresins incorporate light
absorbers in addition to photoinitiators. [31] The concentration of these light absorbers, which include
dyes such as Sudan |, is tuned following Bouguer-Beer-Lambert’s law to the desired layer thickness.
Stereolithography 3D printers have benchmark resolution among desktop 3D printers and can produce
smooth, almost layer-less finish to printed parts. Stereolithography is commercially widespread, with
Formlabs, a former MIT spinoff, producing desktop printers optimized for ease-of-use, and 3D systems,
a company based in South Carolina, selling industrial printers for serial production.

Digital light processing

Digital light processing (DLP) uses a similar approach to stereolithography, except that instead of
rastering a laser spot, full layers are polymerized at once by projecting 2D light patterns, as seen in fig.
1.4b. These light patterns, which correspond to the cross-sections of the target object, are produced
by a digital micromirror device (DMD). The DMD contains millions of micrometric mirrors that can
be steered at kHz frequency between an ON and an OFF state. Due to the larger area of the displayed
patterns, LEDs instead of lasers are typically used as light sources. The invention of transparent
windows which are permeable to oxygen increased the possible printing speeds, in a process named
continuous liquid interface production (CLIP). [25] CLIP exploits oxygen inhibition of polymerization
to produce a "dead zone" about 10 microns in thickness above the window, preventing the new layer to
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Figure 1.4: Vat polymerization methods. a. Stereolithography. b. Digital light processing. ¢. Two-
photon polymerization. d. Light-sheet 3D printing. e. Tomographic volumetric additive
manufacturing.
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attach to the window instead of the 3D object. Slicing and light dose can also be adjusted to fabricate
objects without layering effects. [32] Carbon 3D fabricates printers using CLIP technology, and has
found a market in the dental industry, where multiple denture models must be fabricated per patient,
requiring short printing times.

Two-photon printing

Maria Goppert-Mayer first described the process of multi-photon absorption theoretically in 1931. [8]
Multi-photon absorption and fluorescence was only experimentally demonstrated in 1961, after the
invention of the laser. [33] As the energy transition is only possible with the combined energy of both
photons, they must be absorbed simultaneously by the photoinitiator. This is why the intermediate
energy state, as in in fig. 1.2c, is called a virtual energy state: it has no lifetime and the molecule is never
truly in this energy state. To increase the probability that both photons are absorbed simultaneously,
pulsed lasers are used instead of continuous wave sources. By reducing the pulse duration, the photon
flux is increased. Thanks to the dependence on simultaneous absorption, the probability of activation
depends on the square of light intensity; which further confines the photopolymerization voxel. To
increase efficiency, photoinitiators can be engineered to enhance their two-photon absorption cross-
section. [34], [35] Additionally, high numerical aperture microscope objectives are used to focus the
beam into very small volumes.

Two-photon polymerization exhibits unmatched print resolution, enabling the production of microde-
vices with sub-micron features. [36] Fabrication times are long, ranging into tens of hours for 100
wm devices. Recent strategies, such as spatio-temporal focusing of the pulsed beam, have drastically
reduced printing times. [37], [38] Gray-scale two-photon lithography, an adaptation to two-photon
polymerization, reduces fabrication times by dynamically adapting voxel size to balance print resolu-
tion and printing speed. [39] Two-photon printers are commercially available from Nanoscribe and
Femtika, for example, and have been used to produce spectrometers for visible light with a footprint of
only 100 x 100 um?. [40]

Light-sheet 3D printing

Xolography is a volumetric additive manufacturing method in which layers of a 3D object are fabricated
sequentially within a viscous resin. [30] The method exploits dual-color photoinitiators to confine poly-
merization to thin layers, which are created by projecting unstructured UV light-sheets orthogonally to
the main optical axis of the instrument. Structured 2D red light patterns, modulated by a DMD as in
digital light processing, are projected along the optical axis. The key element behind this technology is
the photochromic photoinitiators, which must absorb UV light to go into a photo-activatable state, at
which they will absorb red light and induce polymerization. [41] The life-time of the photo-activatable
state of the initiator imposes the maximal limit for scanning speed of the light-sheets, which means the
number of layers per time unit that can be polymerized. The technology has been used to fabricate
complex hollow geometries in acrylates. Its applicability to biofabrication is yet to be demonstrated,
specially due to the possible cytotoxicity of the fluorinated dual-color cyanide-based photoinitiator.
Volumetric additive manufacturing has sparked interest for photochromic initiators, and alternatives
free of cyanide groups have been developed recently. [42] Hahn et al. have used biacetyl, a small
organic compound, as a dual-color photoinitiator (A; = 440 nm, A, = 660 nm), to fabricate micromet-
ric devices in a light-sheet configuration. [43] They used continuous-wave laser diodes (red for the
photo-activating light sheet) and a high numerical-aperture objective to build objects with a peak voxel
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printing rates of 7 x 10%voxels-s—!.

Tomographic volumetric additive manufacturing

Analogous to computer tomography (CT), Tomographic volumetric additive manufacturing works
by projecting dynamic light patterns into a rotating vat of photosensitive resin. These light patterns
build up a three-dimensional energy dose within the resin, solidifying the volume of the desired cm-
scale object within seconds. [28], [29] Departing from established sequential fabrication methods like
stereolithography or digital light printing, volumetric additive manufacturing offers new opportunities
for the materials that can be used for printing. These include viscous acrylates and elastomers, epoxies
(and orthogonal epoxy-acrylate formulations with spatially controlled stiffness) formulations, tunable
stiffness thiol-enes and shape memory foams, polymer derived ceramics, silica-nanocomposite based
glass, and gelatin-based hydrogels for cell-laden biofabrication. The method is particularly well adapted
for biofabrication, and Readily3D, a startup from EPFL, designs and sells tomographic bioprinters.
Tomographic volumetric additive manufacturing is the main subject of this thesis and its working
principle will be treated in detail in the next chapter.

Prior to the invention of tomographic volumetric additive manufacturing, Shusteff et al. proposed a
holographic approach instead. [27] They fabricated objects by producing a holographic light dose via
the interference of three coherent light beams. Although ingenious, the method has had limited recep-
tion because it is challenging to make the beams interfere into any desired 3D geometry. Holographic

patterning could be combined with other technologies to increase resolution, for example.

Technology Sequential pho- Volumetric? Typicalreso- Typical Printable Typical light Cost
topolymeriza- lution print time size source
tion?
Stereolithography  Sequential (1 No 300 um hours 10s of cm Laser, continuous  $$
voxel at a time) wave, 405 nm or
uv
Digital light pro- Sequential (1layer No 500 pm 10s of mins ~ 10s of cm LEDUVor4l0nm $
cessing [25] at a time)
Two photon poly- Sequential (1 Yes 1 pum hours 100sof pm  Laser, pulsed, IR $$$$
merization [44] voxel at a time) or visible
Light-sheet micro- Sequential (1 layer Yes 10 pm 10sof mins  100sof um  Laser continuous  $$$
printing [43] at a time) wave, 440 nm &
660 nm
Xolography [30] Sequential (1 layer Yes 10 pm minutes cm Laser continuous  $$$
at a time) wave, 375 & 585
nm
Tomographic vol-  Non-sequential Yes 100 um seconds cm Laser continuous  $$%
umetric additive (voxels polymerize wave, visible
manufacturing almost simultane-
[28], [29] ously)
Holographic vol- Non-sequential Yes 500 pm minutes cm Laser continuous  $$

umetric additive
manufacturing
[27]

(voxels polymerize
almost simultane-
ously)

wave, visible

Table 1.1: Comparison of vat photopolymerization technologies.
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4 Tomographic volumetric additive
manufacturing

This chapter introduces the basic theoretical and experimental tools used throughout this thesis
for tomographic volumetric additive manufacturing. It discusses tomographic back-projection, the
experimental setup used for additive manufacturing, and reviews the materials used in tomographic
volumetric additive manufacturing. Some of the contents of this chapter can be found in the following
review papers:

* Dinc, Niyazi Ulas, Amirhossein Saba, Jorge Madrid-Wolff, Carlo Gigli, Antoine Boniface, Christophe
Moser, and Demetri Psaltis. "From 3D to 2D and back again." Nanophotonics 12, no. 5 (2023):
777-793. https://doi.org/10.1515/nanoph-2022-0512

¢ Madrid-Wolff, Jorge, Joseph Toombs, Riccardo Rizzo, Paulina Nufiez Bernal, Dominique Porcin-
cula, Rebecca Walton, Bin Wang et al. "A review of materials used in tomographic volumetric
additive manufacturing." MRS communications (2023): 1-22.

2.1 Tomographic recontructions

This thesis deals with tomographic additive manufacturing, a method introduced by Loterie, Delrot
and Moser at EPFL, and by Kelly, Bhattacharya, Shusteff, Taylor and Spadaccini at the University of
California-Berkeley and the Lawrence Livermore National Laboratory. [45], [46]

Tomographic additive manufacturing was inspired by computed tomography (CT) scans in biomedical
imaging; where a series of X-ray radiographs of a patient are acquired from multiple angles. These
radiographic projections (2D) are then processed to reconstruct the body of the patient (3D), as seen in
fig. 2.1a-b. The reconstruction represents the distribution of absorbed X-ray dose inside the object. [46]

2.1.1 Radon transform

The mathematical theory behind this method is the Radon transform, which relates the 3D body of the
patient to the 2D radiographs at different angles. The Radon transform is a method for representing a
n-dimensional function (like a body) in terms of its (n-1)-dimensional projections along a set of straight
lines, as represented in fig. 2.1c. The X-rays shining through the patient’s body are these straight lines,
which, because of the different abosrbances of the various tissues in the body, will get attenuated. The
photodetector integrates the x-rays that were not absorbed by the body. Knowing the initial intensity,
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Figure 2.1: Computed tomography a. A patient is scanned by acquiring radiographs
from multiple angles. Figure reproduced from https://thoracickey.com/
basic-principles-in-computed-tomography-ct/ b. These radiographs (2D) can be
computationally processed to reconstruct the body of the patient (3D). Figure reproduced
from [47]. c. The Radon transform calculates the integral projection of an object for each
angle.

the radiographs can be converted to measurements of attenuation.

Mathematically, for a given function f(x,y) representing a cross-section of a 3D object, the Radon
transform R(r, 0) is defined as the integral of f(x,y) along a line with angle 8 and perpendicular distance
T from the origin:

(o.0) (o¢]
R(T,@):J J f(x,4)d(xcos0+ysin® —r) dx dy

Here 8() is the Dirac delta function, which essentially extracts the value of the function along the
specified line. [48] The set of projections obtained from applying the Radon transform is called a
sinogram, R(r,y,0) (fig. 2.2a). A sinogram has angular units along one of its axes and spatial units
along the other(s). The name sinogram derives from the fact that the Radon transform of an off-center
point source is a sinusoid. Consequently, the Radon transform of a number of small objects appears
graphically as a number of blurred sine waves with different amplitudes and phases. In practice,
projections are only obtained for every finite angle, so sinograms are discretized along the angular axis.
The pixel size of the detector discretizes the sinogram along the spatial axes.

The corresponding inverse Radon transform allows to reconstruct an n-dimensional function (like a 3D
model) from a collection of (n-1)-dimensional projections. The inverse Radon function reconstructs
the function by back-projecting parallel beams of modulable intensities. As shown in fig. 2.1b., the
body of the patient can be reconstructed by taking the radiographs and back-projecting them, each at
the angle at which it was acquired. One undesired aspect of the inverse Radon transform, is that energy
is unavoidably back-projected to ideally empty regions of space, like the white space around f(x,y) in
fig. 2.1c. Additionally, producing perfectly parallel or collimated light beams is impossible in practice
due to the diffractive nature of light. [49] Discretization, non-zero background intensities, diffraction,
and noise make the reconstructions obtained from the inverse Radon transform only approximate. [50]
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In fig. 2.2 we see the effect of angular discretization over the quality of filtered back-projections. We
compute the sinogram of the reference signal, an image of a hand, with different angular discretization:
5, 10, 50, and 100 angular projections (over 180°). We then reconstuct the signal from these sinograms,
using the inverse Radon transform!. As the number of angular projections increases, so does the
quality of the reconstruction, as seen in fig. 2.2d. A noticeable artifact when few angular projections
are available are the visible rays in the reconstructions. Over the years, a variety of more advanced

tomography algorithms have been developed to address these issues, artefacts, and computation time.
(51]

b. Sinograms # projections
a. Model n=5 n=10 n=50 n =100
r
Y
0° 90° 180° 0° 90° 180° 0° 90° 180° 0° 90° 180°
X 6 6 6 6

c. Filtered back-projected reconstructions

[ |
0 Intensity (a.u.) 1
d. Error (model - reconstruction)

[
-0.1 0.1

0
Intensity (a.u.)
Figure 2.2: Angular discretization of the Radon transform a. 2D model, the image of a hand. b.

Sinograms with increasing angular resolution (5, 10, 50, and 100 angular projections). c.
Filtered back-projection reconstructions. d. Error of the reconstruction. Note that because
we are computing projections around a rotation axis, we can’t perfectly reconstruct the
corners of the square model, so they are set to zero in the reconstruction. Calculations
performed using Scikit-Image’s Radon package for Python. [52]

2.1.2 Filtered back-projection

In tomographic 3D printing, the principle of CT scans is used in reverse. First, a digital model of
the desired object is loaded (fig. 1.2a). Based on this model, cross-sectional images of the model
are generated. (fig. 1.2b). Then, the sinogram of the obect is calculated using the Radon transform
(fig. 1.2c). When all these projections are displayed into a homogeneous volume of photocurable

TWe additionally apply a frequency-correcting filter, which we’ll describe in the next paragraphs.
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material, the cumulative absorbed dose distribution due to the projections reproduces the shape of the
three-dimensional object inside the material. If a liquid photopolymer is used as a target material and
visible light is used for the projections, locations inside the photopolymer where a high dose of light
was applied will solidify. Regions that receive smaller light doses will remain liquid. (figs. 2.3g and 1.2f)

Because digital Cartesian 2D images are projected onto a rotating vial (which is better described by
polar or cylindrical coordinates), some frequencies get more highly sampled than others, and the
resulting back-projection is blurred, as seen in fig. 2.3f. [53] One way to think about why different
frequencies get more energy than others is to imagine the projections of the images onto the central
plane of the rotating vial. The digital images are evenly discretized (the pixel size is constant), but as
they are rotated around an axis, they are more finely sampled. A blurry dose deposition is difficult to
threshold into a polymerized/unpolymerized part. This means that after printing, depending on the
light dose, sections of the object are overpolymerized while others are missing (fig. 2.3g).

To correct for the unequal energy distribution among frequencies, projected patterns can be filtered in
the frequency domain'!, as is the case in filtered back-projection algorithms. [54] The Ram-Lak filter is
a commonly used filter for back-projection reconstructions (fig. 2.3h). It linearly evens out the energy
distribution accros spatial frequencies.

Applying a frequency filter on the projections has an effect, though: projections include negative values
(fig. 2.3i). When back-projected, these patterns yield a perfect reconstruction. Projecting negative
light intensities is physically possible, but technically challenging. It may be done through interference
[27] or by producing photoinhibition in addition to photoinitiation. [55]-[57]. An alternative is to
swap all negative values for zero, applying a non-negativity constrain. These back-projections are only
approximate, but can be further optimized through iterative algorithms. [58]

Light patterns are projected from a spatially discrete light source, namely the DMD. By projecting the
DMD with lenses onto the vial with photoresin, it’s as if this discrete light source were revolving around
the optical axis of the vial. The rotation creates a sampling problem: DMD pixels close to the rotational
axis are sampled more finely than those far from the axis of rotation. Because of this, different spatial
frequencies are sampled with different intensities. To correct for this, an intensity-normalizing filter
can be applied in the frequency domain. This is the approach of filtered back-projection, which is a
common solution in tomographic reconstruction methods such as computer tomography. A frequently
used filter is the Ram-Lak filter (fig. 2.3h). However; filtered back-projections include negative values
(fig. 2.3i-middle). So far, however, most works have employed simpler approaches in which negative
values are set to zero following a non-negativity constraint. Iterative algorithms can be applied to the
resulting physically-incorrect patterns to improve print fidelity. [29], [59], [60]

2.1.3 Experimental implementation

In this work, a computer is used to calculate the light patterns that will be then projected onto the
photosensitive resin. The Radon transform calculates these patterns by “projecting” shadows at
different angles. We use a Pytorch-based library to compute the optimized non-negative filtered Radon
transform on a GPU, reducing computation time!''. We usually calculate projections with an angular
resolution of A8 =0.36°, corresponding to 1000 patterns per rotation.

Tin Fourier space
M :omputation time is still in the order of minutes
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Figure 2.3: Computation of the projected patterns a. The 3D model of a hand and b. its lateral

and vertical projections. ¢. The Radon transform calculates the integral projection of an
object for each angle. d. For visualization, we take a slice of the 3D model and calculate
its Radon transform around the z-axis, which yields e. the sinogram of the object. f. A
light dose map results from back-projecting (inverse Radon transform) all slices from the
sinogram. A "halo" surrounds objects, because, when back-projecting light, no region
receives zero light. g. In the printer, the light dose is thresholded by the conversion response
of the polymer. The blurred reconstruction leads to a threshold sensitive to over- or under-
polymerization. h. To correct this, a frequency filter can be applied to the sinogram. i.
The filtered back-projections (middle) produce a perfect reconstruction, but they require

negative light intensities (blue.) A non-negativity constrain can produce an approximate
solution that is easier to threshold.
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Figure 2.4: Dynamic light patterns are projected onto a rotating vial of photocurable resing. Image
credit Alain Herzog/EPFL.

These patterns are saved as an array of 8-bit images. They are then transferred to a digital micromirror
device (DMD); which is, in our case, a pixelated array of 1024 by 768 micrometric mirrors, steerable
between an OFF- and an ON- state at up to 30 kHz. The DMD is set to sequentially display the loaded
patterns while a stage rotates the vial of photocurable material at a constant speed. The DMD projects
the patterned light from multiple continuous-wave high-power laser diodes onto the vial, as illustrated
in fig. 2.4. The experimental setup is described in detail in section 2.2.

In summary, the computer calculates the filtered-back-projections (using Radon transform as a back-
bone) while the printer projects these patterns onto the photocurable vial, analogously to the inverse
Radon transform.

2.1.4 Resolution, print fidelity and smoothness: advanced printing strategies

VAM exhibits unprecedented printing speed and enormous versatility across materials. However,
the achievable resolution is still limited to above 50 um. [14] Different strategies to increase print
fidelity and resolution have been presented and include adaptations to the calculations of the projected
patterns, [59]-[62] optical corrections to reduce aberrations; [63], [64] and feedback from sacrificial
prints [13], [65] or live feedback to stop the excitation light. [66] Moreover, refractive-index changes
induced by photopolymerization can produce lensing artifacts, including striations via self-writing
waveguides. [67] Such striations degrade print shape accuracy and give VAM-printed parts layer-like
effects despite VAM being free from layering. Rackson et al. presented an ingenious strategy to mitigate
striations and produce smooth shapes in VAM by flooding the vat with uniform light the end of the
printing process. [68]

The smallest printable feature size is at best limited by the projected image of the DMD micromirrors.
Beam divergence further decreases resolution, which is why low-étendue light sources (such as laser
diodes) are preferable than high-étendue sources (such as LEDs). [13] This means that resolution can’t
be any better than the size of the DMD micromirror on the image plane. As an example, Toombs et al.
used lower magnification in their micro-CAL setup to demonstrate the fabrication of 3D objects with
minimal feature sizes of 20 and 50 pm in polymer and fused silica glass, respectively; albeit at the cost
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of smaller printable sizes. [14] The minimal fabricated features were much larger than the projected
DMD mirror images in this work. Resolution is further limited due to materials, light deposition, and
tomographic calculations, among others. Chemical diffusion of free radicals (be it from the activated
photoinitiator or growing polymer chains) also reduces resolution. Orth et al. showed that larger
features polymerize faster than smaller ones, and propose a deconvolution method that adapts light
dose to guarantee that all features are printed simultaneously, regardless of their size. [69] Radical
quenchers, such as TEMPO', can be used to limit the detrimental effects of radical diffusion and dark
curing. [70] In addition to this, limited light contrast also hinders resolution.

As light patterns traverse the entire vial’s volume, there is light deposited in regions outside of the
target volume. Algorithms that optimize light patterns so less light goes outside of the build volume
can improved print fidelity. [62] Fabricating objects with sub-wavelength features with a purely back-
projection approach will be challenging. However, integrating two-photon or two-step absorption into
the fabrication process may bridge this resolution gap.

2.2 Optical setup

The optical setup for tomographic additive manufacturing is depicted in fig. 2.5. Blue light from 4
continuous laser diodes at 405 nm (HL40033G, Ushio, Japan) was condensed into a multimode optical
fiber with a square core (WF 70x70/115/200/400N, CeramOptec, Germany) by means of aspheric lenses
(C671-TME405, Thorlabs, USA). At the output of the fiber, light was then collimated by means of two
orthogonal cylindrical telescopes. This yields a rectangular homogeneous beam, roughly matching the
dimensions of the Digital Micromirror Device (DMD, VIS-7001, Vialux, Germany), and thus maximizing
intensity efficiency. Light patterns from the DMD are then projected onto the resin by means of lens
pair with focal lengths f; = 100 mm (AC254-100-A-ML, Thorlabs) and f; = 250 mm (ACT508-250-A-ML,
Thorlabs). An aperture at the common focal plane of the lenses filters out high diffracting orders from
the DMD and can also be used to regulate numerical aperture.

At the focal plane of lens L, sits the cylindrical vial containing the photoresin. These vials are held
from above and set to turn with a high-precision rotary stage (X-RSW60C, Zaber, Canada). A square
refractive-index matchin bath is used to reduce lensing from the resin.

Orthogonally to the optical axis of the printer, red light at 678 nm from a laser diode is used to image the
printing process. A lens pair with focal lengths f; = 75 mm (AC508-075-A-ML, Thorlabs) and f; = 250
mm (ACT508-250-A-ML, Thorlabs) produces an image onto a CMOS camera (ACE ACA2000-50G, Basler,
Germany).

The setup is controlled from the computer using a custom python code, written jointly by Dr. Antoine
Boniface and I. A data acquisition card (DAQ, National Instruments) acts as the controller, digitally
triggering the steady rotational movement of the sate, the switch on of the lasers, and the timely
sequential exposure of the image patterns loaded onto the DMD.

All the 3D printing experiments in this thesis except for those on helical volumetric additive manu-
facturing, were performed with this setup. This setup was mostly conceived and built by Dr. Paul
Delrot and Dr. Damien Loterie, two former members of the lab. Throughout my thesis, I modified and
adapted the setup constantly.

V(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl
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Figure 2.5: Optical setup of the tomographic volumetric 3D printer.

2.3 Materials used in tomographic volumetric additive manufactur-
ing

When I began my PhD work, tomographic volumetric additive manufacturing had only been demon-
strated in acrylates, [29], [45], [46] elastomers (such as silicones), [46] and methacrylated hydrogels,
[29] like GelMA, even laden with cells. [28] The last years have seen an explosion in the materials used
in tomographic VAM, as researchers have adapted previously well-established polymerization and
cross-linking chemistries to the new method. Table 2.1 lists the published formulations demonstrated
in tomographic VAM. They have expanded from acrylate chain polymerization reactions to also include
step polymerization of thiol-enes [21] and norbornene hydrogels. [71] Organogels (e.g. ethylcellulose)
have been developed to reduce the adverse effects of sedimentation. [72] Epoxies have also been mixed
with acrylates to produce orthogonal polymerization systems (each initated at a different wavelength)
that allow the spatial modulation of stiffness. [22]

In this thesis I have explored and introduced —alongside our collaborators and fellow lab members- the
tomographic fabrication of optically-tuned organoid laden hydrogels (chapter 4),[73] fibroblast-laden
hydrogels to model cellular cross-talk in pancreatic cancer (chapter 5), [74] polymer-derived ceramics
(chapter 6),[75], and silica glass from phase-separating resins (chapter 7).
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Figure 2.6: Photoinitiators are used at low concentrations in tomographic VAM a. Transmittance
decreases rapidly as photoinitiator concentration increases b. Light intensity in the rotating
vial. Light decays exponentially following Beer-Bouguer-Lambert law. As the vial rotates,
light intensity is lowest at the center. c. The difference in light intensity between the edges
and the center (0.8 cm) of the vial is very marked at higher photoinitiator concentrations.

2.3.1 Optical transparency

As tomographic VAM relies on light exciting the full volume at once and not layer by layer, high optical
transparency is a requirement for the usable materials. Because of this, photoinitiators must be used
at low concentrations, otherwise light would be rapidly attenuated following the exponential decay
described by Beer—-Lambert-Bouguer law. Ideal photoinitiators for VAM have low extinction molar
coefficients but high polymerization yield. As seen in table 2.1, BAPO, TPO, and camphorquinone are
commonly used initiators in VAM, having molar extinction coefficients in the order of 100-200 L mol !
cm ! at the excitation wavelength (fig. 1.2);[15] which is orders of magnitude lower than the peak
molar extinction coefficients of other photoinitiators. To reduce absorbance, initiators must be used at
low concentrations (= 0.1wt%), typically an order of magnitude lower than in SLA or DLP; as seen in
fig. 2.6. Their low concentration is extremely beneficial in some applications such as in bioprinting,
given the cytotoxicity of most photoinitiators. [76] Light absorbers and dyes, which are common in
DLP and SLA, are actually detrimental to VAM because they limit the penetration depth of light.

Many resin formulations of interest are scattering, such as cell-laden hydrogels or composite resins.
Scattering deviates light from the straight path that it is assumed to follow in the computations for
the tomographic patterns. The detrimental effect of scattering has been mitigated by reducing the
refractive index mismatch within the components of the resin or by including the scattering profile of
the material in the computational pipeline, as we will discuss in chapter 4. Possibly, scattering could
be reduced by using longer-wavelength photoinitiators, [12] upconversion nanoparticles, [77], [78] or
multi-photon instead of single-photon excitation. [16], [44], [79] Polymerization may also be induced
with radiation outside of the visible spectrum, such as with microwaves. Although inherently subject
to lower resolution due to the wave nature of light, tomographic microwave curing could be used to
fabricate objects volumetrically in completely opaque materials. [80] Acoustic waves could also be used
holographically or tomographically to fabricate 3D objects in opaque media, including cellularized
hydrogels. [81]-[83]

2.3.2 Viscosity

Because objects are not fabricated in a layer-by-layer fashion, the resin does not need to flow at each
printing step, as is the case in SLA or DLP; more viscous resins can be used in VAM. This has enabled
the use of solvent-free formulations, which have higher monomer concentrations and thus polymerize
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faster and yield stronger objects, and has also enabled the use as solid or gelled materials, like hydrogels
or organogels. Part sedimentation during the printing process depends on print shape and resin
viscosity and could compromise print fidelity if not taken into account properly. [84] Previous works
have shown that sedimentation does not hinder fidelity in viscous resins, as it occurs mostly once
printing has finished. [13], [75]. When the polymerization reaction is slower, increasing the viscosity
improves print fidelity, as demonstrated by Toombs et al. in ethylcellulose organogels. [72] On the
contrary, when the polymerization is highly exothermic, solidified objects can float instead of sinking.
Fabricating objects under microgravity opens the possibility to use less viscous or more exothermic
materials. [85] Viscosity, however, is not a intrinsic requirement for VAM, and printing in low-viscosity
materials could be done by reducing the amount of time between the beginning of solidification and
the end of the print, or by adjusting the displayed patterns to the expected sedimentation.

Viscosity also impacts radical diffusion and dark curing [19]. Recently, Orth et al. designed experiments
to measure oxygen diffusion rates in viscous acrylates resins. [69] Oxygen diffusion prevents dark
curing, but it also increases the required light dose to polymerize a region if light excitation is done over
longer periods. Orth and collaborators computed a point spread function that accounted both for light
beam divergence and for loss of resolution due to chemical diffusion. This 3D point spread function
could be then used to deconvolve the 3D model before computing its tomographic back-projections.
The resulting correction, similar to that of Loterie et al. but without the sacrificial print, [13] tackles
the issue of why certain regions of the 3D objects are polymerized before others, even if they are
irradiated with the same light dose. To further reduce the detrimental effects of radical diffusion on
resolution, oxygen could be fully replaced by a less motile radical scavenger, such as TEMPO. This could
be done in practice by bubbling nitrogen through into the resin and keeping it in hermetic containers.
Alternatively, diffusion could also be reduced by printing in more viscous resins, or by cooling them
down; although this reduces resins’ reactivity and increases printing times. [86]
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Type Formulation Photoinitiator (con- A (nm) Viscosity | Other com- | Notes
centration) ponents
Acrylate — | PEGDA / BPAGDA / EEC CQ (0.02 wt%) EDAB | 455/ 365 CAT2 first dis-
epoxy [22] (0.02 wt%) CAT2 (2.9 solved in propy-
wt%) lene carbonate
Acrylate [13], | Di-pentaerythritol pen- | TPO (0.6mM) 405 >10Pas | TiOz
[61] taacrylate added to
make resin
scattering
[61]
Acrylate [22], | PEGDA / BPAGDA CQ (0.1 wt%) EDAB | 455 0.32 - | Viscosity
[57] (0.25 wt%) 1.40 Pa-s | adjusted
adding
BPAGDA
Acrylate [55], | TEGDMA / BisGMA CQ (0.2 wt%) EDAB | 460 /365 0-ClI-HABI | HABI pre-dissolved
[57] (0.5 wt%) (1 or 3| inTHF
wWt%)
Acrylate [55], | TEGDMA / BisGMA CQ (0.1 wt%) EDAB | 460 /365 0-ClI-HABI | HABI pre-dissolved
[57] (0.25 wt%) (0.4 wt%) in THF
Acrylate [57] PEGDA / BPAGDA CQ (0.1 wt%) EDAB | 455 0.32 Pa:s | TEMPO
(0.25 wt%) (0.004 or
0.01 wt%)
Acrylate [85] Urethane Dimethacrylate | DBMP (6mM) 405 11 Pa-s Printed in micro-
gravity
Acrylate [85] aliphatic urethane acry- | DBMP (6mM) 405 25Pa-s Printed in micro-
late diluted in isobornyl gravity
acrylate
Acrylate [29] BPAGDA 75 wt% + PEGDA | CQ (5.2mM) + EDAB 5.2 Pa-s
25 wt% 1:1 (weight ratio)
Ethyl- TMPTA + Ethyl-cellulose | CQ (5mM)+EDAB1:1 | 455 Thermally| TEMPO
cellulose (7 Wt%) (weight ratio) gelated (1.5 mM)
organogel
[72]
Hydrogel [87] | GeINB/PEG4SH LAP (0.05% w/v) 405 Thermally Printing time ~ 10
gelated s, viability >95%
Hydrogel [87] | GelNB/GelSH LAP (0.05% w/v) 405 Thermally
gelated
Hydrogel GelMA 10% w/v LAP (0.037% wt) 405 Thermally Printing time 12.5 s,
(cell-laden) gelated viability >85%
[28]
Hydrogel GelNB/PEG4SH 2.5% w/v | LAP (0.05% w/v) 405 Thermally Laden with murine
(cell-laden) gelated C2C12 myoblasts
[71] at 1 million cells
mL~!
Hydrogel GelMA 5, 8 and 15% w/v LAP (0.1% w/v) 405 Thermally Print around melt-
(cell-laden) gelated electrowritten
[88] poly(e-
caprolactone)
meshes
Hydrogel GelMA 8 % w/v in PBS LAP (0.16 mgmL™}) 405 Thermally Laden with human
(cell-laden) gelated embryonic kidney
[61] cells at 4 million
cells mL !
Hydrogel GelMA 10 % w/v in PBS LAP (0.16 mg mL1) 405 Thermally + 0.5 million cells
(cell-laden) gelated mL~! (human fi-

[74]

broblasts)

Table 2.1: Materials used in tomographic volumetric additive manufacturing. Materials highlighted
in blue are contributions of this thesis.
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(in different mixing molar
ratios)

Type Formulation Photoinitiator (con- | A (nm) Viscosity | Other com- | Notes
centration) ponents
Hydrogel GelMA 5% w/v LAP (0.1% w/v) 405 Thermally| Iodixanol + up to 5 million
(organoid- gelated cells mL~! (hu-
laden) [73] man hepatocytes)
Hydrogel [89] | Silk sericin 2.5-5% w/v Ru/SPS (1/10) (0.25-1 | 525 Not mea- | water + 5 million cells
mM Ru) sured mL~! (C2C12 my-
oblasts); printing
time ~55-80 s
Hydrogel [89] | Silk fibroin 1.25-15% w/v | Ru/SPS (1/10) at | 525 Not mea- | water Printing time ~30-
(0.125-1 mM Ru) sured 170s
Hydrogel [87] | PVA-NB/PEG2SH LAP (1.7-2 mM) 405 Thermally| Sacrificial
gelated Gelatin
Nanocomposite¢ 296 g/mol trimethy- | CQ (0.117 wt%) + | 442 10 Pa-s TEMPO
for glass [14] lolpropane triacrylate | EDAB (0.117 wt%) 0.2 M) in
(TMPTA) + hydroxyethyl- TMPTA
methacrylate (HEMA) (0.5 vol%)
Phase sepa- TPO (BmM) + 1-| 405 TEMPO
rating glass Hydroxy-cyclohexyl- (0.3mM)
phenyl-ketone
(24mM)
Poly(e- PCL-ene/ PETA-4SH TPO-L (0.12-0.25% | 442 TEMPO
caprolactone) w/v) 0.1 mg
(90] mL™!)
Polymer- Polysiloxane (SPR 684) 85 | TPO (2mM, 0.063 wt | 405 0.87 Pa-s
derived wt% + 1,4-butanediol di- | %)
ceramic [75] acrylate 15 wt%
Shape mem- | TEGDAE: TA-ICN: TME- | MMMP (10 mM) 405 23.5 mM
oryfoam [91] | ICN (0.1 : 0.9 : 1 molar ANPHA +
equivalent of functional 0.1 mM
groups) TEMPO
Silicone [13] 93 wt% vinyl-terminated | TPO-L (2.25 mM) 405 Demonstration of
PDMS + 4.7 wt% fumed 3D printing of full
silica reinforced vinyl- silicones
terminated PDMS  +
23 wt% (mercapto-
propyl) methylsilox-
ane-dimethylsiloxane
Thiol-ene TEGDA + TEGDAE + TAE- | MMMP (10mM) 405 TEMPO
[21] ICN + TA-ICN + TME-ICN 0.1mM

Table 2.2: (Continuation) Materials used in tomographic volumetric additive manufacturing. Materi-

als highlighted in blue are contributions of this thesis.
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k] Volumetric helical additive manufac-
turing

This chapter introduces helical additive manufacturing, an addition to the fabrication method to
increase the size of the printable objects without compromising their resolution. Some of the material
presented in this chapter can be found in the following paper:

¢ Antoine Boniface, Florian Maitre, Jorge Madrid-Wolff and Christophe Moser. Volumetric Helical
Additive Manufacturing. Light: Advanced Manufacturing; 4(12); 2023. doi: 10.37188/1am.2023.012

3.1 Motivation

As covered in the previous chapter, tomographic VAM fabricates objects by shining dynamic light
patterns from all angles onto a rotating vial filled with a photo-curable material. The method has
comparable resolutions to SLA or DLP!, but is much faster, fabricating cm-scale objects in less than a
minute.

Tomographic VAM is limited to small objects, though; with commonly fabricated objects being 1 cmx 1
cm x 3 cm at largest. In many applications, including dental retainers and prototyping, printing larger
structures is desirable. Inspired by spiral computer tomography, [92] we propose to move the sample
around the light beam with a helical trajectory. If light dose is tuned correctly, this change allows to
fabricate longer objects still in a layer-less manner. [93]

Additionally, we realize that the symmetries present in sinograms allow us to project images onto only
one half the vial at any time. This means that the DMD doesn’t need to be centered at the rotation axis
of the vial, but that it can be displaced by one radius, so that it only covers half of it, as seen in fig. 3.2a.
The magnification of the two lenses in the 4f-system can be (1) kept the same, so the print’s diameter
doubles, or (2) decreased by half so that resolution is improved while the footprint is the same.

3.2 Working principle

The principle of tomographic volumetric helical additive manufacturing (VHAM) is given in fig. 3.2.
We combine a rotating and a linear translation stage to set the glass vial (diameter = 32 mm) containing
the photoresist in a helical motion. We must emphasize here that all the resin is not illuminated at once

TRecent SLA systems have improved resolution to tens of microns
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as in conventional tomographic VAM. Here, the whole resin is entirely excited only after one complete
cycle comprising a bottom-up and a top-down helical pass. Half a cycle (only up or down) includes o
rotations of the vial. As the vial follows a helical trajectory, « also represents the number of sets of light
patterns stacked along the vertical axis. There are some overlapping regions between the patterns so
that after a turn its lower and upper parts coincide. The size of the overlap is fine-tuned by adjusting
the vial’s rotation speed to the vertical movement of the translation stage, which is essential to ensure
continuity of the printed objects.

In this work, the rotation speed is between 8 and 10°- s ! which respectively gives a vertical linear
speed of 366 and 458 um - s~ . After a few up and down cycles, the light dose accumulated inside the
resin at different heights and over multiple angles is sufficient to solidify it as shown on the schematic
fig. 3.2b. This usually happens after 2 or 3 vertical cycles and is in general completed in less than ten
minutes (fig. 3.2c). Note that because of light absorption, patterns projected at 8 and 6 + 180° do
not irradiate the volume of resin in the same way. We take this into account by performing a blank
half turn (simply put, no projection and no vertical translation over 180°) between two vertical cycles.

a b.
| .
Helical Accumulated dose
DMD i"_—/\ e
i t .
I R = | ’
\ — Photoresist " &B/Pg’;g:ﬁd
Off-centered i
light beam ] | Glass vial /

time

(sec)

Figure 3.1: Principle of tomographic volumetric helical additive manufacturing (VHAM). a. Simpli-
fied schematic of the helical printer. A laser beam (A = 405 nm) is modulated in intensity
with a DMD before propagating through the photoresist. The vial containing the latter is
off-centered, such that one lateral edge of the rectangular beam intersects the center of the
cylindrical container. The vial is placed in rotation and move continuously up and down
defining a helical trajectory. b. Schematic representation of the helical printing procedure.
A series of patterns of light projected over multiple angles trigger at different time the poly-
merization. At a given time only a subpart of the resin is exposed to light. In fact, it is the
helical movement that ensures the solidification of the whole object. c. Time lapse. Two
cycles up/down and 12 turns were necessary to solidify the resin in the desired geometry
(see 3D model in b.). This is achieved in less than 10 min. The rotation stage holds the vial
by the bottom. A white cap prevents resin’s leakage to the outside. d. Final part obtained
after washing out the unpolymerized resin. Scale bar: 10 mm.
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Without this blank half turn, the deposited light dose would not be diametrically symmetrical because
of absorbance (fig. 2.6), although this could be compensated numerically (section 4.4).

It results that for 3D structures with no central symmetry, the number of projected patterns doubles. As
an illustration, one may need to project around 10,000 patterns for printing with « = 3 and an angular
resolution of 0.18°.! The final 3D printed structure is obtained after some post-processing including a
washing and post-curing steps. For the helical tower structure in fig. 3.2d, « = 3. This extended the
number of printable voxels to 4 = 12, compared to traditional tomographic VAM.

Fig. 3.2 shows the prints of five different 3D models, relatively large (2 cm wide at least), with different
heights. For all of them, the DMD was off-centered with respect to the vial’s rotation axis, while the
parameter o was adjusted to fit the height of each object. As in conventional tomographic VAM, these
complex and hollow geometries are printed in a short time (3-10 minutes, indicated on the figure)
without the need for support structures.

The absence of layering offers excellent surface quality as one can see in the micrographs in fig. 3.2c,
especially for the prints of the hand and the teeth. Striations, similar in appearance to a few tens of

TR AM has to be handled specially to be able to transfer continuous batches of images onto the DMD while it
displays them following an external electronic trigger.

3D Models

Printed objects

10 mins

A, 250 pm

=N

Micrographs

Figure 3.2: Examples of 3D printed objects using volumetric helical additive manufacturing. a.
3D models. b. Photographs of the obtained prints, with their printing time indicated c.
Microscopic images of some details of the prints. Scale bars: b. = 10 mm, ¢.= 1 mm.
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microns thick layers, can be observed. They are caused by a self-induced waveguide effect, driven by
the non-linearity of the material’s gelation and can potentially be removed. [68] Suspended complex
structures as thin as the 680 pm double arches of the crown and its 250 um spikes in relief can be
printed with high fidelity. The printer is not only capable of printing sharp edges like the square pillars
of the helical tower but also round and curved surfaces like the circular base of the structure. The
speed of the process and the achieved level of details might make VHAM interesting for dental industry.
However, resolution must be improved before the technique can be widely adopted in industry.

3.3 Effects of optical features of the beam on print fidelity

In VHAM, the printing cross-section was extended to several cm. By doing this, the new printer
incidentally became a useful platform to explore the effects of beam divergence and beam focusing
on print fidelity. Loterie et al. had already explored the effect of beam divergence, and realized that
low étendue light sources (lasers instead of LED) were critical to preserve resolution across the print
volume. [13]

Beam divergence We investigated the effect of the beam divergence on the resulting dose deposited
inside the build volume using computer simulations. Two different configurations were considered: on
the one hand the DMD is on-axis and illuminates the whole volume of photoresin (as in conventional
tomographic VAM) and on the other hand the DMD is off-centered as in VHAM (fig. 3.3). As aresult, the
way the DMD is positioned with respect to the cylindrical vial does not change much the obtained dose.
In both cases the divergence results in a global blur of the light dose. The effect is stronger on the edge
as the voxel size due to divergence is larger. The beam divergence is modified by adjusting the Rayleigh
range of the optical beam zg qy1eigh- Shorter zrqyleigh corresponds to high beam divergence.

Beam focus The light beams that we use in the tomographic printer are Gaussian, and as such, they
can not be infinitely collimated. The beams, then, have a focal plane and then defocus away from it.
Alimited Rayleigh length marks a difference between the calculated reconstruction using the Radon
transform, which assumes that light is perfectly collimated, and the experiment. Other research groups
have developed iterative algorithms to correct for this mismatch. [62] As a result, light beams with
shorter Rayleigh lengths blur out more rapidly and produce objects of lower resolution, as is shown in
figure 3.4.

When the DMD is placed on axis, these defocusing artifacts translate into a blurred dose deposition,
and a reduction of print resolution. Interestingly, due to the rotational asymmetry of the off-centered
DMD in VHAM, artifacts appear when the focal plane does no fall on the center of the rotating vial. In
the case of the 3D-printed gear in our example, these artifacts consisted of an asymmetric elongation
of its cogs. At first, we believed this error came from errors in the synchronization of the rotational
speed. Having run controls for his, we realized that the source of error was actually the defocusing.

These experiments suggest that diffraction tomography, [94]-[96] which takes into account the lack
of collimation of the light beam, would be a better model to calculate light patterns. Future work is
needed to develop or adapt software libraries for diffractive tomographic printing.
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Figure 3.3: Effect of beam divergence on the resulting dose and resolution. a.. A diverging Gaussian

beam has cross-sections of varying size as it traverses the resin container. b. As a result,
projected light patterns are blurred out. ¢. Example of a 3D model to print and d. the
compared target and simulated resulting light doses at different heights. e. When the DMD
illuminates the entire printing vial. the sinogram for a 3D model of a gear has components
on both sides of the optical axis. When there is no divergence, the resulting light dose is
sharp. However, as divergence increases, light patterns have shorter Rayleigh lengths and
they divert from the paraxial approximation assumed in the Radon transform. This results
in blurred cumulative light doses. f. When the DMD is off-centered with respect to the
optical axis, the sinogram only has components on one side of the optical axis. Although off-
centered projected patterns are subject to loss of print fidelity as beam divergence increases,
this change does not induce asymmetric artifacts. Scale bars: d. =2 mm, e. and f. =1 cm
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Figure 3.4: Effect of beam divergence on the resulting dose and resolution.

3.4 Conclusion

Having a look at conventional tomographic VAM, one rapidly foresees the advantages related to the
helical motion. Usually in tomographic VAM, the available N x Ny, pixels of the DMD illuminate the
whole rotating volume of resin at once, as represented in fig. 3.5a. In theory this configuration provides
%Ni x Ny independent printable voxels. Off-centering the DMD doubles the lateral resolution or
increases the number of printed voxels by a factor of 4. Additionally, the continuous translation of
the vial gives the possibility of printing taller objects (fig. 3.5). The increase in the vertical direction is
described by the parameter «.

In this work, we printed objects with o up to 3, meaning objects 3 times taller. Overall, this new optical
configuration increases the number of printed voxels inside the vial by a factor up to 4cc = 12 compared
to conventional tomographic VAM, as seen in fig. 3.5. This size increase is at the cost of the printing
speed since the resin must be exposed to light for a longer time to reach the threshold dose. It is
possible to lower the threshold dose by increasing the concentration of photoinitiator, but one must be
careful not to make the resin too absorptive, or by increasing the laser power.
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As in any light-based VAM methods, printing larger structures comes at least with two challenges. On
the one hand, light has to penetrate deeper inside the resin to cure the whole volume; light absorption
is therefore more critical. On the other hand, light has to propagate straight over longer distances.
Whatever the printing technology, light is never perfectly collimated and divergence can be at the origin
of strong deviation between the model used for computing the patterns and the real experiment. [13],
[62] In our case, we deliberately chose to reduce the numerical aperture of our optical projection system
to reduce the beam divergence in order to preserve the printing fidelity although it is at the cost of the
resolution and printing speed since we cut part (the high spatial frequencies) of the incoming light.
We characterize the effect of the numerical aperture and divergence on print quality (figs. 3.3 and 3.4)
through a numerical model. Although divergence inevitably affects print resolution, we successfully
printed features size of 680 pm for objects as big as 2.5 cm x 2.5 cm x 3 cm (fig. 3.2).

In summary, we have presented a proof-of-concept of a new light-based technique for volumetric
printing of multi-centimeter scale objects. It builds up on tomographic VAM to significantly increase
(up to a factor 12) the number of printable voxels while keeping the same light modulating device
for projection and without compromising too much the printing resolution. This was achieved by
off-centering the light modulator and translating continuously the resin vertically along the patterned
light beam. These simple modifications can be easily made on existing tomographic printers and opens
up new possibilities for high-resolution and high-speed fabrication of objects whose size up to 3 cm x
3 cm x 6 cm. Helical tomographic VAM might be therefore appealing for applications in fields where
cm-scale objects must be manufactured individually, such as in the dental industry (fig. 3.2), although
resolution must be improved to meet the current requirements of the industry.

a. Conventional Tomographic VAM b. Tomographic VHAM

Printed object Printed object

DMD

Printable volume Printable volume
’ V ~ Nz?Ny voxels‘ V ~ 4aNz*Ny voxels

Figure 3.5: Increasing the number of printed voxel generated from the same DMD. a. Conventional
tomographic volumetric additive manufacturing. b. Tomographic volumetric helical addi-
tive manufacturing. Scale bars: 10 mm.

31



Chapter 3 Volumetric helical additive manufacturing

3.5 Experimental materials and methods

3.5.1 Opto-mechanical setup

A second tomographic setup was built for this project. The optical setup for tomographic VHAM is
presented in fig. 3.6. Two 405 nm laser diodes, with a combined nominal power of 1.8 W, are collimated
and combined into a single beam with a D-shaped mirror (Thorlabs, BBD05-E02). The combined beam
is then coupled into a square-core optical fiber (CeramOptec WF 70 x 70/115/200/400 N, core size 70
um by 70 um, numerical aperture 0.22), in order to spatially homogenize the beam from the two laser
diodes. The outgoing square beam is then magnified to match the rectangular aperture of the DMD
(Vialux, V-7000 VIS) via an aspheric lens L3 and a set of two orthogonal cylindrical lenses L4 and Ls for
maximizing the light efficiency. Note that the cylindrical lenses have different focal lengths (f4 = 250
mm and f5 = 300 mm), in order to adjust the square beam from the fiber square output facet to the
rectangular area of the DMD. The DMD suffers from diffracting effects due to the blazed grating formed
by the micromirrors (pitch = 13.6 pm). [97] This effect can cause a large fraction of the reflected light to
be lost in diffracted orders depending on the incidence angle of the illumination beam. The surface of
the DMD is imaged via a 4f system into a cylindrical glass vial containing the photopolymerizable resin.
In the Fourier plane (between Lg and L7 ), an iris blocks the unwanted diffraction orders from the DMD.
This iris also effectively controls the numerical aperture of the beam, and its aperture can be adjusted
to balance beam width and Rayleigh length. A refractive-index matching bath of vegetable oil is used
to remove the lensing distortion caused by the cylindrical interface of the vial. [63], [64] Compared to
conventional tomographic VAM, the DMD is off-centered with respect to the vial’s rotation axis and the
resin can be moved vertically thanks to a linear stage with a travel range of 10 cm (Zaber, LSQ075A). A
side view camera placed perpendicular to the optical axis monitors the printing process. A red LED
that does not influence the photopolymerization is used for this purpose (Thorlabs, M6601L4-C5).

Laser diode L L
1 L
405 nm Square MMF -
(I
Ls
L, Linear stage
L [ Red LED
DMD Iri J
ris — Lg I J Rotation stage
I / : \\1 +——RI matching bath
I I \ Inspection light
\ : +—— Cylindrical glass vial
i T .
|—6 L " Vi%lmage plane Projection atterns +— RI matching bath
7 L
x t+—— Cylindrical glass vial
Lio
z
| yl
Camera

z

Figure 3.6: Optomechanical setup for helical volumetric additive manufacturing.

3.5.2 Computation of the light patterns

The computation of the light patterns from the 3D model target dose relies essentially on the Radon
transform as developed for tomographic imaging. However in the case of printing, the problem to solve
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is reversed: one has to compute the 2D patterns from the 3D dose whereas in imaging the algorithm
aims at reconstructing the 3D object from a set of 2D measurements. As in tomographic VAM (section
2.1.2), [29], [98] the starting point is the 3D model of the object to print. This 3D model, typically stored
as an . stl file, is first voxelized into a three-dimensional binary matrix, where the entries “1” indicate
the presence of matter and “0” its absence at each particular location in space. The voxel size depends
on the optical setup and is in our case around 23 pm. The dimension of the matrix is therefore given by
the target object size divided by the voxel size. This matrix also represents the normalized target dose
that one would need to deposit in a transparent resin to polymerize it in the desired geometry. A series
of dose projections over multiple angles are calculated from the Radon transform. More precisely, the
patterns are obtained using a filtered back-projection algorithm followed by an optimization subject to
positivity constraint (fig. 3.7). Please note that this forward model assumes the use of optically-clear
materials, in which light propagates straight and without attenuation. The obtained patterns are too
large to be entirely projected with the DMD. For these reasons they are cropped twice. First, along
the horizontal axis, because the DMD is off-centered and second vertically to account for the up and
down moving of the vial. These two crops allow for reducing the image size to a pattern that can be
projected onto the DMD. To avoid any printing discontinuity along the vertical direction the patterns
are softened on the corresponding edges with a smoothing mask that contains an overlapping region
of adjustable height. The last step consists of padding with zeros the patterns to fit the DMD size.

Off-centered
3D model Patterns half projection

Filtered Cropping
back-projection

yT—>X /

Cropping

Helical motion

Match DMD size Vertcial overlap

Padding Edge masking

Figure 3.7: Workflow for computing the light patterns
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3.5.3 Photocurable resin

A liquid pentaacrylate commercial resin (PRO21905, Sartomer) was mixed with 0.6 mM phenylbis (2, 4,
6-trimethylbenzoyl) phosphine oxide as a photoinitiator (TPO, Sigma Aldrich) in a planetary mixer.
The mix was poured into 32 mm cylindrical glass vials, and bubbles were removed by intermittent
sonication for about an hour. Printing was performed at room temperature. Under these conditions,
the resin has a viscosity of 20 Pa-s. Given the printing times in the order of minutes, high viscosity is
necessary to prevent the sinking of the object to be detrimental to print fidelity. [13], [72], [84]

3.5.4 Postprocessing

In order to rinse the printed objects after printing, they were gently taken from the vials with a spatula,
immersed in 50 mL falcon tubes containing isopropyl alcohol, and sonicated for several minutes at
room temperature. Objects were post cured immersed in glycerol in a curing chamber (Formlabs, Form
Cure) under UV light to remove the stickiness of their surface.

Contributions

The work presented in this chapter was conducted jointly with Dr. Antoine Boniface, a post-doc in the
lab, and Florian Maitre, a master’s student. The setup was conceived and built by Dr. Boniface and I,
while most of the printing experiments where conducted by Mr. Maitre.
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Controlling light scattering in volu-
metric additive manufacturing

This chapter presents the concept of light scattering. It then describes a strategy to quantify scattering
in a photocurable resin and to adapt tomographic light patterns to compensate for it in volumetric
additive manufacturing. Some of the material presented in this chapter can be found in the following
papers and patent:

* Bernal, Paulina Nufiez, Manon Bouwmeester, Jorge Madrid-Wolff, Marc Falandt, Sammy Flor-
czak, Nuria Ginés Rodriguez, Yang Li et al. "Volumetric bioprinting of organoids and optically
tuned hydrogels to build liver-like metabolic biofactories." Advanced Materials 34, no. 15 (2022):
2110054.

¢ Madrid-Wolff, Jorge, Antoine Boniface, Damien Loterie, Paul Delrot, and Christophe Moser.
"Controlling light in scattering materials for volumetric additive manufacturing." Advanced
Science 9, no. 22 (2022): 2105144.

* Moser, Christophe, Antoine Boniface, and Jorge Madrid-Wolff. High resolution and three-
dimensional printing in complex photosensitive materials. WO 2022243273A1. 2022.

4.1 Lightscattering

In homogeneous media, light travels in a straight line. When it passes through regions of different
refractive indices, it will deviate, or scatter. Scattering is the redirection of radiation out of its original
trajectory. It is usually due to the interaction of radiation with molecules or particles. Reflection,
refraction, and diffraction are all forms of scattering.

Scattering can be elastic, as when the scattered photon has the same energy as the incident photon;
or inelastic, when the scattered photon has less energy than the incident photon. There is no change
in the wavelength of light when it is scattered elastically, whereas there is a redshift for inelastically
scattered light. In this chapter we will focus on elastic scattering.

As shown in fig. 4.1, once a plane light wave encounters a scattering particle with a different refractive
index than its surrounding medium, light will be re-emitted from its boundaries as if they were point
sources, as described by Huygens-Fresnel principle. These new wavefronts will interfere to produce a
scattering profile that is angle dependent. When radiation is scattered at an angle <90°, it is referred to
as forward scattering; otherwise it’s called backward scattering. Forward scattering is usally more likely

35



Chapter 4 Controlling light scattering in volumetric additive manufacturing
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Figure 4.1: Scattering is the redirection of radiation out of its original trajectory. a. Radiation is
scattered after encountering a small particle. b. Calculated scattering profile of TiO,
nanoparticles in an acrylic resin. It depends on polarization and is symetricl along the
propagation axis. When normalized so that f(;t p(0)de = 1, it gives the phase function, a
probability function of light being scattered at a given angle. The anisotropy factor g is the
expected value of cos(0). Calculated using https://omlc.org/calc/mie_calc.html

than backward scattering, as seen in the scattering profile of TiO, nanoparticles shown in fig. 4.1b. This
polar plot shows the angle-dependence of the intensity of the scattered radiation. For parallel-polarized
light, for example, we see that the scattering profile has two lobes, and there is no radiation scattered
at 90°. Scattering profiles are always symmetrical with respect to the optical axis, so the scattering
intensity at ¢° is the same as the scattered intensity at —¢§°. The expected value of the cosine of the
scattering angle is an important parameter known as the anisotropy, as it gives an indication of how
forward light is scattered. The anisotropy is a dimensionless quantity bound between -1 and 1, and is
mathematically defined as

g=<cos0>
g=[g p(6)cosd do

where J‘Z)T p(0)de =1, the phase function

An anisotropy of g = 0 corresponds to isotropic (Rayleigh) scattering, g = 1 to total forward scattering
(Mie scattering at large particles), and g = 1 to total backward scattering, as on a reflective white surface.
[99] We will use the anisotropy factor to quantify how scattering different cell suspensions are.

We come back to the image of the scattering particle on fig. 4.1a. The scattered radiation is described
by electromagnetic theory, so this angle dependence of the scattering probability can be calculated
by solving Maxwell’s equations and imposing boundary conditions on the surface of the scattering
particle. The continuity of the electric field on the surface makes us separate it into its parallel and
perpendicular components. From this component separation is that the polarization dependence
derives. [100]
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The Scattering matrix describes the relationship between incident and scattered electric field compo-
nents perpendicular and parallel to the scattering plane as observed in the far field. [101], [102]

ESH _e—ik(;—ﬁ S, S3 E(’]H
Es |~ ikt Ss Si| |Eoy

The exponential term, e~ **("=2) js a transport factor that depends on the distance between scatterer
and observer ("— z). When we measure scattered light at a constant distance r from the scatterer (as a
function of angle, for example), the transport factor becomes a constant.

The total field E{o¢q1 depends on the incident field E, the scattered field Es, and the interaction of
these fields. When we observe the scattering from a position which avoids E;, then only E is observed.
In the far field observation (where r >> d; d the radius of the sphere), the scattering elements S3 and Sy
equal zero. [100, ch. "Absorption and Scattering by a Sphere"] In practice, we are more interested about
intensities than about the amplitude of the electric field, thus I = |[EE*| = %az; where E = ae 1 for
some amplitude a and some phase 8. Hence for practical scattering measurements, the above equation
simplifies to the following:

Is|:| [52|2 0 ] [Io}
=constant x
|:IsJ_ 0 IS11] |ToL

To calculate the components of the scattering matrix S; and S,, we can part from Maxwell’s equations
and impose boundary conditions for the parallel and perpendicular components of the electric field to
the interface of the scatterer. Gustav Mie and Ludvig Lorenz independently found analytical solutions
for the scattering of an electromagnetic plane wave by a homogeneous sphere. The Lorenz-Mie-Debye
solutions to Maxwell’s equations can be simplified depending on the relative size of the scatterers with
respect to the incident wavelength, namely the size parameter (fig. 4.1b): [103]

2nd
X=—
A
In the regime where x < 1, this is when particles are much smaller than the wavelength of incident
light, the intensity of the scattered radiation is proportional to the inverse of the forth power of the
wavelength. Rayleigh deduced this relationship by dimensional analysis. [100]

Iy
Iscattered = ﬁ

In Rayleigh scattering, light is scattered in any direction with almost equal probability. This and the
wavelength dependence of intensity explain the homogeneous blue color of the sky at noon ! and the
color transitions of sunset; as shown in fig. 4.1c. Red light, which has longer wavelengths, is not as
strongly scattered as shorter blue wavelengths; as is the case of the reddish light close to the horizon at
sunset. Analogously, red light will travel deeper into a turbid photoresin; which is why there is strong
interest to develop photoinitiators that absorb in the red. [12]

TWhy doesn't the sky look purple though? The lower sensitivity of our eyes to shorter violet wavelengths makes
the sky appear blue. It is actually purple.
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Figure 4.2: The physical phenomenon of light scattering. a. Light rays are scattered when they im-
pinge on particles with a different refractive index from the surrounding medium. Light is
then deflected with an angle-dependent probability. The average length that light travels
between two scattering events is called the mean free path, 1 = i; where |1 is the scattering
coefficient of the medium. Light intensity decreases exponentially with length travelled
through the scattering medium. b. The direction in which light is scattered by a particle
depends on the ratio between the its radius and light’s wavelength; x = %. In Mie scat-
tering, particles are larger than the wavelength, and most rays are scattered forward. In
Rayleigh scattering, particles are comparable or smaller than the wavelength, and rays can
be deflected in any direction with almost equal probability. c. (Top) Photo of the Leman at
sunset, a beautiful demonstration of scattering. The colors of the sky range from blue at
the zenith to red at the horizon. The gas particles in the high atmosphere scatter shorter
wavelengths more strongly, according to Rayleigh scattering. At low angles from the horizon,
light has travelled longer distances and only the longer wavelengths remain unscattered;
as they have longer mean free paths. Mont Saléve and the horizon above the water surface
look blurry due to Mie scattering from water droplets floating in the humid air above the
lake. (Bottom) A similar picture earlier on a dry afternoon shows that Mont Saleve is visible

when the air is clear.
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When particles are comparable to or larger than the incident wavelength (x ~ 1), the scattering profile
can be calculated using Mie’s approximation. In Mie scattering, forward scattering is more likely than
larger scattering angles. Thanks to this, information carried by light can travel for longer distances
through Mie scattering media than through Rayleigh scattering media. An example of a Mie scattering
media is the humid air above lake Leman on a warm afternoon. The water droplets floating in the air
are larger than visible wavelengths and they deviate light that goes through them. This is the reason for
Mont Saleve to look blurry from the lakeside in Lausanne in the picture in fig. 4.1c. Due to scattering
information is lost, and we can’t compose a sharp image of the mountain —even if we can guess its
shape.

Light can not only be scattered but also absorbed by the medium. When a particle absorbs light, it
heats up or jumps to an excited electronic state. The particle can later on re-emit light, respectively as
in black-body radiation or fluorescence, for example. Fluorescence would be an example of inelastic
light scattering. The mean free path between two absorption events is called 14 = ﬁ As light travels in
an absorptive medium, its intensity decreases exponentially, following Bouguer-Beer-Lambert’s law
(fig. 1.2 and section 1.2).

In the context of light-based tomographic additive manufacturing, light scattering is detrimental
because it information gets scrambled and lost as light travels through the photoresin. As a result,
printing resolution and fidelity drop.

4.2 3D printing in a scattering resin

4.2.1 Motivation

Composite resins, colloids, nanoparticle-filled materials, cell-laden hydrogels, and hydrogels en-
riched with extra-cellular matrix proteins are all examples of turbid materials with enormous interests
and applications for the additive manufacturing and biofabrication communities. Cell-laden hydro-
gels, in particular, are extremely interesting thanks to the perspective they offer for tissue engineer-
ing. The short printing time of tomographic VAM, its low concentrations of photoinitiators, and the
sealed sterile vials it uses offer enormous advantages when compared to other biofabrication methods.
levatoLightbasedVatpolymerizationBioprinting2023

4.2.2 Refractive index matching of cell-laden hydrogels

Scattering in volumetric bioprinting comes mainly from the refractive index mismatch between cells,
their different organelles, and the supporting media —or hydrogel. Refractive indices within different
cells structures vary from n = 1.36 for the cytoplasm to n = 1.6 for lysosomes. [104] Human cells can
be modelled mostly as Mie scatterers, [101] as they are roughly spheres of about 10 pm in diameter.
Their inner organelles are smaller, and can have Rayleigh scattering contributions, specially at short
wavelengths. Cells can be made aggregate into spheroids or organoids, simple tissue-engineered
cell-based in vitro models that recapitulate many aspects of the complex structure and function of the
corresponding in vivo tissue. [105], [106]

To reduce the detrimental effects of light scattering in volumetric bioprinting, we reduced the mismatch
between the medium and the suspended cells (fig. 4.3a). The clarification of cell suspensions was
proposed at least 70 years ago, when Barer used bovine plasma albumin -a protein- to match the
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Figure 4.3: Refractive-index matching of cell-laden hydrogels. a. Refractive index contrast, and thus
light scattering, can be reduced by incorporation a contrast agent, namely iodixanol into
the hydrogel. [108] b. Tuning the refractive index of GeIMA with iodixanol (n = 3). c.
Experimental setup to quantify scattering from cell and organoid suspensions in hydrogels.
d. Anisotropy factor (g) can be increased by tuning the amount of iodixanol in cell or
organoid suspensions (5 x 108 celsls mL~!) e. EPFL text, with the letter F behind 2-mm
cuvettes with 4 million HEK 293 T cells mL~!. The text is sharper behind the cuvette with
30% iodixanol. f. Stereomicroscopy images of resulting prints in a pristine GelMA hydrogel,
cell-laden hydrogels, and refractive-index matched cell-laden hydrogels.

refractive index of a bacterial suspension and perform spectrometry on it. [107] Recently, Boothe et al.
demonstrated the use of iodixanol, a non-cytotoxic contrast agent used in angiography, as a means
to tune the refractive index of a medium and improve image quality in live fluorescence microscopy.
[108] We mixed iodixanol into gelatin methacryloyl (GelMA) hydrogels and showed that their refractive
indices could be varied between n = 1.36 and n = 1.375, matching those of most organelles (fig. 4.3b).

We designed and built a scattering measurement apparatus, such as the one depicted in fig. 4.3c,
following the model proposed by Hunt and Huffman. [109] The device was not sensitive to polarization,
though. From the data recorded with this instrument on the scattering profiles of cell- and organoid-
laden GelMA hydrogels (10 % w/v) tuned with different concentrations of iodixanol, we calculated
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the respective anisotropy factors, as seen in fig. 4.3d. We conclude that organoid suspensions have
higher anisotropy factors than single-cell suspensions. Refractive-index matching with iodixanol also
increases forward scattering (higher g means more forward scattering). These measurements match
the qualitative observations of fig. 4.3e, where text becomes is sharper behind a cuvette containing cells
and 30 iodixanol than only cells. Reducing scattering improves fidelity of the bioprinted gels shown
in fig. 4.3f, in which the organoid-laden hydrogels tuned with 10 % iodixanol resulted in the closer
resemblance to printing in pristine GelMA. Organoid-laden gels have more forward scattering probably
because, once aggregated in spheroids of hundreds of microns (fig 4.3a-right), scatterers have a larger
size parameter. We did not print these models in hydrogels tuned with 30% iodixanol because at these
higher concentrations, iodixanol takes the volume of cell media, hindering cell viability.

4.3 Correcting light scattering

In tomographic VAM the light patterns are, in principle, only determined from the object’s 3D shape. As
described in chapter 2, the conventional approach consists of, first converting the target 3D model into
a 3D binary matrix of voxels, where the entries “1” indicate the presence of matter and “0” its absence
at each particular location in space. This matrix also represents the normalized target dose that one
would need to deposit in a transparent resin to polymerize it in the desired geometry. But, this forward
model assumes that light is neither attenuated nor distorted along its propagation, which is no longer
valid in turbid materials.

Side-view Photograph from the side-view camera
Camera

Thin structured 4
light sheet

Intensity (a.u) Sus‘gggsion

200

100
Thin structured
light sheet

e

2mm

X
Scatterers k yI
z z

—_—
Increasing depth

a To characterize light scattering, a thin structured beam of light is projected b Picture of the setup, with a light sheet imaged
across the resin while a side-view camera records pictures. through a TiO2 nanoparticle suspension.

Figure 4.4: Characterization of light scattering.

To improve resolution in scattering materials, I propose to optimize the set of projected patterns. The
patterns shouldn’t be modified individually, but rather as a whole set to make sure that the results of
their back-projections over one rotation fits the scattering-corrected dose. The proposed correction is
based on the measured bulk scattering properties of the material (and not on simulations), and is to
be applied to each new material used in the tomographic printer. The necessary data acquisition and
calculations are straight forward and can be integrated into the printing process relatively easily.

4.3.1 Scattering correction method: spatial frequency boosting

I measure the bulk scattering properties of the photoresin in the same setup used for printing. The
DMD is used to project a series of (typically) 100 computer-generated light patterns. The patterns are
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thin along the x-axis to ensure that the camera only receives photons that were scattered once, as seen
in fig. 4.4a. This exemplary photograph shows that scattering results in (i) an exponential decrease
of ballistic light with depth and (ii) an increased blur of the light pattern along its propagation. The
light patterns should be representative of the spatial frequencies necessary to fabricate the object;
so one-dimensional cuts of the uncorrected tomographic patterns are a good set. The resin to be
characterized is imaged within a spectroscopy cuvette with 4 optical-grade walls, as in fig. 4.4b;
however no photoinitiator is added to the resin to prevent polymerization during the characterization
process. A computer code synchronizes the acquisition of one image per displayed pattern. All recorded
photographs are then analyzed by an algorithm which follows the steps of fig. 4.5. For the sake of
clarity, in figs. 4.4 and 4.5, blue-green intensity color maps are used for real-space measurements,
like photographs or light dose maps, while black-purple amplitude color maps are used for k-space
calculations.

2. Light scattering correction
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d To print an object in a scattering resin, the 3D model is binarized and the correction mask is applied
(in k-space) to the cross sections. Note that, because of rotation, the z- axis transforms to r- in
cylindrical coordinates. The tomographic patterns for the gray-scale 3D object are then calculated.

Figure 4.5: Correction of light scattering.

First, the one-dimensional Fourier transform each image is calculated along the y-axis. Note that,
according to the geometry of the setup, the camera acquires pictures along the yz-plane, where z- is the
optical and y- is the vertical axis. The result of averaging all 100 one-dimensional Fourier transforms is
amap of spatial frequency attenuation along depth, as seen in fig. 4.5. The map has a marked bright
section at the center, which corresponds to a spatial frequency of 0, that is the DC component. Moving
away from the center of the vertical axis, higher spatial frequencies, those that correspond to fine

42



Controlling light scattering in volumetric additive manufacturing Chapter 4

details, are attenuated after shorter depths. Thinking of the example of Mont Saléve in fig. 4.1c, this
means that the information about the broad shape of the mountain (its DC component with low spatial
frequencies) travels longer than the information about the fine detail (with higher spatial frequencies).

The map of spatial frequency attenuation along depth can the be inverted (map 1) to calculate a
correction mask, which is shown in 4.5c. The mask indicates by how much to boost spatial frequencies
at different depths to counterbalance the effect of scattering. In practice, this correction mask is
obtained by dividing the incident averaged spectrum at z = 0 mm by each spectrum taken at different
depths. This mask is applied in k-space to the cross-sections of any target 3D object to print, as in fig.
4.5d. In our tomographic system, the penetration depth within the rotating vials increases radially and
is maximal at the center of the vial (i.e., 8 mm in our case). This is where the light scattering causes the
highest distortion for printing. Therefore, it is also where the correction is the strongest, as one can see
in fig. 4.5d.

The result is a gray-scale 3D model on which to calculate the tomographic back-projections using the
computational pipeline described in section 2.1.2. In this gray-scale 3D model, intensity indicates the
dose that should be sent into the volume so that, after scattering, the deposited light dose matches the
target model. Gray-scale tomographic reconstruction algorithms have also been used to improve print
resolution [21], [62] or locally tune stiffness. [22]

4.3.2 Quantification of print fidelity improvement

Intersection over Union

Intersection

Overlay

Model _— _— loU =

l 1 Union

Result
loU € [0, 1]
0: no correspondence
1: perfect correspondence

Figure 4.6: Intersection over Union is a good metric for print quality. It is bound between 0 and 1;
higher means more print fidelity.

We experimentally studied the performances of the method through the printing of different objects
in a scattering material made of an organic pentaacrylate doped with TiO, nanoparticles (diameter
<100 nm ). We then compared the obtained 3D printed objects with and without scattering correction.
We compute the intersection over union (IoU) between the model and the resulting print as a metric
to quantify print fidelity (fig. 4.6). [110] Intersection over union was introduced by Jaccard over 100
years ago, and is a commonly used metric in computer vision to evaluate accuracy of automatic
image segmentation. [111] We evaluate the intersection over union in 2D, as it is computationally less
expensive.

We used an organic resin with a pentaacrylate as a backbone in which a controlled amount of TiO»
nanoparticles as a scattering agent was homogeneously dispersed using a sonicator. The concentration
of TiO, was set to 0.30 mg mL~!. Although this concentration is low, the scattering induced by TiO,
nanoparticles is very high because the refractive index of TiO; is 2.9 at 400 nm compared to 1.5 for the
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Figure 4.7: Quantification of print fidelity improvement after light scattering correction. a. Pho-
tographs of 10 mm cuvettes with a transparent and a scattering resin with some text behind.
Side-view photograph (as in fig. 4.4a) of the scattering resin; and intensity vs. depth profile
from this picture. The scattering mean free path is calculated to be 13 = 6.1 mm. b. 3D
model of a gear with inner and outer cogs, a good resolution target. c. Photographs of
the gear printed in the transparent or the scattering resin (with and without the scattering
correction). d. X-ray micro-CT scans of the printed gears. e. Overlay of the top view of
the micro-CT scans with the model. f. Print fidelity for the comparison, calculated as the
intersection over union (fig. 4.6).
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monomer. Knowing the size of the particles and the refractive index mismatch we can derive from
Mie scattering formulas the theoretical phase function . [101] This reveals a low anisotropy factor
g =0.39 (average cosine of phase function, ref. [112], fig. 4.1b). Experimentally, from the ballistic light
exponential decay we can retrieve the scattering mean free path (15 = 6.1 mm) by fitting an exponential
function to the decaying light intensity with depth, as seen in fig. 4.7a. This protocol allows us to
increase the amount of scattering to ensure that it is deleterious for volumetric printing.

We then used this resin to assess the gain in print fidelity. For this purpose we used the 3D model of a
gear with inner and outer cogs as a target for print fidelity (fig. 4.7b). These features are challenging
to print because of their small size (inner cogs: width of 460 um, outer cogs: width of 750 um) and
their position in the vial far from the center, where light is mostly scattered. If no correction is applied,
the only way to deposit more light at the rotation axis of the vial and thus print the inner cogs is to
increase light dose. This can be done either by rising the laser power or by printing during a longer
time. While these two strategies would bring more light at depth, they would also overexpose sections
close to the wall of the vial. It results that when the inner cogs start to form, the outer ones are already
over-polymerized. It is in this precise situation that the correction intervenes to limit the damaging
effects of scattering on the print. Instead of computing the light patterns from the binary dose, we use
the target dose reconstructed from the experimental characterization of light scattering. Corresponding
printed gears reported in fig. 4.7c, show the inner cogs are better defined and no over-polymerization
of the outer structure is observed after applying scattering correction in the TiO»-loaded resin. The
printed gears were scanned with a X-ray transmission tomograph (voxel size of 8.4 pm x 8.4 pm x 8.4
pum). From these scans, we could compute the intersection over union (IoU, 4.6) for their top views, as
in figs. 4.7e-f. We report improvements in print fidelity from IoU = 0.56 + 0.02 to IoU = 0.80 + 0.03 by
printing with a set of corrected tomographic patterns. The baseline print fidelity for this shape in a
transparent resin was IoU=0.83 + 0.03. More importantly, applying corrections for scattering allows to
fabricate a functional part with protrusions and indentations.

4.4 Corollary: Attenuation correction

Note that here the correction compensates for the exponential decrease of ballistic light due to scatter-
ing; but the effect of absorption can be treated similarly. A useful application would be to correct light
absorption from dyes or photoinitiators.In terms of spatial frequencies, one can think of an absorber as
a scatterer that attenuates all spatial frequencies by the same amount, as in fig. 4.5b. The corresponding
compensation mask would be constant along the k,, -axis. Absorption from photoinitiators is essential
to polymerize the resin, but it limits the performance of the printer, such as for resolution or print
size. Usually, the concentration of one or more photoinitiators is chosen so that absorption is very
small across the vial, but this means that more light (i.e, more time) is needed to print. Also, correcting
for the absorption one or more photoinitiators offers the possibility to print faster, to print in weakly
polymerizing or crosslinking materials, or to produce larger objects.

4.5 Application example: vasculature model

To emphasize the importance of the scattering correction on the final print we report on the tomo-
graphic VAM of hydrogels containing 4.0 x 108 human embryonic kidney 293 cells mL ™. Here, the
HEK 293 cells in suspension play the role of optical scatterers as their refractive index does not match

Ispen source calculator: https:// omlc.org/
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Figure 4.8: Biofabrication of a perfusable vascular model in cell-laden hydrogels. a. 3D model
of a construct with a core surrounded by four channels, emulating vasculature. b. Side
view of how light is blurred as it penetrates into the hydrogel with cells. c. Fluorescence
microscopy image of stained nuclei of cells in the fabricated hydrogels (4.0 million cells
mL~!). d. Photographs of the resulting printed constructs after dying them with red.
e. Timelapses of a blue dye flowing through the constructs. The scattering corrected
tomographic VAM produces an object that matches the geometry and function of the model;
while conventional tomographic VAM results in an unintended malfunctioning tube at the
center of the construct.

exactly the one of the gel. [113] The target object is a vasculature model of which is, as any hollow
structure, challenging to print. Optical scattering makes it difficult for light to reach the middle of the
vial without over-polymerizing the outer cylinder.

We use scattering corrected tomographic VAM to fabricate cell-laden constructs that would be difficult
to print otherwise. [114]-[116] Bioprinting cm-scale constructs is challenging because hollow channels
must be left open to allow for the inflow of nutrients and oxygen to the cells deep inside the hydrogel.
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[117]-[121] For this, we used a complex geometry of a 4-mm solid core surrounded by four millimetric
channels, as shown in fig. 4.8a. Cell-laden hydrogels may be highly scattering (fig. 4.8b), specially
at high cell concentrations (fig. 4.8c). [73] For volumetric light-based biofabrication methods, this
constrains cell concentration. The proposed scattering correction spatially redistributes light as it is
sent in the tomographic patterns. The overall light dose (19.1 + 5.2 mJ cm ™2, equivalent to 6.4 mJ cm
~3) and printing time (36 s) were the same to produce the uncorrected and corrected objects in fig.
4.8d.

Live and dead assay 1h after printing

z= 240 ym 210 ym 180 ym 120 ym 60 um Oum
Conventional
Tomographic VAM
Scattering Corrected
Tomographic VAM
200 pm

45 Region of Interest

Cell-laden hydrogel

2 mm

Figure 4.9: Cell viability after printing with scattering correction.

Photoinitiators are known to be cytotoxic even at low concentrations (< 50 uM), and are more toxic
after light irradiation, probably due to the creation of free radicals. [76] Light irradiation on its own is
detrimental to cells, with shorter wavelengths and higher intensities being more phototoxic. [122] In
volumetric bioprinting, however, cell viability remains high (>90 %) and is sustained over several days
after printing. [28], [71], [73], [123] Cell viability is volumetric bioprinting than in other biofabrication
methods such as casting, [28], [73] probably thanks to the lack of shear stress. [124] A qualitative
analysis of the images from the Live/Dead assay shown in fig. 4.9 shows that there is no major difference
between the hydrogels printed with conventional and with scattering-corrected tomographic VAM,
with most cells were alive 1 hour after printing. As our proposed scattering correction does not change
the required light dose to produce a print, and results in small changes in the local light intensities of
the projected patterns, it is not expected that cell viability should be compromised.

Instead of evaluating the fidelity of the prints (these hydrogels are soft and deform on their weight),
we evaluate if all design features are present. The timelapses in fig. 4.8e show a blue liquid dye as it
is perfused through the constructs. Conventional tomographic VAM yielded clogged channels and
a void core. This comes from the fact that the correct light distribution does not reach the center of
the vial during fabrication. Note that a functional object could not be achieved by using neither a
lower light dose (this would produce unclogged channels, but the core would still be void) nor a higher
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light dose (this would produce a solid core, but channels would still be clogged). Scattering-corrected
Tomographic VAM produced a cm-scale construct with all four channels unclogged and a solid core in
a soft hydrogel loaded with 4.0 x 10° HEK 293 cells mL~".

4.6 Printability regime

The amount of light scattering is generally characterized by the scattering mean free path, denoted 5. It
physically represents the average mean free path length between two successive scattering events and
is reached when the amount of ballistic component of light, denoted 1,1, is a fraction of e 1 ~37%
of the incoming light. In the case of tomographic VAM printing, this parameter is not sufficient to well
characterize the printability of the system; the vial’s diameter L (along with the light patterns propagate)
is also a parameter to consider. For a given lg, the larger L is the more difficult it is to transmit light,
thus printing with high fidelity. Hence, we report on the ratio L/1; that best takes into account the
effect of light scattering in tomographic printing.

It was previously reported that a conventional tomographic printer works well only if the vial’s diameter
L does not exceed the penetration depth. [28] Originally, this was first investigated to determine the
maximal concentration of photoinitiator (resulting in a maximal absorption of light within the build
resin) using the Beer-Lambert law, as discussed in sections 1.2 and 2.3.1. In this case, it was found
that the absorption length, 1, often referred to as the penetration depth, should be at least 1, >L.
If we translate this absorption analysis to scattering that also follows an exponential decay (more
precisely the ballistic component of the incoming light is exponentially attenuated with depth), we
can state that a first requirement for a scattering resin to be tomographically printed is L /1 >1. It is
important to emphasize here that this is an idealistic case where absorption from the photoinitiator
is neglected as well as the spatial distortion of the light patterns that naturally occurs in scattering
materials, preventing from high resolution printing. So in practice, we expect this upper bound to be

even lower.
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Figure 4.10: Performance of conventional and scattering-corrected tomographic VAM in different
scattering regimes.

If L/1s >1 a conventional tomographic printer does not perform well. Additional scattering corrections
like the one presented here are necessary to extend the printability of tomographic printing in this
regime. As reported in our work, the implementation of the scattering correction allows printing in
cell-laden hydrogels in vials whose inner diameter is L = 13 mm with a scattering length of 15 = 3.6 mm
which represents a ratio of L /15 = 3.6. We also printed in scattering acrylates with high fidelity in vials
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whose inner diameter is L = 15 mm with a scattering length down to 1 = 4.8 mm which represents a
ratio of L /1 ~ 3.1. With these two experiments in two different scattering materials, we can claim that
our scattering correction enables to extend the capabilities of conventional tomographic printing from
L/ls =~ 1to L/1s >3. This is further illustrated in the fig. 4.10.

4,7 Conclusion

In this chapter, we reported on the necessity of characterizing and correcting for light scattering to
improve the quality of volumetric 3D printing in complex non-transparent materials. We proposed
to make a correction based on a spatial frequency analysis of a stack of images captured with a
side-view camera, perpendicular to the optical axis. Corresponding experimental data reveal the poor
transmission of high spatial frequencies due to light scattering by the photocurable resin. Following this
image analysis, a numerical correction can be performed to compensate for this frequency-dependent
attenuation by accentuating the features of highest spatial frequencies. The resulting corrected light
dose presents an increased contrast compared to the standard binary map conventionally used to
calculate the tomographic back-projections. Through the printing of several object geometries in two
different scattering materials (acrylics and hydrogel-based resins), we demonstrate that the correction
improves printing fidelity and resolution.

The proposed apparatus to characterize light propagation through the resin with the side-view camera
may also be used for other type of correction. As an example, correcting for the exponential decrease
of ballistic light is also feasible and it can be done in real space with a single image. Correction for
absorption can be applied to a broad class of materials, like non-scattering but absorptive resins.

The method still relies on the projection system and hence the use of a ballistic light like in the
conventional VAM, regardless of the correction applied. This means that printing in opaque material
where light undergoes multiple scattering may not be feasible even if a strong scattering-correction
is applied, simply because the projected patterns become rapidly random. However, the scattering
regime studied here, where the correction shows significant improvements on the printing fidelity, is
still very relevant for many interesting materials such as bioresins. Cells suspended in such resins are
considered as weak scatterers because of their large size (around 10 pm, i.e. mostly forward scattering)
but at high concentration this effect becomes detrimental for tomographic printing. Reaching high
cell concentration is however necessary to preserve the viability of the print over time. Here, we show
that the scattering correction offers the possibility to increase the cell density in the hydrogel without
affecting the printed cellular constructs. Here we show significant improvements using a concentration
of 4 x 105 HEK 293 cells mL~! when printing centimeter-scale structures in vials whose inner diameter
is 13 mm, which is relevant for maintaining cell viability over time. [28] Correcting for scattering did
not seem to affect cell-viability 1 hour after printing; however, future studies to assess and reduce the
possible cytotoxicity and mutagenicity of light-based bioprinting methods are necessary. The results
presented in this work pushes the applicability of Tomographic VAM to highly cell-loaded hydrogels
while keeping its higher printing speed (tens of seconds compared to typically tens of minutes for DLP
[125]) and the small amount of photoinitiator needed (0.16 mg mL ! in this work, compared to typical
values of 0.5-10mg mL~! for DLP bioprinting. [126]

Similar corrections could also be applied to other printing technologies, such as light-sheet 3D printing,
[30], [43] two photon fabrication, longitudinal or multi-axial setups. These corrections could also be
used in combination with optical tuning and refractive-index matching of resins to further improve
fidelity. [73], [108]
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4.8 Experimental materials and methods

Acrylate resins

The photo-curable resins used in this work were prepared by combining di-pentaerythritol pen-
taacrylate (SR399; Sartomer, France) or PRO21905 (Sartomer, France) with 0.6 mM phenylbis (2,4,6-
trimethylbenzoyl) phosphine oxide (97 %; Sigma Aldrich, USA) in a planetary mixer (KK-250SE, Kurabo,
Japan). These resins are highly transparent. To make them scattering, TiO, nanoparticles (<100 nm
particle size, 99.5 %, Sigma Aldrich, Switzerland) were first diluted in ethanol (99.8 %, Fischer Chemical,
South Africa) and then added to the resins before planetary mixing. The resins were poured into
cylindrical glass vials (diam 16 mm) and sonicated for 15 minutes to remove bubbles.

Post-processing of printed parts

Parts were post-processed by rinsing them in isopropyl alcohol (99 %, Thommen-Furler, Switzerland)
for 3 minutes under sonication.

Hydrogels

Synthesis of Gelatin methacryloyl

Gelatin (G2500, Sigma-Aldrich) was used to synthetize gelatin methacryloyl (GelMA) following the pro-
tocol in Refs. [127], [128] Then, it was filtered and diluted to a concentration of 8% (w/v) in Phosphate
Buffered Saline (PBS, 79382, Sigma-Aldrich). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
900889, Sigma-Aldrich) was added as photoinitiator to the liquid hydrogel at a concentration of 0.16
mg/mL. The material was then bottled in glass containers (inner diameter = 13 mm) and refrigerated
to 4°C for at least 2 hours to let them gelify.

Cell culture

Human Embrionic Kidney 293 (HEK 293) cells were cultured in DMEM -high glucose (D6429, Sigma-
Aldrich) supplemented with 10 % Fetal Bovine Serum (F9665, Sigma-Aldrich). Cells were incubated in
flasks under a humidified atmosphere with 5 % CO2 at 37°C. [129] To prepare cell-laden hydrogels, cells
were detached with 0.25 % Trypsin + EDTA (Sigma-Aldrich) for 3 minutes followed by DMEM + FBS 10
%. Cells were then centrifuged at 2000 rpm for 2 minutes and resuspended in PBS. The concentration
of cells was calculated by counting cells in a Neubauer chamber. The corresponding volume of cell
suspension was pippetted into the liquid GeIMA hydrogel prior to adding the photoinitiator, and gently
agitated for 2 minutes.

HEK 293 cells are immortalized cells, and as such, are not the most representative cell line to demon-
strate functional biofabrication. They are, on the other hand, very representative of light scattering
induced from loading a bioink with cells.
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Post-processing of printed hydrogels

Printed hydrogels were rinsed with pre-warmed PBS for 15 minutes at 28 °C. The washing medium was
changed every 5 minutes.

Imaging of flow through hydrogels

Hydrogels were colored by immersing them in Allura Red AC (CAS 25956-17-6, Sigma-Aldrich) in
PBS (1 mg/mL) for 5 minutes. Then, they were rinsed with PBS and immersed in de-ionized water
for photographs. To show the functionality of the hydrogels with hollow unobstructed channels, a
dark-blue suspension was pippetted through the constructs. The suspension consisted of Alcian Blue
8GX (A5268, Sigma-Aldrich) at 1mg/mL in 90 % glycerol - 10 % PBS.

Fluorescence microscopy of hydrogels

Printed hydrogels were rinsed in PBS 1x, stained with DRAQ5 (1:500, ThermoFischer) for 30 minutes,
and rinsed in PBS again. They were then imaged under a confocal fluorescence microscope at 638
nm excitation (SP8, Leica). TrackMate on FIJI was used to count cells in the hydrogel after applying a
median filter to the 3D stack. [130]

Live/Dead assay

We evaluated cell viability 1h after printing by means of a Live/Dead fluorescence assay. GelMA hydro-
gels containing 4 million HEK 293 cells mL~! were printed with and without scattering corrections.
The constructs were gently washed in pre-warmed PBS at 28 °C. They were then post-cured for 2
minutes under a blue LED (A = 410 nm) in in RU/SPS (0.2 uM/2 uM) in PBS. The stiffer hydrogels
were rinsed twice in PBS and re-immersed in DMEM without phenol red. Then, the constructs were
stained for 1 hour with Calcein, AM (3 uM) and Propidium Iodide (5 uM) in PBS at room tempera-
ture in the dark under gentle agitation. They were rinsed three times with PBS before imaging them
under an inverted Leica SP8 confocal microscope. The constructs were imaged immersed in PBS in
a 24-well Corning plate. Calcein, AM was excited using a laser at A = 488 nm, and its emission was
collected between A = 500 and 545 nm. Propidium iodide was excited using a laser at A = 552 nm,
and its emission was collected between A = 600 and 650 nm. Imaging was done using a 10x/NA=0.30
HC PL Fluotar air objective. Stacks of images at different depths were collected with a slicing of 20
pum. The dual-channel images were produced using Image] and the LUTs of Christophe Leterrier
(https://github.com/cleterrier/ ChrisLUTs).

Characterization of the scattering profile of resins

A small amount of the resins (acrylates or hydrogels) was put aside before adding the photoinitiator
and poured into 10mm cuvettes with 4 polished windows. The cuvettes were placed at the image
plane of the printer. Series of patterns were displayed on the DMD while photographs were recorded
simultaneously with the orthogonal camera.
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Measurement of Scattering Phase Function of Cell Suspension

In the apparatus, light from a laser diode at 405 nm (HL40033G, Ushio, Japan) is condensed by an as-
pherical lens (C671-TME405, Thorlabs, USA) into a multimode optical fiber (WF 70x70/115/200/400N,
CeramOptec, Germany). Then, a lens (AC254-030-A-ML, Thorlabs) collimates the light at the output of
the fiber. An aperture placed right after the lens limits the extension of the outgoing beam to 1 mm.
The light is sent straight onto a 2 mm thick square quartz cuvette (CV10Q7FA, Thorlabs). The thickness
of the cuvette was chosen so that only single scattering events were present in the hydrogel. Light
scattered from the sample is collected by a photodiode (SM05PD3A, Thorlabs). The photodiodes rotate
along a circumference of r = 250 mm by means of a precision rotational stage (X-RSW60A-E03, Zaber,
Canada). The cuvette is held static on top of the center of the circumference. The signal from the photo-
diode is amplified (PDA200C, Thorlabs) and digitized by a data acquisition device (USB-6003, National
Instruments, USA) and recorded in a computer. A custom MATLAB code controls and synchronizes
the laser, the rotational stage, and the data acquisition device to acquire intensities 5 times at every
angle with an angular resolution of 0.05° between 0° and 20° (scattered light beyond this angle was 3
orders of magnitude less intense than at = 10°, and thus approached to zero). A custom python code is
used to process and convert the raw measured currents on the photodiode into light intensities, and to
calculate scattering properties from them. For each hydrogel, we report the anisotropy coefficient g,
which is the expected value of the scattering angle. [131] The number of samples for all measurements
wasn=3.

Hepatocytes and hepatocyte organoids

Single-cell experiments were performed on HepG2 hepatocytes grown in DMEM + GlutaMAX (Gibco,
31966, The Netherlands) supplemented with fetal bovine serum (FBS, 10% v/v, Gibco) and peni-
cillin/streptomycin (1%, Gibco, The Netherlands). HepG2 were detached with Trypsine/EDTA 2% for 5
minutes, then reconcentrated by centriguging at 1000 rpm.

Liver organoids were prepared by Paulina Bernal at the University Medical Center Utrecht, Utrecht
University following the protocol in ref. [73] Organoids were shipped at 4° and used within 24h.

MicroCT imaging and assessment of print fidelity

Printed objects were imaged under a 160 kV X-ray transmission tomograph (Hamamatsu, Japan) with
voxel sizes of 8.4 um x 8.4 um x 8.4 um. 3D visualizations of the pieces were obtained with Avizo software
(ThermoFischer, USA).

Quantitative analysis of 3D scans were performed on Image]. [132] To quantify print fidelity, the object
in the microCT scan data was segmented and binarized using Otsu’s thresholding [133]. The images of
the object were centered around its center of mass and rotated to align them with the orientation of
the reference shape. The processed stack of images was then saved and imported into a python code,
which automatically computed the Intersection over Union (IoU) for several affine transformations
(excluding shear) of the image. From this, we obtained the distribution of IoU indices for each part. We
reported the mean IoU and its standard deviation.

To measure the thickness of the parts, the data from the microCT scan was imported into Python as
an array. After thresholding it to remove background noise, the array was binarized. Thickness was
measured by counting the number of positive voxels

52



Controlling light scattering in volumetric additive manufacturing Chapter 4

3D models

We used FreeCAD (https://www.freecadweb.org/) to design the 3D models for the gears and the
vasculature model.

Contributions

Refractive-index matching Paulina Nuafiez Bernal, a doctoral candidate at the Universal Medical
Center at Utrecht University, provided the liver organoids and bioptrinted the cell- and organoid-laden
constructs shown in fig. 4.3f. I measured the refractive index and anisotropy of cell- and organoid-laden
hydrogels.

correction software This work was done jointly with Dr. Antoine Boniface, a post-doc in the
lab. Conceptualization, experiments, data visualization and analysis, and code were done with equal
contributions from both of us.
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Tomographic volumetric bioprinting
of the exocrine pancreatic unit

This chapter presents the application of tomographic volumetric bioprinting to the 3D in vitro mod-
elling of the exocrine pancreatic unit. Pancreatic cancer is a devastating disease, with low survival rates.
In vitromodels of the disease could shed light on the interaction between pancreatic ductal cells and
the stromal fibroblasts that surround them.

This chapter describes the cell cross-talk that defines pancreatic cancer inflammation. It then presents
a pipeline to use tomographic volumetric bioprinting to fabricate models of the exocrine pancreatic
unit. The viability of these heterocellular constructs is assessed. Finally, the chapter presents a strategy
to quantify stromal cell activation, the aforementioned inflammatory process, from microscopy images.
Some of the material presented in this chapter can be found in the following preprint:

¢ Sgarminato, Viola, Jorge Madrid-Wolff, Antoine Boniface, Gianluca Ciardelli, Chiara Tonda-Turo,
and Christophe Moser. "Tomographic volumetric bioprinting of 3D pancreatic cancer models."
bioRxiv (2023): 2023-01.

5.1 Motivation

Pancreatic cancer represents one of the leading causes of cancer-related death worldwide, with a
five-year survival rate below 9%. [134], [135] Among all types of known pancreatic cancer subtypes,
pancreatic ductal adenocarcinoma (PDAC) is the most frequent, accounting for 93% of cancers arising
from the pancreas. [136] The absence of clear symptoms in the first stages of PDAC evolution reduces
the chances of an early diagnosis, resulting in a poor clinical prognosis. Indeed, only approximately
10% of the patients are eligible for surgical resection in combination with adjuvant or pre-operative
therapy, since the majority of cases present metastases and extended lesions at diagnosis. [137], [138]
Moreover, the unique architecture of the pancreatic tumor microenvironment (TME) weakens the
effectiveness of the current treatments that, despite advances in new therapeutic strategies, result
insufficient to treat this particularly aggressive pathology. [137], [139], [140]

The PDAC microenvironment is composed of approximately 90% desmoplastic stroma consisting of
collagen, fibronectin, fibrillar collagen and hyaluronic acid. [142] This dense stromal tissue creates
a hypoxic environment that impedes therapeutics access, leading to disease progression and drug
resistance. The stroma arises from the excessive extracellular matrix deposition by pancreatic stellate
cells (PSCs). [143], [144] More precisely, in healthy tissue PSCs are located in the periacinar space around
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Figure 5.1: Biological bases of pancreatic cancer. a. Pancreatic cancer typically occurs within the
functional unit of exocrine pancreas, composed by epithelial cells (acinar and ductal cells)
surrounded by pancreatic stellate cells (PSCs). b. Schematic representation of pancreatic
intraepithelial neoplasia (PanIN) progression inspired from Liot et al. [141]

the acinar and ductal epithelial cells that constitute the pancreatic functional unit (fig. 5.1a), responsible
for the secretion of the digestive enzymes. It is in this region where pancreatic intraepithelial neoplasia
(PanIN) develops. [137], [145], [146] PanIN is the early lesion which progresses to the development of
PDAC through the mutation of specific genes in epithelial cells (fig. 5.1b).

Although the alterations that give rise to PanIN precursor lesions are still to be clarified, hallmarks
associated with pathology onset have been identified. Indeed, the oncogene KRAS in the epithelial cells
has been reported as the more frequent mutation leading to the progression of PanIN. [141] Besides
mutation in the epithelial tissue genome, PDAC formation is also characterized by the desmoplastic
reaction induced by cancer cells. Therefore, during pancreatic carcinogenesis, the PSCs, which are in
a quiescent state and exhibit a star-shaped morphology, activate in response to inflammatory cues
and cancer-cell derived factors, acquiring a myofibroblasts-like phenotype which is characterized
by spindle-shaped morphology (fig. 5.1b). [147] Typically, activated PSCs assemble in a core-shell
structure surrounding the cancer cells and start to interact with them by generating a complex autocrine
and paracrine signaling interplay. [148], [149] In this intricate framework, the stromal components
interact with pancreatic cancer cells in different ways that affect gene expression, metabolic activities,
invasion or metastasis and resistance mechanisms. [150] In particular, the activated PSCs release
cytokines such as interleukin 6 (IL-6) and growth factors (e.g., TGF-[3) —inflammatory cues fostering
the mutation of the oncogene KRAS in the epithelial cells and the progression from PanIN to PDAC (fig.
5.1b). [148], [151] The understanding of such dynamic phenomena involved in PDAC-stroma crosstalk
might expand the knowledge of the pathology and consequently discover innovative biological targets.
Indeed, even though important risk factors can contribute to the development of pancreatic cancer
(like smoking, obesity, type 2 diabetes, chronic pancreatitis, and alcoholism [152]) and although the
mechanisms of evolution from the neoplasia are well documented, [153], [154] the alterations causing
the early lesions still remain unclear. [155] Therefore, the understanding of pancreatic cancer raises
interest among the scientific community, currently developing efficient PDAC in vitro models in order
to detect the disease earlier and design effective therapies thus improving patients’ prognosis. [156]—
[161] Although recent works have shown the possibility of modeling the PDAC microenvironment
in vitro, [156], [158], [160], [162]-[167] the tumor-stroma interplay remains arduous to replicate and
monitor in functionally effective models. [168]-[170]
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Figure 5.2: Experimental pipeline for tomographic volumetric bioprinting of pancreatic cancer
models. a. In tomographic volumetric bioprinting, a gelatin metacryloyl 5% solution in cell
medium containing a photoinitiator and 0.5 million fibroblasts (HFF1) mL~! is poured into
glass vials and printed. b. Photograph of a bioprinted construct (immersed in water) with
the cavity filled with a blue dye (for visualization purpose only). c. Schematic of Human
Pancreatic Ductal Epithelial (HPDE) cells, healthy or cancerous, can injected into fibroblast-
laden bioprinted constructs. They attach and coat the inner surface of the duct. d. To
recapitulate fibroblast-associated inflammation, the interaction between HPDE cells stably
expressing the KRAS oncogene (HPDE-KRAS) and the surrounding fibroblasts is monitored
by measuring the expression of xSMA versus actin in the cytoskeletons of the latter. (Figure
drawn using Biorender.com).

Heterotypic 3D spheroids, patient-derived organoids, cancer-on-a-chip platforms, and 3D biofab-
ricated constructs are the currently available bioengineered 3D models mimicking the pancreatic
tumor-stroma interplay. [149] However, only a few novel studies in literature focus on the development
of biomimetic platforms reproducing the microanatomy (in terms of 3D architecture and cellular
composition) of the exocrine pancreas and lack to resemble the native compartmentalized architecture
of tumor microenvironment that is widely recognized to affect cell functionality and cancer-cell re-
sponse to therapeutics. [171]-[173] In particular, the gland complex geometry has been reproduced in
simplified ways by employing different techniques like viscous fingering and extrusion-based methods,
[174]-[177] that have disadvantages such as the low reproducibility, throughput and shape fidelity.
These limitations can be overcome by the use of volumetric bioprinting (VBP) which represents an
emerging light-based technology capable of fabricating 3D constructs with high-resolution and com-
plex geometries rapidly. [61], [71], [73], [123] Indeed, this technique permits to print hollow structures
without the need for support and in a very short building time (down to a few tens of seconds compared
to tens of minutes for layer-by-layer approaches). [28] Furthermore, one of the main advantages of VBP
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is the cell-friendly procedure lying in the one-step manufacturing process which reduces the stress
experienced by cells as compared to other multi-step techniques such as the common solvent-casting
method. [178] More specifically, VBP consists of illuminating a photosensitive cell-laden hydrogel with
visible light from multiple angles, using a sequence of tomographic back projections of the desired
object, [13], [28], [29] leading to the photopolymerization of the material.

We adopt VBP to develop a fully human 3D in vitro model resembling the physiological acinar- and
ductal-like structure of the pancreatic gland (fig. 5.2a-b). In particular, a gelatin methacrylate hydrogel
(GelMA) has been ad hoc prepared, tailoring the polymer and the photoinitiator concentrations, and
loaded with human fibroblasts (stromal cells) to mimic the stromal compartment. We fabricated
numerous fibroblast-laden structures by VBP (fig. 5.2a-b). Then, we introduced healthy human
pancreatic ductal epithelial cells (HPDE-WT) or stably expressing the KRAS oncogene (HPDE-KRAS)
inside the construct’s cavity and monitored the co-culture overtime (fig. 5.2c). We analyzed the
tumor-stroma crosstalk effect measuring the appearance of a myo-fibroblast phenotype by quantifying
expression of alpha smooth muscle actin (xXSMA) proteins in fibroblasts (fig. 5.2d). This proposed
geometry, although simple, is difficult to realize with other biofabrication methods such as casting or
extrusion. Tomographic volumetric bioprinting allows to fabricate fibroblast-laden duct models within
seconds. The high throughput of the manufacturing method was fundamental to producing enough
models to investigate stromal cell activation.

5.2 Fabrication of exocrine pancreatic units through volumetric
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Figure 5.3: Fabrication of viable 3D pancreatic ductal models. a. Some tomographic patterns used to
fabricate the scattering-corrected constructs. In total, 1000 different tomographic patterns
are displayed along each turn of the cylindrical vial during printing. b. Photographs of 3D
printed GelMA constructs, immersed in water and with the duct filled with a glycerol-based
blue dye for illustrative purposes. Including cells in the gel affects print fidelity, but it can be
compensated by correcting for scattering effects.

The fabricated constructs followed a ductal geometry, with an acinus of larger diameter at the end (sup.
video 1). This geometry is challenging to fabricate without employing support structures or without
joining two compartments. In VBP, we projected a set of tomographic light patterns into cell-laden
GelMA (5% w/v in DMEM w/o phenol red + 0.5 million fibroblasts mL™!) in which we added the
photoinitiator at a low concentration (0.16 mg mL™!) (fig. 5.3a). The selected concentration of the
photoinitiator allows the crosslinking of GelMA upon visible light irradiation at 405 nm wavelength and
is low enough to reduce cytotoxicity and light absorption. The storage modulus (G’) of the crosslinked
GelMA increased with light dose until reaching a stable plateau at 0.4 kPa, indicating the elastic
response of the material, whose viscoelastic properties are comparable to that of pancreatic tissue.
[179] The light-scattering effect caused by the presence of cells within the gel caused resolution loss in
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the constructed object, such as a an obstructed duct or an incomplete acinus. We used the scattering
correction described in section 4.3 to improve print fidelity and resolution. Features of the final
geometry, such as the wall thickness and the duct diameter, were optimized to guarantee printability
and maximize anatomical relevance. This is because there is a trade-off between structural integrity
and cell viability, as metabolic activity in cells within hydrogels is known to decrease with distance from
the outer borders of the hydrogel. [119]

5.3 Viability of exocrine pancreatic units

Figure 5.4: Viability of pancreatic ductal models. a. Live/Dead assay of fibroblasts performed on
different samples 1, 3, 7 and 14 days after volumetric bioprinting. A schematic shows the
region where these microscopy images were acquired. b. Metabolic activity of fibroblasts
(black) as a function of time, measured from the reduction of resazurin. Cell-free printed
hydrogels (color) are used as a control (MgeiMA+cells =7 NGelMA = 7). Tukey’s multiple
comparisons test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent one
standard deviation. c. Injected HPDE cells progress over time to line the inner face of the
3D bioprinted pancreatic model duct.

We assessed the viability of cells within the bioprinted pancreatic ductal models first by monitoring
the state of the fibroblasts. Fig. 5.4a shows fluorescence microscopy images of constructs 24 hours, 72
hours, 7 days, and 14 days after printing. Live cells, shown in blue, were stained with calcein-AM, a
membrane-permeant dye that is converted into a fluorescent calcein by intracellular esterases. Dead
cells, shown in orange, were stained with ethidium homodimer-1, a membrane-impermeant high-

61



Chapter 5 Tomographic volumetric bioprinting of the exocrine pancreatic unit

affinity nucleic acid stain that is weakly fluorescent until bound to DNA. The micrographs show the
region around the duct, 300 um deep inside the constructs, with fibroblasts assuming an elongated
shape and fully colonizing the inner walls of the duct over time. Micrographs also demonstrate that
most cells were alive after the printing process and that they were homogenously distributed within
the hydrogels at 24h. Then, cell proliferation and maturation occurred over two weeks as confirmed by
the metabolic activity of fibroblasts, which increased with time. Indeed, fig. 5.4b shows fluorometric
measurements of the CellTiter-Blue cell-viability assay (NGelMA +cells = 7> NGelMA = 7), in which
resazurin is reduced by metabolic reactions in the cells to resorufin, a fluorescent molecule. Higher
fluorescence intensity indicates higher cell viability. We see a significant (p < 0.0001), marked increase
in metabolic activity 72 to 96 hours after printing, which is sustained at least until 9 days after printing.
This significant increment in cell viability at 96h is probably associated to the cell recovery from stress
that the biofabrication process may cause. GelMA hydrogels have residual free radicals left after
gelation, which can themselves account for the reduction of rezasurin. [180] We control for this effect
by measuring the fluorescence intensity also in cell-free bioprinted GelMA hydrogels, and observe that
their fluorescence is 2 orders of magnitude lower than in cell-laden hydrogels (fig. 5.4b).
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Figure 5.5: Seeding of HPDE cells in pancreatic duct models. a. Inmunofluorescence micrographs of
seven 300-pum thick slices of a 3D bioprinted pancreatic model taken 72 hours after HPDE-
KRAS cells seeding and 5 days after bioprinting process. White arrows highlight migration
of HPDE-KRAS cells inside the fibroblast-laden hydrogel. b. High-magnification multi-
channel fluorescence microscopy images of the duct wall of a fibroblast-laden construct
co-cultured with HPDE-KRAS cells. Fibroblasts take long shapes. c¢. HPDE cells, shown with
arrows, form grape-like clusters of smaller round cells (color scheme is the same as b).

We also evaluated the capacity of HPDE cells to epithelize the walls of the cavity (duct and acinus)
of the bioprinted constructs. For this, we manually injected HPDE cells into the GelMA bioprinted
structures without fibroblasts. Fig. 5.4c shows microscopy images from a Live/Dead assay (calcein-AM
and ethidium homodimer-1) of HPDE cells 24, 48, and 72 hours after seeding into the cavity of the
constructs. Dashed lines indicate the contour of the cavity. The images, which correspond to the
intensity sum over planes along 500 m of the microscope’s optical axis, show that HPDE cells cover
larger extents of the duct walls with time and produce a lining of > 1 mm? 72 hours after seeding. When
co-cultured with fibroblasts, form large linings and invade the bulk, as shown with arrows in fig. 5.5.
We followed the progression of epithelization non-destructively by labelling HPDE (WT and KRAS)
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with a cell-tracker, a fluorescent dye which does not compromise the viability of cells. We then injected
these HPDE cells into printed constructs containing fibroblasts (whitout any fluorescent labels) and
followed them for up to 78 hours under a confocal microscope. We acquired full image stacks of the
two constructs every 18 hours. These preliminary experiments show that HPDE cells may progress
more slowly, probably due to the competition for resources in cell medium (fig. 5.6).

Time after seeding
24 hours 42 hours 60 hours 78 hours 24 hours 42 hours 60 hours 78 hours

HPDE WT

HFF1 (fibroblasts) HFF1 (fibroblasts)

Figure 5.6: Timelapse of progression of HPDE cells injected into fibroblast-laden cavities.

5.4 Evaluation of cell-cell crosstalk within the pancreatic in vitro
model

We studied the effect of crosstalk between HPDE cells and HFF1 evaluating changes in the cytoskeleton
composition of the latter. In particular, healthy HPDE (HPDE-WT) and HPDE overexpressing the KRAS
mutation (HPDE-KRAS) were seeded in the fibroblast-laden hydrogels 4 days after the bioprinting
process. We exploited the HFF1 recovery occurring during the first 96 hours, when the viability
significantly increased, to implement the co-culture conditions. Immunofluorescence microscopy was
performed on 300 pum thick transversal slices of HFF1-laden constructs containing HPDE-WT cells,
HPDE-KRAS, and without HPDE cells as a control (n = 4 replicas for HPDE-WT 72 hours; n = 3 for
all other treatments) at 5 and 7 days after printing (24 and 72 hours after HPDE seeding), as seen in
fig. 5.7a. We used thin slices of the gel obtained with a vibratome to guarantee that antibodies would
penetrate evenly throughout the constructs and that all cells in them could be imaged. Anti-aSMA
antibody, phalloidin-FITC (an actin marker), and DAPI (a DNA marker) were used to identify cells
morphology and to evaluate the appearance of a myofibroblast phenotype associated with an increased
expression of xSMA. Qualitatively, we see that fibroblasts in constructs seeded with HPDE-KRAS cells
exhibit stronger expression of «SMA, and that this expression increases with time.

We developed an algorithm to automatically and blindly quantify the expression of «SMA with respect
to actin over hundreds of cells in several complete slices of the constructs, which were imaged under a
confocal microscope following a standardized protocol. The automated analysis used the DAPI signal
to detect cells, from which it would then compute the ratio of the intensities of xSMA vs. actin, a proxy
of fibroblast activation, as shown in fig. 5.7b. This analysis shows that the mean fibroblast activation
increases after exposure to HPDE-KRAS, but not so after exposure to the non-cancerous HPDE-WT.
The level of fibroblast activation is also significantly higher after being in co-culture with HPDE-KRAS
for 72 hours compared to 24 hours (p = 0.018). We also studied the dependence of fibroblast activation
with the distance to the duct at the single cell level. Fig. 5.7c shows these measurements, suggesting
an increased activation for fibroblasts closer to the duct, where HPDE-KRAS cells lay. In contrast,
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Figure 5.7: Tomographic biofabricated 3D pancreatic models recapitulate inflammation of cancer-
associated fibroblasts. a. Fluorescence microscopy images of full slices of constructs
without HPDE cells and seeded with HPDE-WT or HPDE-KRAS cells 24 hours (5 days) and
72 hours (7 days) after bioprinting. Lower rows correspond to close-ups of the dashed
regions. b. Ratio of fluorescence intensity of xSMA vs. actin. (n = 4 for HPDE-WT 72 hours
after seeding, n = 3 for all other treatments). Error bars indicate standard error of the mean.
p-values come from one-way ANOVA tests. ¢. Density maps of the ratio of xSMA intensity
over actin intensity in individual fibroblasts vs. distance from the cell to the edge of the
duct. Data come from samples 7 days after printing (72 hours after seeding). Number of
fibroblasts: MNoHPDE = 143, MNMHPDE—-WT = 231, MHPDE—KRAS = 350.

fibroblasts co-cultured with HPDE-WT cells or with no HPDE cells did not exhibit a decaying degree
of activation with distance to the duct. These results indicate that the activation of fibroblasts occurs
predominantly when they are co-cultured with HPDE-KRAS cells and that the dependence of xSMA
expression on the distance from the duct is evident only in this condition.
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5.5 Discusion

Despite several efforts focused on the investigation of pancreatic cancer progression over the past
decades, pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal tumors, with the
highest 1-year, 5-year, and 10-year mortalities of any cancer type3. Modeling the dynamic phenomena
involved in tumor-stroma interplay is essential to not only increase the knowledge of the disease but also
experiment with new and more effective treatments to cure it. Indeed, the stromal tissue surrounding
the PDAC site represents a histopathological hallmark of pancreatic cancer [181]-[186] and plays a
fundamental role in tumor progression. [187], [188] In this study we developed a 3D in vitro model of the
exocrine pancreas which mimics the compartmentalized architecture of the native tissue and allows to
recapitulate the stromal and pancreatic cancer cells crosstalk on the same miniaturized construct. We
co-cultured human fibroblasts to model the stromal component and human pancreatic epithelial cells,
healthy or expressing the KRAS oncogene, to reproduce the exocrine pancreatic tissue, respectively
normal or pathological (fig. 5.2). To microfabricate the acinar- and ductal-like geometry, typical of
the functional unit of the exocrine pancreas, tomographic volumetric bioprinting was adopted. This
one-step, cell-friendly and scalable approach guaranteed high shape fidelity allowing to obtain in a few
minutes a 3D cell-laden hydrogel incorporating a cavity, which is constituted of a duct converging to an
enlarged lumen (acinus) (figs. 5.2 and 5.3). We demonstrated the printing of relevant object shape for
biological studies while maintaining a suitable environment for the growth of stromal cells (HFF1) that
remain viable and active for at least 2 weeks after the manufacturing process (fig. 5.4a-b). This is in line
with other works, which have cultured viable tomographically printed constructs for several weeks. [28],
[71], [189] Therefore, the results proved the beneficial effects given by GelMA as bioink, matching with
previous reports on the extensive use of this material in biomedical applications. [190]-[193] Moreover,
by exploiting VBP features, the complex hollow structure of the exocrine pancreas can be fabricated
without the use of a mould and without the need for sacrificial or support materials as opposed to
more conventional (bio)printing and additive manufacturing methods that typically build 3D objects
in a layer-by-layer fashion. [194] This innovative biofabrication approach also avoids the technical
difficulties and time-consuming procedures associated with the assembling of different cellularized
compartments into a unique 3D structure. [175] The cavity within the printed construct constitutes a
biomimetic niche which can be easily epithelized by seeding the human pancreatic ductal epithelial
cells, suspended in a proper volume of cell medium. We monitored the proliferation of HPDE cells
over time and we assessed their ability to cover the inner walls of the lumen by growing as an epithelial
monolayer, as already reported by other studies in literature. [177], [195] However, the total coverage
of the cavity has not been achieved (figs. 5.4 and 5.6) during the experiment period (3 days) and we
observed a slower proliferation rate of HPDE seeded in fibroblast-laden hydrogels with respect to cell-
free GelMA constructs ( fig. 5.6). This behavior could be ascribed to the competition for nutrients in cell
medium by both the cell lines reducing cell proliferation without affecting cell viability. [196] Under co-
culture conditions we monitored the activation of stromal cells by quantifying, through a custom-made
Python code, the signal intensity coming from the expression of *SMA proteins (fig. 5.7). The results,
showing a higher xSMA expression in fibroblasts co-cultured with HPDE-KRAS rather than in contact
with HPDE-WT, allow to validate this in vitro model as it can efficiently replicate the physiological
inflammation cascade occurring in activated stromal cells. [163]-[165], [197] Moreover, the developed
model is the first to recapitulate the tumor-stroma interplay occurring in pancreatic cancer while
also accurately reproducing the anatomical structure of the exocrine gland. The geometrical and
morphological features of tissue can affect cell function and therefore represent another crucial aspect
to consider in the design of a biomimetic model. [171], [198] Although different engineering strategies
have been adopted to obtain tubular lumen structures, [171], [175], [177], [195], [199] they lack in
fully creating the 3D acinar- and ductal-like geometry [175], [195] or in incorporating the stromal
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component. [177], [199] However, our model currently replicates the glandular structure with 5:1
rescaled dimensions as compared to the physiological human gland (diameter of acinar portion 200
pm, of duct portion 50 pm). This ratio is comparable to or smaller than that of other models replicating
the morphology of the pancreactic gland, including a hollow duct. [177] Additional work should be
performed to enhance the resolution of the printed cavity, to make it more anatomically relevant. [199]
In this context, the methodology applied to produce the in vitro model allows for a highly versatile
approach, therefore, this model could be further improved by incorporating other cells involved in
pathology development. For instance, tissue-resident immune cells could be included inside the
construct to assess the role of the immune system in the early stages of pancreatic cancer progression.
Finally, this model recapitulating the tumor-associated fibroblasts activation could open new avenues
to understand the role of tumor microenvironment in pancreatic cancer progression and offers a
new and relevant platform to establish effective therapeutical strategies. Our approach permits to
overcome the limitations of the existing in vitro models that do not properly mimic the morphology,
the cell composition and the cell-stroma interplay of the exocrine pancreas environment. In addition,
it represents a valid alternative to the costly and low-throughput animal models which are ethically
questionable and limited in emulating the stromal components of PDAC. [200], [201] Indeed, the rapid
fabrication process allows obtaining several scalable human models that can be tested and validated
according to a high throughput screening approach.

5.6 Conclusion and future work

In this study, we have developed a 3D in vitro model which mimics the complex three-dimensional
microanatomy of the exocrine pancreas to study the mechanisms that take place during the early stages
of pancreatic cancer. We used VBP, a recently-developed and powerful printing technique, to fabricate
acinar- and ductal-like structures. We showed that this biofabrication approach allows the series
production of several human models with shape-fidelity, high resolution and geometrical accuracy.
The GelMA-based environment resulted optimal in promoting the proliferation of stromal cells which
remain viable and active for several weeks within the gel structure thus permitting a long follow-up. The
co-culture of human pancreatic ductal epithelial cells, healthy or overexpressing the KRAS oncogene,
and stromal cells in this biofabricated in vitro model can recapitulate the pancreatic TME as confirmed
by the stromal cells’ activation through the tumor-stroma crosstalk. In particular, we demonstrated
the ability of this model in reproducing the stromal cells activation, involved in pancreatic cancer
evolution, in a very short period (3 days under co-culture and 7 days after biofabrication). Moreover,
the construct can be monitored over time in an accessible and non-destructive way by microscopy to
quantitively interrogate the model and easily get the information. These results validate our approach
that is scalable and therefore potentially applicable in a personalized medicine workflow, in which the
patients’ own cells are used to build many models of the exocrine pancreas’ microanatomy in a short
period of time to rapidly adjust the therapy to the patient. This could enhance treatment outcomes
and reduce healthcare costs. Thus, the demonstration of this fully human 3D model represents a
powerful tool for the understanding of mechanisms implicated in pancreatic cancer insurgence and
for developing new diagnostic and therapeutical approaches. [202]

5.7 Experimental materials and methods

Materials are summarized in table 5.1
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Fluorescence microscopy
Material Type Provider Catalogue Number Dilution used
mouse monoclonal fibroblasts antibody TE-7 primary antibody Novus Biologicals NBP2-50082 1:80
Rabbit polyclonal to alpha smooth muscle Actin primary antibody Abcam ab5694-100ug 1:50
Donkey anti-Rabbit IgG + Alexa 647 secondary antibody Thermofisher A-31573 1:200
Donkey anti-Mouse IgG+ Alexa 568 secondary antibody ~Thermofisher A10037 1:200
DAPIL dye Sigma CAS: 28718-90-3 300 nM
((R)-4-Hydroxy-4-methyl-Orn(FITC))-Phalloidin dye Bachem AG #4095647.0001 0.16 nmol mL!
Ethidium homodimer Solution dye AdipoGen CDX-E0512-M001 4 uM
Calcein-acetoxymethyl Ester, Diacetate dye Merck 206700-1IMG 2uM
Cell lines
Cell line Type Provider Catalogue Number Sex
Human foreskin fibroblasts (HFF1) Human ATCC SCRC-1041 Male
Human pancreatic duct epithelial (HPDE) cells Immortalized Prof. E Bussolino (Universita di Torino) NA Female
Human pancreatic cancer epithelial + KRAS oncogene (HPDE-KRAS) cells Immortalized Prof. E Bussolino (Universita di Torino) NA Female
Cell culture
Material Type Provider Catalogue Number Concentration
DMEM (without phenol red) cell medium ThermoFisher 31053028 1x
DMEMY/F-12, no phenol red cell medium ThermoFisher 21041025 1x
Bovine Fetal Serum complement Merck F9665-50ML 15%
Penicillin-Streptomycin antibiotic ThermoFisher 15140122 1%
L-glutamine complement Sigma G5792 2%
Trypsin-EDTA PBS 1:250 (0.25%/0,02%) without Ca++/Mg++ w/o0 Phenolred 100 ml BioConcept AG 5-52F00-H
PBS buffer Sigma 806552 1x
Hydrogels
type A porcine gelatin powder Sigma G2500
Methacrylic anhydride Sigma 760-93-0
Phosphate buffered saline Sigma-Aldrich P4417-100TAB 1x
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate Sigma-Aldrich 900889-1G 0.16 mg mL!

Table 5.1: List of materials used in bioprinting of pancreatic unit models

GelMA Hydrogels

GelMA was produced from porcine gelatin (Sigma) following the protocol by Van De Bulcke et al.81.
Briefly, type A porcine gelatin powder (Sigma, G2500) was fully dissolved at 10% w/v into Phosphate
Buffered Saline (PBS) 1x at 50°C. Methacrylic anhydride (Sigma, 760-93-0) was added dropwise for
gelatin modification at 50°C for 3 h. The solution was then lyophilized and stored away from light
at 20°C until use. The 5% w/v GelMA solution was created by reconstituting lyophilized GelMA
powder into sterile DMEM without phenol red (ThermoFisher, 31053028) with Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Sigma-Aldrich, 900889) at a concentration of 0.16 mg mL—1 and
filter-sterilized at 40°C. GelMA solutions were stored away from ambient light at 4 °C for no longer
than 2 weeks. Before use, the rheological properties of GelMA hydrogels were evaluated employing a
stress-controlled rheometer (AntonPaar GmbH, MCR302) equipped with 25 mm parallel plate geometry.
In order to evaluate the photocrosslinking kinetics, filtered GelMA solution + LAP were poured on the
rheometer plate and time sweep test was performed using a visible light source at 405 nm wavelength
(Prizmatix, FC-LED-405A) at constant temperature (approximately 25°C), a applying a rotational
oscillation of 1 Hz and a strain amplitude of 1% in the linear viscoelastic region (measured through
strain sweep test).

Cell culture of HFF1

Human foreskin fibroblasts (HFF1) cells were purchased from ATCC and cultured in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) without phenol red, supplemented with 1% Penicillin-Streptomycin
(Gibco), 2% L-glutamine (Gibco) and 15% Foetal Bovine Serum (Gibco). Cells were maintained in a
humidified CO, incubator at 37°C and 5% CO».
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Tomographic bioprinting

For printing, fibroblasts were detached, counted, and centrifuged. A small volume of cells, correspond-
ing to a final density of 0.5 million cells mL™!, was resuspended into GelMA with LAP and gently
agitated using a 1000 1L pipette tip with a cut tip. 1.5 mL of the GeIMA + LAP + HFF1 mix was poured
into ethanol sterilized cylindrical glass vials (diameter 12 mm) with a hermetically sealing cap. All these
manipulations were carried out under sterile conditions in a biosafety cabinet. The glass flasks were
dipped into water at 2°C to gel the GelMA. They were then printed using the tomographic volumetric
printer (section 2.2), this time only using three laser diodes. We used a cubic glass container filled with
cold water as a refractive-index matching bath. It also kept the temperature of hydrogels constant and
prevented them from degelling. The calculations to produce the required tomographic patterns were
performed using the pipeline described in chapter 2 with scattering corrections applied to compensate
for the diffusive effects of the cell-laden hydrogels, as described in section 4.3.

These calculations were performed on a GPU using PyTorch. [203] This software takes 3D models
in the shape of .stl files, which we designed using AutoCAD, and calculates tomographic projections
using non-negative tomographic filtered back-projections. We used sets of 1000 8-bit tomographic
patterns, each displayed for an angular interval of A8 = 0.36°. The cylindrical vials were set to rotate at
a constant angular speed of 12°s~! during printing. Prints were completed in around 2.5 minutes. After
printing, hermetically closed glass vials were slowly heated to 27°C for 5 minutes by dipping them into
luke-warm water. Under sterile conditions in a biosafety cabinet, pre-warmed PBS at 37°C was gently
pipetted into the glass vials, then they were gently manually agitated to rinse away the uncross-linked
GelMA. The rinsed bioprinted fibroblast-laden constructs were carefully transferred to 24-well plates
filled with cell medium and kept in the humidified CO2 incubator at 37°C.

Cell viability in bioprinted constructs

CellTiter-Blue Viability Assay The viability of human fibroblasts embedded in the bioprinted
gel constructs was analyzed by monitoring the metabolic activity through the fluorometric resazurin
reduction method (CellTiter-Blue, Promega, G8080) at 1, 2, 3, 4 and 9 days after the tomographic
bioprinting process. The test was performed according to the manufacturers’ protocols. Briefly, culture
medium was carefully removed and constructs were washed with PBS (500 pL). A solution of 16%
CellTiter-Blue in complete cell culture medium was prepared and added to the constructs, followed
by 5-6 h incubation at 37°C. At the end of the incubation period, 200 uL of the medium was pipetted
into different wells of a 96-well plate, and fluorescence was measured from the bottom of the plate
using a plate reader (BioTek) at 530 nm excitation and 590 nm emission. Fluorescence of CellTiter-Blue
solutions in contact with GelMA hydrogels without cells were subtracted to avoid overestimations.
Plates were covered with an adhesive film to prevent evaporation during the measurements.

Live/Dead Assay Live/Dead Assay was carried out to furtherly evaluate the HFF1 viability over the
culture period, at pre-determined time points (1, 3, 7 and 14 days). Specifically, the Live/Dead solution
was prepared by adding ethidium homodimer-1 (Adipogen, CDX-E0512-M001, 2mM in DMSO) and
calcein-AM (Merck, 206700-1MG, resuspended to 4mM in DMSO) to PBS in concentrations of 4 uM
and 2 uM respectively. The solution, prepared afresh every time it was used, was vortex-agitated for
some seconds and kept at room temperature (RT) protected from light. The cellularized constructs
were rinsed once with pre-warmed PBS at 37°C and transferred to a 24-well plate with wells filled
with 800 pL of Live/Dead solution. Constructs were incubated in the dark for 1h, with gentle manual
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agitation every 15 minutes. Samples were rinsed twice with PBS and placed in optical-grade multiwell
microscope slides for imaging. Imaging was conducted immediately after staining and performed in
a fluorescence confocal inverted microscope (Leica, SP8) with 5x NA 0.15 (Leica, HC PL Fluotar, WD
13.7 mm), 10x NA 0.30 (Leica, HC PL Fluotar, WD 11.0 mm), and 20x NA 0.75 (Leica, HC PL APO, WD
0.62 mm) objectives. In the microscope, calcein-AM was excited at 488 nm and its emission collected
from 498 to 542 nm. Ethidium homodimer was excited at 552 nm. To avoid crosstalk with the emission
spectrum of calcein-AM, the emission of Ethidium was collected from 620 nm to 650 nm.

Epithelization of the cavity

Human pancreatic ductal epithelial cells (HPDE) stably expressing activated KRAS (HPDE-KRAS) and
wild-type HPDE (HPDE-WT) were cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific)
supplemented with 1% Penicillin-Streptomycin (Gibco), 1% L-glutamine (Gibco) and 10% fetal bovine
serum (FBS) (Gibco). Cells were maintained in a humidified CO2 incubator at 37°C and 5% CO2. To
epithelize the constructs, HPDE cells were detached from the culture flask, counted and resuspended
to a 10 L volume. Then, they were gently manually injected with micropipette into the duct of the
fibroblast-laden hydrogel. Specifically, before the epithelization, the rinsed bioprinted fibroblast-laden
constructs were cultured for 96h. The cell ratio between HPDE cells and HFF1 was fixed at 1:3, In
accordance with studies reporting the relevancy that ratios of 1:1 to 1:3 have in vivo. [204]-[206]
After injection, the constructs were placed in 24-well plates, with enough cell medium to keep them
hydrated, but not enough to cover the entry of the lumen, to prevent HPDE cells from floating into
the media. Co-cultures were maintained in DMEM/F-12 supplemented with 15% FBS (Gibco), 1%
Penicillin-Streptomycin (Gibco) and 2% L-glutamine (Gibco) since previous tests demonstrated the
efficacy of this culture medium composition in promoting the cell viability. [207] Two hours later, more
medium was added to the wells, this time covering the full constructs. The constructs were maintained
in a humidified CO2 incubator at 37 °C and 5% CO2.

Immunofluorescence microscopy

Slicing constructs for immunostaining Bioprinted constructs were fixed in formaldehyde 4% v/v
in PBS for 5 minutes, then rinsed with PBS twice and kept at 4°C. The fixed constructs were embedded
in low-melting point agarose 4% w/v in pre-warmed PBS and sliced to a thickness of 300 um with a
vibratome (Leica Biosystems, VIT'1000S) filled with PBS 1x. Samples were sliced orthogonally to the
axis of the duct, in order to obtain circular cross-sections. After slicing, the surrounding agarose was
detached gently with a brush. Slices were put onto microscope slides with adhesive imaging spacers
making wells (Merck, GBL654004-100EA), covered with PBS and with a coverslip and kept at 4°C in a
dark wet chamber until they were stained for imaging

Immunostaining Samples were permeabilized with 0.1% Triton X-100 in PBS for 10 minutes at
RT, then washed 3 times for 5 minutes with PBS + 0.1% Triton X-100 (PBST) at RT. Then, samples
were blocked with 2% bovine serum albumin (BSA) in PBST for 60 minutes and rinsed once with PBS.
Primary antibodies, rabbit polyclonal to alpha smooth muscle actin (Abcam, ab5694-100ug, 1:50),
and mouse monoclonal fibroblasts antibody TE-7 (Novus Biologicals, NBP2-50082, 1:80) in PBST
+ 1% BSA were incubated for 36h at 4°C. Samples were then rinsed 3 times with PBST at RT for 5
minutes. The secondary antibodies, donkey anti-rabbit IgG + Alexa 647 (Thermofischer, A-31573)
and donkey anti-Mouse IgG + Alexa 568 (Thermofischer, A10037), were incubated at a concentration
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of 1:200 in PBST + 1% BSA for 2h at RT. Samples were rinsed with PBST for 5 minutes at RT 3 times.
((R)-4-Hydroxy-4-methyl-Orn(FITC)”)-Phalloidin (1:60, 0.16 nmol mL~!) was incubated in PBST + 1%
BSA for 30 minutes at RT. Samples were rinsed with PBS for 5 minutes at RT 3 times. Samples were then
stained with DAPI in PBS (1:1000) for 5 minutes at RT, washed once with PBS, and finally covered with
coverslips for imaging. Samples were kept in wet chambers and protected from intense light during all
the immunostaining protocol.
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Figure 5.8: Fluorescence spectra of markers. Schematic of fluorescence excitation and acquisition in a
two-channel confocal microscope (Leica SP8). Data from https://www.thermofisher.com/
order/fluorescence-spectraviewer#!/

Confocal Microscopy Samples were imaged with a motorized inverted confocal microscope (Leica
SP8) using a 10x NA 0.30 air objective (WD = 11.0 mm, HC PL Fluorotar, Leica). Fluorescence excitation
was performed with solid-state lasers at 405, 488, 552, and 638 nm, and its emission was collected with
two twin Hybrid Detectors. An additional photomultiplier tube collected transmitted light from the
excitation laser. To acquire images of the full cross sections of the bioprinted constructs, the automatic
motorized stage was used to take sequential images along grids that were later stitched together. Two
sequential two-channel acquisitions were performed for each sample; one collecting the fluorescence
from DAPI (440-480 nm) and TE-7-bound secondary antibody (568-620 nm), and another collecting
the fluorescence from Phalloidin-FITC (498-542 nm) and aSMA-bound secondary antibody (648-720
nm), as schematized in fig. 5.8. Both acquisitions used the same grid coordinates of the motorized
stage and included a bright field image acquisition. Lasers intensities, detector gain, and optical path
were kept unchanged across image acquisitions to guarantee intensities were comparable. Microscopy
images were automatically acquired using LAS X software (Leica). Images were acquired for almost 100
slices of 14 independent biological samples.

Image processing Due to the large area of the acquired microscopy images (> 250 mm? in some
cases) and to the fact that we were imaging soft, elastic hydrogels, there was displacement between the
DAPI-TE-7 and the Phalloidin-«SMA images for some samples (note however, that because Phalloidin
and «SMA were always acquired in parallel and not sequentially, there was never displacement between
these two channels). Displacement between the DAPI-Te-7 and Phalloidin-«SMA images was corrected
with a custom-made Python code. The code compared the bright-field channels of corresponding
DAPI-Te-7-BF and Phalloidin-«SMA-BF tiles, calculated the necessary homography (mnfe qtures = 5000)
that needed to be applied to the DAPI-Te-7-BF image so that it matched the Phalloidin-«SMA-BF image.
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[208] The code would then apply such homography and save a transformed copy of DAPI-Te-7-BF
image. Images were batch-stitched together using the Grid/Collection stitching plugin on ImageJ using
the Phalloidin channel as reference. [132], [209] Multichannel microscopy images (DAPI, Phalloidin,
Te-7, xSMA, BF) depicting multiple slices of the same bioprinted construct were then manually cropped
to fit only one slice per image.

Inflammation quantification from fluorescence data

Inflammation was quantified from microscopy images by measuring the ratio between the intensity of
«SMA vs. actin. This calculation was done with a custom-made Python code. The code first segments
cell nuclei from the DAPI channel. Then, the code segments all regions of at least 13.4 um? with a
non-zero actin or xSMA intensity in size and which are adjacent to a cell nucleus. An average intensity
is calculated for these masked regions for the actin and xSMA channels, and a ratio is reported. Actin
and «SMA intensities were additionally normalized to excitation light intensities, to make the ratio
comparable across multiple acquisitions.

Single-cell measurements of inflammation The ratio of actin to «SMA intensities was also
computed for segmented single cells. Hand-made digital annotations of the outline of the inner
channel of the bioprinted pancreatic constructs (based on the bright field and fluorescence channels
of the microscopy images) were used to measure the distance of the individual cells to the channel.

Visualization of microscopy images

Multi-channel microscopy images were visualized using ImageJ and the Look-Up Tables from Christophe
Leterrier (https://github.com/cleterrier/ChrisLUTs) for the Live/Dead experiments and from the
Biolmaging and Optics Platform at EPFL (https://biop.epfl.ch/Fiji-Update/luts/) for the co-culture
inflammation experiments. Brightness and contrast were set the same for each channel of all images
that were compared (particularly actin and «SMA). Sketches of cell-laden constructs were created with
BioRender.com. Plots were produced using matplotlib.org and seaborn.pydata.org. [210], [211]

Statistical analysis

Data were arranged and analyzed using Pandas. [212] The graph data are presented as the mean +
standard deviation (SD) for at least three independent experiments (n > 3). Significance was measured
with one-way ANOVA followed by pairwise comparison with Tukey’s multiple comparisons test, using
GraphPad Prism 9.3.1 for metabolic activity experiment (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)
and using SciPy’s statsmodels (https://www.statsmodels.org/stable/index.html) for inflammation
quantification.

Contributions

This chapter is a joint work with Viola Sgarminato, a visiting PhD student from Politecnico di Torino,
and Antoine Boniface, a post-doc in the lab. Experimental work was conducted during between the
months of March and June 2022, with data analysis and additional measurements done until October
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2022. Ms. Sgarminato, Mr. Boniface, and I printed the 3D constructs using code by Mr. Boniface and I.
Cells were cultured mainly by Ms. Sgarminato with my assistance. All three of us participated in sample
preparation and microscopic imaging. Automatic data analysis of stromal cell activation was done with
codes written by Mr. Boniface and L.
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Volumetric additive manufacturing of
silicon oxycarbide ceramics

This chapter presents the application of tomographic additive manufacturing to polymer-derived
ceramics. It introduces the field of additive manufacturing of ceramics and how they can be molded
with light into a so-called green body, to later get pyrolyzed into a ceramic part. The ceramization of
the pyrolyzed parts is demonstrated using FTIR, Raman, and X-ray photoelectron spectroscopy. The
thermal and chemical resistance of the 3D printed parts is tested. Finally, the possible applications
of the techonlogy are discussed. Some of the material presented in this chapter can be found in the
following paper:

* Kollep, Max, Georgia Konstantinou, Jorge Madrid-Wolff, Antoine Boniface, Lorenz Hageliiken,
Pradeep Vallachira Warriam Sasikumar, Gurdial Blugan et al. "Tomographic volumetric additive
manufacturing of silicon oxycarbide ceramics." Advanced Engineering Materials 24, no. 7 (2022):
2101345.

Most of the data reported in this chapter are freely available from the Zenodo repository: https:
//doi.org/10.1002/adem.202101345

6.1 Polymer-derived ceramics

Ceramics are industrially interesting materials for their hardness, durability and stability in extreme
environments. Ceramics are used, for example, in nuclear reactors, in lightweight space mirrors, in
electrical insulators, and in knee-replacement prostheses. [213]-[218]

6.1.1 Motivation

Unfortunately, the fabrication of complex ceramic parts remains very challenging. Mainly because of
their hardness and brittleness, conventional manufacturing processes such as machining or molding,
are limited to simple object geometries as well as being costly and time-consuming. Additive manufac-
turing represents an attractive alternative. Not only does it offer more flexibility in terms of architecture
and significantly reduce material waste but also it leads to cost-effective production in a shorter time.
Photopolymerization of polymer-derived ceramics was introduced by Liew et al. in 2002, [219] while
Zanchetta ef al. demosntrated the use of stereolithography to prototype ceramics in 2016. [218] When
this work was conducted, it was the first demonstration of a polymer-derived ceramic 3D printed with
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tomographic volumetric additive manufacturing. Tomographic VAM is interesting in the production of
ceramic devices because its design freedom allows for the fabrication of hollow structure, such as the
vias in ceramic insulators in microsatelites or chemical sensors. With this work, we intend to explore
the possibility to fabricate ceramic components which can include hollow channels. The additive
manufacturing of ceramics from liquid pre-ceramic stocks follows this process: [220]

1. The liquid preceramic polymer (PCP) is first solidified into a 3D object: the so-called green body.

2. The green body is then rinsed and transformed into a brown body by burning all highly volatile
organic solvents. This is done through a de-binding step at T ~ 200 —400°C.

3. The brown body is pyrolyzed into a ceramic material, by heating it to T > 800°C. During this
step, all organic components of the mixture are either burned or transformed into inorganic
ceramics.

Initially, preceramic polymer resins were processed or shaped using conventional polymer-forming
techniques such as injection molding or extrusion. Later, it was demonstrated that by adding a photo
initiator to the liquid precursor, the solid green body can be formed by exposure to UV radiation. [219]
Through photopolymerization, laser-based stereolithography (SLA) has enabled the fabrication of
preceramic polymer components with high resolution and a good surface quality. [26] It consists of
scanning a laser beam on the photosensitive resin and selectively hardening the material, building
the 3D green body voxel by voxel. Using this DLP approach it is possible to print in a few tens of
minutes complex scaffold structures of typical size 5 x 5 x 5 mm?® with a resolution of 50-100 pm
that maintain their initial shape during pyrolysis at temperatures of 1000°C. [221], [222] Two-photon
photopolymerisation (2PP) is yet another lithography-based AM process characterized by its very
high resolution and accuracy, making it ideal for the manufacture of microscopic structures. Pham
et al. reported the fabrication of complex SiCN ceramic microstructures with a submicron resolution
via nano-stereolithography of a preceramic polymer. [223] The process is based on the two-photon
absorbed crosslinking of the photosensitive preceramic polymer. Later, more complex structures were
also reported using the commercial two-photon photopolymerisation system by Nanoscribe with
higher pyrolysis temperatures. [224], [225]

6.2 Volumetric printing of polymer-derived ceramics

Here, we report on the volumetric additive manufacturing of silicon oxycarbide ceramic cm-scale
components using a polysiloxane ceramic precursor with a crosslinker. Photopolymerization was
induced by tomographic back-projection. The resin used in the printer is composed of a commer-
cial polysiloxane (SPR 684) with 1,4-butandiol-diacrylate (BDDA) as crosslinker. The photoinitiator
diphenyl-(2,4,6-trimethylbenzoyl)-phosphinoxide (TPO) was added to trigger the polymerization. The
polysiloxane resin and crosslinker are highly transparent in the visible range. Most of the light ab-
sorbance of the resin comes from TPO, the photoinitiator (fig. 6.1). Light attenuation, although weak,
can hinder the printability of cm-scale shapes; thus we correct for the optical attenuation following the
method described in section 4.3. [61]

The radical polymerization mechanism illustrated in fig. 6.2b begins with single-photon absorption
by the photoinitiator (TPO). This generates the primary radicals (C-centered acyl and P-centered
phosphinoyl radicals) after the «-cleavage of the C-P bond (as in fig. 1.2a). [226], [227] The efficiency of
the crosslinking at the propagation step is enhanced thanks to BDDA. In fact, the primary radicals of
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Figure 6.1: Absorbance of the preceramic formulation. a. Absorbance spectra of the preceramic
formulation without photoinitator (black, mostly transparent) and with photoinitiator (light
blue). b. Photograph of one of the printing vials with the photoresin.

the initiation step (TPO) activate the radical polymerization of the BDDA by cleaving the methylene
bond. The high reactivity of BDDA correspondingly assists the chain growth of the PCP by a similar
mechanism of methylene cleavage. In this way, the crosslinking propagates to a direction perpendicular
to the chain of the preceramic polymer and should terminate after irradiation stops.

In the volumetric printer, parts are printed within rotating glass vials filled with the photo-curable resin
as a set of light patterns are exposed onto it (fig. 6.2a). To ensure high printing fidelity with the target
object, it is crucial that the projected light patterns propagate through the resin without being distorted
or attenuated.

The used preceramic resin has a viscosity of 870 mPa.s, which is high enough to prevent sinking of the
polymerized part within the printing times of 30 to 60 seconds. The printed green bodies are rinsed in
isopropyl alcohol and postcured under UV light to make them stiffer. Then, they were pyrloyzed up to
1000° C. We performed FTIR, Raman and X-ray photoelectron spectroscopy to verify that the pieces
were fully ceramized into amorphous SiOC after pyrolysis.
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Figure 6.2: Pipeline of tomographic volumetric additive manufacturing of ceramics. a. the 3D model
of the desired part is used to calculate a set of light patterns which are projected onto a
rotating vial filled with a photo-curable preceramic resin. The resulting solid green body is
retrieved from the liquid resin, and pyrolyzed at T=1000°C. b. Schematic representation
at the molecular level. A polysiloxane preceramic resin is mixed with a cross-linker and a
photoinitiator. After excitation with blue light, a stiff network of polymerized and cross-
linked polysiloxane chains forms the green body. During a 48 h pyrolysis process, different
organic compounds volatilize while the part transforms into a silicon oxycarbide ceramic
amorphous network. [228]

6.3 Pyrolysis and ceramization

6.3.1 Pyrolysis

Fig. 6.3a shows the results of thermogravimetric analysis. Samples of photopolymerized resin were
heated at a rate of 5 K/min to maximum temperature under controlled argon atmosphere. During the
measurement, the mass loss percentage and the Differential Scanning Calorimetry are obtained. In the
calculated Derivative thermogravimetry profile (DTG- blue line) two major decomposition intervals
are observed with the appearance of two peaks, first one starting at 375 °C and the second one above
470 °C. The second one is common for PDCs and it appears to be completed above 600 °C. The first
mass loss is mainly due to the decomposition of BDDA, which starts above 370 °C. This explains the
dwelling step applied at that temperature (to allow smooth release of all the volatile gases) in the
pyrolysis profile. Additionally, this step contributes to reduce significantly the formation of bubbles.
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Similarly, in DSC (gold line) we can observe a small peak around this temperature, which is attributed
to this process. The mass loss is completed at ~ 600 °C and there are no more mass losses as seen from
the TG curve (mass loss %).

Fig. 6.3b shows the temperature profile followed to transform the green bodies into polymer derived
ceramics. The main dwell time is at T = 1000°C, which is the temperature at which the preceramic
polymer loses all its organic components and becomes silicon oxycarbide. The cross-linker also has
to be decomposed and evacuated, which is mostly done at the other dwell time at T =380°C for one
hour. Since the cross-linker is completely decomposed, this resin composition has a lot of matter to be
outgassed. This makes the pyrolysis challenging and very prone to cracks and swelling. To hinder these
negative effects, the heating and cooling rates are very low to provide more time for the gases to escape.
This makes the pyrolysis more gentle and allows for a better success rate. The first heating ramp is
done at 1 K/min because no component gets decomposed under 300 °C. The second ramp is done at
0.3K/min. At this step, we are approaching the cross-linker decomposing temperature of 380 °C and
this has to be done gently. After the first dwell time of 1 hour, most of the cross-linker is evacuated
and so the heating ramp can be brought up to 0.6K/min. After the second dwell time, the parts have
become ceramics, so the cooling step can be faster. The cooling rate is 1.3 K/min. After around 40
hours, the cooling is not fast enough anymore to follow the desired rate. Since the furnace does not
have active cooling, the temperature decreases exponentially. The decomposition temperature of the
cross-linker was determined by thermogravimetric analysis.

a b
. . . 04 Pyrolysis temperature profile
100 —— Mass loss| 1200
——DTG 1 hour
0,0 i
—— DSC T 402 1000 iy
g 5 O 800
a E Joo e
k: 2| o 5
8 El B & 600
S (%] @
8oz £
” @ 400
200
ol H-04
1 1 L 1 -1,0) 0

200 400 600 800 1000
Temperature (°C)

Time (hours)

Figure 6.3: Pyrolysis profile a. Thermogravimetric analysis of polymerized samples. Mass loss in
percentage (black line), Derivative thermogravimetry (DTG- blue line) and Differential
Scanning Calorimetry (DSC- gold line) profiles. b. Derived temperature pyrolysis profile.

6.3.2 Ceramization

In fig. 6.4a, the FTIR spectra of the green and pyrolyzed state are presented. In the spectrum of the
green body, several bands are observed which are mostly referred to the organic siloxane backbone and
its functional groups. In the pyrolyzed state, the bands appear as a smoother curve presenting mainly
Si-O and Si-C type bonds after ceramization. Both spectra are in good agreement with prior work of the
exact same preceramic polymer in the green state, including the added cross-linker and photoinitiator,
[229]-[232] and in the pyrolyzed state. [229], [230]

As seen in fig. 6.4b, Raman spectroscopy of green bodies and pyrolyzed parts suggests a conversion from
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Figure 6.4: Pyrolysis leads to material transformation from organic green bodies (bottom) to ceramic
pyrolyzed parts (top) a. FTIR spectra suggests conversion from the organic green body with
numerous thin absorbance bands, many attributable to the organic bonds in the crosslinked
preceramic polymer, to an inorganic silicon oxycarbide material, with Si-C and Si-O bonds.
The absorbance region around 1500 cm ™! is attributable to the free carbon phase. b. Raman
spectra corroborates the findings from FTIR. In the green body spectrum, four strong
emission peaks match the spectral fingertip of the phenyl group present in the siloxane. In
contrast, the pyrolyzed parts show a smoother emission spectrum, with two marked peaks
representing the D and G bands of the free carbon phase. c. X-ray Photoelectron Spectra
around the Si2p bond. The spectrum for the pyrolyzed part spans the binding energies that
are characteristic to intermediate mixed silicon oxycarbide species, namely SiO3C, SiO,C,,
and SiOC;3. For the green body, the energy spectrum may be attributed to organic siloxanes.

an organic to an inorganic material after pyrolysis. The spectrum of the green body shows numerous
narrow bands, characteristic of the organic siloxane backbone and cross-linker. Most notably, peaks at
618,998, 1188, and 1592 cm ™! are likely those of the phenyl group in the backbone. [233] The Raman
spectrum of the pyrolyzed parts mainly exhibits two broad bands at 1380 and 1600 cm ™!, namely the D
and G bands of free carbon. [234] So-called free carbon intrusions have been previously documented in
pyrolyzed polymer-derived ceramics. [235], [236] The organization of this free carbon phase segregated
within the microstructure and the gradual degradation of the amorphous Si-O-C network have been
linked to higher pyrolysis temperatures. This free carbon, as illustrated in fig. 6.2b, has been suggested
to explain the high thermal resistance of these materials. [220]

XPS spectra around the Si2p show a broadening of the peak for the pyrolyzed parts, with respect to the
green bodies, as seen in figure 6.4c. The spectrum for the pyrolyzed part spans the binding energies
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that are characteristic to intermediate mixed silicon oxycarbide species, namely SiO3C, SiO,C,, and
SiOCs3 with binding energies at 103, 102, and 101 eV respectively. [237] Bonds of lower energies, such as
SiC, [238] might be present in these sample, although at much lower concentrations; as the appearance
of nanocrystalline SiC has been documented in PDCs only at higher pyrolysis temperatures (>1300
°C). [239] Recent studies have shown that the site of binding between phenyl groups and the silicone
backbone may result in mixed Si-O and Si-C bonding, particularly at the interface between the silica
rich nanodomains and the free carbon nanodomains. [240] In contrast, the XPS spectrum of the Si2p
bond for the green body shows a narrower peak, with an energy distribution that matches that of
siloxanes with organic funtional groups. [241]

6.3.3 Shrinkage
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Figure 6.5: Pyrolysis leads to shrinkage a. In tomographic volumetric additive manufacturing, the
object is printed upon the simultaneous polymerization of the resin in the rotating vial.
Unlike SLA or DLP, here there is a clear anisotropy in the printing procedure between the
horizontal and vertical axes, the cylindrical coordinate system supposes less anisotropy
and less layering effects. b. Shrinkage was quantified by measuring the corresponding
dimensions before and after pyrolysis, as ashown for this overlay of a green body and
pyrolyzed 3D cross. c. Shrinkage along the axial and radial dimensions of prints. An paired
one-tail t-Test shows that there is no significant difference between the shrinkage along the
radial and axial dimensions (n = 7 prints, 14 measurements per print). d. A screw with a
channel.

Shrinkage poses a difficulty to fabricate functional pieces from preceramic polymers. [242] Recent

works measured the resulting shrinkage after pyrolysis and applied corrections to the 3D model to
obtain accurate parts. [243] Such corrections are more straightforward if the shrinkage is isotropic.
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Previous works on volumetric additive manufacturing have shown that tomographic back-projection
results in isotropic, smooth polymerization, contrary to extrusion-based printing and DLP. [28] Since
the green bodies are formed volumetrically, without a preferential direction, it is expected that the
shrinkage is isotropic. Indeed, the pyrolyzed parts did not show significant differences in shrinkage
along any direction (p = 0.092). This allows the PDCs to keep their shape along the axial and radial
dimensions of printing, as shown in fig. 6.5. Additionally we report an average shrinkage of 31.0 £ 1.7%
and a mass loss of 54.0 + 0.2% from printing to pyrolysis. Although the reported shrinkage is high, it is
in line with those of previous works. [218], [242]

6.4 Thermal and chemical resistance

We tested the physical and chemical properties of the fabricated PDCs. To test their thermal resistance,
we exposed the parts to rapid thermal shock cycles of 15 seconds heating up under the flame of a
butane torch and 10 seconds of cooling down. The temperature of the flame (T'~1400 °C) is higher
than the pyrolysis temperature. Figure 6.6a shows a time-lapse sequence of a spherical woodpile under
its fifth thermal stress cycle. The first and last frames of the time-lapse show that the part retained its
shape and did not crack, even withstanding the stress induced by the holding clamp. A supplementary
video that matches this timelapse is available from https://doi.org/10.1002/adem.202101345. To assess
the chemical inertness of the parts, we submerged them for one hour in aqueous corrosive baths.
Figure 6.6b shows a 3D cross PDC sitting in a HCI solution of pH = 2 on the left and a 3D cross PDC
sitting in a KOH solution of pH = 14 on the right. Both parts retained their mass (within 0.1 mg on a
precision scale). This demonstrates that they are very resistant to high temperatures, rapid heating and
cooling for several cycles, and to corrosion.

a Thermal resistance

3D model

b Chemical resistance

pH=2 pH=14
t=1h t=1h
3D model
5mm

Figure 6.6: Resistance of 3D printed ceramic parts. a. Timelapse of a ceramic part being heated to
incandescence with a butane torch (T ~ 1400 °C) and then let cool down. The last frame
shows the part after five cycles of thermal stress. Scalebars 5 mm. b. Parts after being
immersed for one hour in a strong acid (pH = 2) or a strong base (pH = 14) for 1 hour.
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6.5 Conclusion

5mm

Figure 6.7: Examples of printed silicon oxycarbide ceramic components; including a screw with an
open axial channel, two three-dimensional crosses, and two spherical woodpiles.

In this chapter, we demonstrated the applicability of tomographic volumetric additive manufacturing
to produce polymer-derived silicon oxycarbide ceramics. The preceramic polymer resin, a mix of
a commercial polysiloxane and a diacrylate cross-linker was sufficiently transparent and viscous to
be adapted to tomographic volumetric fabrication. Using back-projections calculated as described
in chapter 2 and including corrections for absorption from the photoinitiator following the method
proposed in section 4.3, we could volumetrically fabricate objects of various geometries within seconds.

Printed parts were then pyrolyzed up to 1000°C, which transformed the green bodies from an organic
cross-linked polysiloxane to an amorphous silicon oxycarbide ceramic. Although pyrolysis was per-
formed following slow heat ramps, degassing from the evaporation of the organic backbone lead to
some of the parts getting cracked or fractured, or having bubbles inside. For parts that were sufficiently
thin to allow for crack-free degassing, the shrinkage was not anisotropic, with no significative differ-
ence between shrinkage along the axial and the radial direction during printing. The amedian linear
shrinkage was 30.8 and 27.6 % along the axial and radial directions respectively. The average mass loss
from printing to pyrolysis was 54.0 & 0.2%.

Print geometry determines the success of the pyrolysis. Very thick features (> 2 mm) hinder gases from
escaping during debinding and pyrolysis. This leads to cracks and breaks in the ceramized parts. When
designing usable ceramic components, attention should be paid to keep features thin and to maximize
surface-to-volume ratios. Algorithmic design, which consists of letting a computer software design
the desired piece given a set of constrains, [244], [245], can be used to produce parts of very complex
geometries and possibly improved mechanical, degassing, or fluidic performances. Such geometries
would otherwise be extremely time-consuming to design by a person. The fabricated woodpiles, for
example, maximize surface-to-volume area, and served as a good example of a geometry on which
shrinkage could be measured while having a high yield of succesfully pyrolyzed parts.

FTIR spectroscopy confirmed the conversion from an organic polysilxane green body to an inorganic
ceramic. Raman spectra further confirmed this, while also demonstrated the existence of free-carbon
phases within the bulk of the ceramized parts, as seen in the spectral fingerprints for the D and G
carbon bands. X-ray photoelectron spectroscopy, which gives information on the energy of electronic
bonds within a material, suggests that the resulting ceramic is a mix of ntermediate silicon oxycarbide
species, namely SiO3C, SiO,C,, and SiOCs. We can conclude that the resulting objects are made of a
silicon oxycarbide ceramic.
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The ceramized parts were resistant to thermal stress cycles of rapid heating and cooling cycles between
room temperature and 1400°C. Also, they proved to be chemically inert, resisting immersion in strong
acids or strong bases for one hour without mass loss or evident changes on their surface.

With this, we showed for the first time that tomographic volumetric additive manufacturing can be
used to fabricate polymer-derived ceramics. The printed objects included hollow screws, which could
be filled with conductive pastes, as shown in figs. 6.5d and 6.7. Such devices are interesting for
biomedical applications, as in pacemakers, [246] or for space, as in microsatellites. [247] This work was
a proof-of-concept demonstration and an exploration into possible pathways to fabricate polymer-
derived ceramics with greater flexibility. As a fabrication approach, the photocuring of polymer-derived
ceramics faces major applicability issues due to the long times an low throughput of pyrolysis. Cracks,
fractures, shrinkage and deformations are still common and hinder the applicability of the method.
Compared to the 48 hours of pyrolysis, taking one minute to print the green body is almost insignificant.
The short fabrication times can be exploited to test multiple materials or geometries rapidly, and to
increase the number of prints to ensure that some are successful after pyrolysis. Future work could use
the technology to test libraries of materials (or their mixing ratios) rapidly and systematically. This could
lead to more robust fabrication strategies that are less prone to deformations from post-processing and

pyrolysis.

6.6 Experimental materials and methods

Preceramic resin

The preceramic resin was prepared by combining a polysiloxane (SPR 684, Starfire Systems, USA)
with 1,4-butanediol diacrylate (BDDA) as a crosslinker (1070-70-8, Sigma Aldrich, USA), and Diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) as a photoinitiator (75980-60-8, Sigma Aldrich). The
resin preparation consisted of 85 wt% polysiloxane, 15 wt% BDDA and 2 mM TPO (0.063 wt%).

To produce the resin, a solution of diluted TPO in BDDA is prepared to a concentration of 30 mg/mL
which is then vortexed. Following this, the polysiloxane precursor is combined with the TPO in the
BBDA solution. The components are then simultaneously mixed and degassed using a planetary mixer
(Mazerustar KK-250SE, Kurabo, Japan). Finally, the resin is poured into glass vials of 16.5 mm, which
are used for printing.

Optical absorbance

The absorbance spectra of the resin were measured with a Cary 50 (Varian, Australia) UV-vis spectrom-
eter using a scan rate of 60 nm/min. The resin was poured in 10 mm plastic cuvettes. Before each
analysis, a background acquisition was performed and then subtracted from the resin’s spectra.

Viscosity

The viscosity of the resin was measured using a rheometer (MCR 102, Anton-Paar, Austria) with a (25
mm) parallel plate and a gap of (350 um) at a shear rate of 0.108 Pa.
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Postprocessing of prints

After printing, the parts are recovered from the glass vials and dipped into a toluene bath, which is
manually stirred for 5 minutes until all uncured resin dissolves. The parts are then placed in a bath
of isopropyl alcohol (IPA) to dilute the toluene and stop the solving action on the parts. The bath is
manually stirred again for about 1 minute. The parts are then left to dry in air at room temperature
until all IPA fully evaporated, leaving them free of any unpolymerised resin.

The parts are then postcured in a UV curing station (FormCure, Formlabs, USA) for 1 hour at room
temperature. After this, all remaining photoinitiator has been consumed, but the surface of the parts
is still sticky. To remove the stickiness, the green bodies are submerged in a concentrated solution of
TPO in IPA (10 mg mL~!) and left for 1 hour to allow TPO to diffuse inside. The bath with the parts is
then placed for 15 minutes in the UV curing station. Then, the parts are removed from the bath and
postcured one last time for 45 minutes in the curing station. After that, the green bodies are placed in
an oven for 24 hours at 80 °C to remove most of the solvent soaked into the part.

Pyrolysis

The rinsed, postcured, and aged green bodies are then pyrolyzed in an alumina tube furnace (STF
15/450, Carbolite Gero, Germany) in a flowing argon atmosphere following the temperature profile
described and explained in the supplementary materials. The pyrolysis peak temperature was set to
T =1000 °C, for a dwell time of 1 hour, and a total cycle duration of 48 hours. The detailed pyrolysis
temperature profile is shown in fig. 6.3b.

Imaging

HCT Imaging Printed objects were imaged with voxel sizes of 10 um x 10 um x 10 um under a 160
kV X-ray transmission tomograph (Hamamatsu, Japan). 3D visualizations of the pieces were obtained
using Fiji-Image]. [132]

Photographic Imaging Green bodies and pyrolyzed parts were imaged with a DSLR camera (D3100,
Nikon, Japan) with a f=2.8 macro lens (AF-S Micro Nikkor 40 mm, Nikon) , and a digital microscope
(VHX-5000, Keyence, USA) with magnifications between 20 and 100x.

FTIR spectroscopy

FTIR spectra of samples of polymerized and pyrolyzed parts were collected with a VERTEX 70v FT-IR
Spectrometer (Bruker, USA). The spectrometer is coupled to a Hyperion upright microscope (Bruker).
The sample of polymerized resin was prepared by depositing 50 p of liquid preceramic resin on a gold
mirror and spinning it at 6000 rpm. The sample was then polymerized under UV light for 5 minutes.
The sample of pyrolyzed material was prepared by grinding pyrolyzed pieces with a mortar and a pestle
until pulverized. The powder was resuspended in isopropyl alcohol. 100 puL of the suspension were
deposited on a gold mirror and the alcohol was let to dry.
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Raman spectroscopy

Raman spectra of the inside of green bodies and pyrolyzed parts were acquired with a LabRam HR800
spectrometer (HORIBA Scientific, USA) confocally coupled to an upright microscope (BX1, Olympus,
Japan). To image the inside of the parts, green bodies were cut with a clean blade and pyrolyzed pieces
were broken with a hammer. Samples were placed on microscope slides and excited at 532 nm (with a
diode laser). Light was collected with a 10x 0.25 NA air objective. Spectra were acquired using a grating
with 1800 lines/mm, after 3 repetitions with integration times of 30 seconds. No postprocessing was
performed on the data.

X-ray photoelectron Spectroscopy

XPS measurements were performed using a Physical Electronics Versa Probe III system with a hemi-
spherical analyser and monochromated Al K« source. The energy scale linearity was calibrated with
Au4f7/2 at 84.00 eV and Cu2p3/2 932.62 eV. All data were measured at room temperature with a pass
energy of 26 eV, at a take off angle of 45° and angular acceptance angle of +/- 20°. The samples were
electrically isolated during measurement and a low-energy Ar+ and electron flood gun dual beam
charge compensation system was used. The X-ray beam size on the sample was 100 pm. Energy scale
referenced to major Cls peak at 284.8 eV which was assumed to originate primarily from C-C. No beam
damage was observed.

Shrinkage

To compare the differences between shrinkage along the axial and radial dimensions of the prints, a set
oflengths were measured on green bodies and their corresponding PDCs (Nparts =7, Mmeasurements =
14), most of them woodpiles. Flat geometries were chosen because they reduced ambiguity in measur-
ing lengths. Measurements were made from microscopic images acquired with an optical microscope
(VHX-5000, Keyence).

Statistical analysis

Statistical analysis of the isotropy of shrinkage was conducted by running a one-tailed unpaired t-Test
assuming unequal variances on Microsoft Excel.

Thermal stress resistance

To show resistance of the ceramic parts to high temperature, a butane torch was heating the ceramic
parts (T = 1400 °C) for some seconds until they became incandescent and then let cool down. A typical
thermal stress cycle was 20 seconds. The spherical woodpile shown in Figure 6.6a was subjected to 5
thermal stress cycles.

Chemical resistance

Parts were dipped into vials containing aqueous solutions of HCI and KOH solutions (pH = 2, and pH =
14 respectively) for one hour and photographed at the beginning and the end of the experiment. The pH
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of the aqueous solutions was measure using 0-14 paper pH indicators (MQuant, Merck, Switzerland).
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fd Volumetric additive manufacturing of
multimaterial glasses

This chapter presents the multimaterial volumetric additive manufacturing of silicate glasses. It
introduces the additive manufacturing of glass, which, as covered in the past chapter on ceramics,
relies on the 3D-printing of a green body that is later transformed into glass through a thermal process
called sintering. We demonstrate the fabrication of transparent glass objects from viscous silica
nanoparticle-filled acrylic resins, as well as the production of porous glass from phase-separating
resins. We use this approach to demonstrate the fabrication of a milifluidic filtering device. Some of
the materials in this chapter can be found in the paper:

* Barbera, Lorenzo, Jorge Madrid-Wolff, Roberto Emma, Kunal Masania, Antoine Boniface, Christophe

Moser, André R. Studart. "Multimaterial Volumetric Printing of Silica-based Glasses". In prepa-
ration.

7.1 Additive manufacturing of glass: state of the art

Thanks to their transparency, chemical inertness, and thermal resistance, silicate glasses have played a
major role in human civilization since ancient Egypt. Despite their widespread use and importance in
modern society, silica glasses with complex geometries have only recently been fabricated in automated
processes using three-dimensional printing. [248]-[253] The unique shape complexity achieved by
3D printing may find use in several microfluidic, biomedical and optical applications. [254]-[256]
Various approaches have been reported for the three-dimensional printing of silica-based glasses. Most
strategies involve either the deposition of molten glass at temperatures above 1000°C [249], [254] or
the room-temperature printing of suspensions and resins loaded with inorganic precursors followed
by a heat treatment procedure. [252], [253] Printing at room temperature has been conducted using
light- or extrusion-based techniques using silica particles [251], [253], [256]-[264] or metal alkoxides
[248], [252], [255], [265]-[267] as inorganic precursors. Extrusion-based methods benefit from their
multimaterial capabilities, whereas light-based approaches are most suitable for printing intricate
geometries at higher spatial resolutions. Importantly, most of the technologies demonstrated so far
rely on the layer-by-layer deposition of material, which is a relatively slow process that requires caution
to prevent the formation of interlayer defects during fabrication.
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Volumetric additive manufacturing of silica nanoparticle-filled resins The advent of volu-
metric printing techniques opened a new pathway for the fabrication of complex-shaped objects at
high speeds circumventing the potential fabrication issues of layer-by-layer approaches. Volumetric
additive manufacturing has been recently exploited for the rapid fabrication of heat-resistant silicon
oxycarbide ceramics (as described in chapter 6, [75]) and silica glass objects with surface roughness
down to 6 nm. [14] Such a low surface roughness makes this technology especially attractive for the 3D
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Figure 7.1: State-of-the-art: Printing transparent fused silica glass with microscale computed axial

lithography. A Volumetric printing of a green body from a silica nanoparticle suspension in
a photopolymerizable acrylate resin. The green body is thermally treated to sinter it into
glass. Scale bars 2 mm. B Optomechanical setup using a 442 nm laser. C Immediately after
light exposure, the printed object can be observed in the container. Scale bar 2.5 mm. (D
Line spread function (LSF) and (E) Modulation Transfer Function at the focal plane of the
setup. (F to I) SEM micrographs of printed optical elements. (J to M) Point spread functions
(PSFs) of the optical elements in (F) to (I) after focusing of 532-nm laser illumination. Insets
show zoomed PSFs. Scale bars are 1 mm [(F) to (M)] and 50 um [insets of (J) to (M)]. From
Toombs, Joseph T., et al. "Volumetric additive manufacturing of silica glass with microscale
computed axial lithography." Science 376.6590 (2022): 308-312.. Reprinted with permission
from AAAS.
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printing of complex-shaped optical components. as seen in fig. 7.1. Toombs et al. used a formulation of
silica nanoparticles embedded into photopolymerizable acrylic resin. The refractive index of the acrylic
mix needs to be tuned to that of the nanoparticles to prevent undesirable scattering effects. The high
loading of nanoparticles (35 vol %) makes the resin very viscous, which reduces sedimentation during
printing but makes post-processing more challenging. Despite these promising features, volumetric
additive manufacturing of glass is currently limited to the microscale and a single material composi-
tion. [14] Since most functional silica glasses require tuning of their physical and chemical properties
through the introduction of other oxides into the composition, printing technologies for multicom-
ponent glasses are crucial to broaden the possible application scenarios of these complex-shaped
objects.

DLP-printing of porous glass from phase-separating resins Recently, the group of André
Studart at ETH Zurich introduced the DLP printing of multicomponent glasses using metal alkoxides
as inorganic precursors in photoreactive resins. [252] In this approach, the metal alkoxides provide
the cations of interest for the formation of multioxide glasses after heat treatment, whereas monomer
mixtures are utilized for the photopolymerization of the resin under the illumination imposed by the
printer. Recent work has demonstrated the fabrication of complex-shaped SiO,-B,03-P,05 glasses
using this light-based printing method (fig. 7.21).

Notably, the photo-reactive resin was found to phase-separate into interpenetrating inorganic-rich
and organic-rich domains during the photopolymerization process. Such an effect was harnessed to
create multicomponent glasses with complex macroscopic shapes and interconnected porosity at the
nanoscale, as seen in fig. 7.2II. The nanoporosity arises from the controlled thermal decomposition
of the organic-rich domains of the phase-separated polymerized resin. An undesirable effect of this
intensity-dependant pore size is shown in figs. 7.21II-IV. In DLP and SLA, as objects are printed layer
by layer, light intensity decays rapidly within the several microns of each layer. This is normally
due to high concentrations of photoinitiators and absorbent dyes. Because of this, the resulting
prints may have marked layering effects in their pore-size distributions, which results in anisotropic
mechanical properties and may lead to cracks and fractures. Heat-treating the printed material at
higher temperatures eventually sinters the inorganic phase, leading to dense multicomponent glasses
with intricate three-dimensional geometries. [252] Because they are photoreactive and can be designed
to be transparent, resins with metal alkoxide precursors may offer a viable approach for the volumetric
printing of multicomponent silica-based glasses including both dense and porous microstructures.
Additionally, the porous structure offers huge benefits during the debinding step of the fabrication, as
organic gases can escape from the bulk of the object without inducing cracks or bubbles. [220]
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Figure 7.2:

State-of-the-art: DLP-printing of multicomponent glasses using phase-separating resins.
I. Schematics of the process, (a) illustrating the geometrical complexity generated by the
illumination pattern and the nanostructure emerging from the phase separation phe-
nomenon. (b,c), In this process, acrylate monomers and pre-ceramic precursors such
as poly(diethoxysiloxane) (PDEOS) are photopolymerized (b) to form a three-dimensionally
defined bicontinuous structure of organic polymer and pre-ceramic polymer (c). (d) The
as-printed object is pyrolysed to form a nanoporous structure that can be optionally further
sintered into transparent multi-material glasses and glass-ceramics. II. Light-controlled
pore size in 3D printed glass objects (a—e), Scanning electron microscopy (SEM) images
of porous ceramics obtained with light intensities of 0.22, 0.66, 2.20, 6.60 and 22.00 mW
cm 2 (from left to right). IIL The effect of the light intensity on the average pore size of the
printed structures after pyrolysis. IV. Scanning electron micrograph of a pyrolized phase-
separating resin (with a high concentration of a light-absorbing dye) showing in-layer pore
size gradients. Light during printing came from the top of the image. V. Illustrative picture
of a complex-shaped object along different stages of the process. Image reproduced with
permission from Moore, David G., et al. "Three-dimensional printing of multicomponent
glasses using phase-separating resins." Nature Materials 19.2 (2020): 212-217. Copyright
Springer Nature.
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7.2 Motivation

Here, we build on the state of the art and study a multimaterial volumetric printing platform for the fast
fabrication of cm-scale complex-shaped glass objects with tunable chemical composition and porosity.
We'd like to demonstrate that tomographic volumetric additive manufacturing can be used to fabricate
larger objects in solid silicate glasses from nanoparticle-filled resins and also from phase-separating
formulations. Moreover, the two strategies can be merged to fabricate multi-component devices, as the
milifluidic filter depicted in fig. 7.3.

Manufacturing
of solid glass

Manufacturing
of porous glass

Solid glass

m glass
o pores

Figure 7.3: Schematics of the multimaterial volumetric printing of glass objects. (fop) Sequential
manufacturing steps for (left) the fluidic cage with dense silica walls and (right) the enclosed
sphere made from porous multicomponent glass. In this workflow, the resin with silica
nanoparticles (1) or phase-separating mixture (5) is placed in the transparent vial (2,6) and
exposed to light projections during volumetrically printing (3,7) before the final step of heat
treatment to convert the polymerized resin into the final dense (4) or porous (8) glasses.
(bottom) Exemplary glass object consisting of a porous glass sphere encapsulated inside a
dense-walled fluidic cage. The porous sphere displays a multicomponent silica-based glass
composition, whereas the fluidic cage is made of pure amorphous silica glass.

This device uses volumetric printing to fabricate a solid silicate glass channel with a spherical chamber.
After sintering the channel, it is placed back in the printer, and a spherical porous-glass filter is printed
within. Both parts of the device are then calcinated together.

To fabricate this cm-scale multimaterial object, we investigated the optical, rheological, and photo-
polymerization properties of both nanoparticle-filled and phase-separating resins. These two materials
entail extremely different printing conditions: the first is very viscous (more than honey) while the
second one is very thin (more than ethanol). The nanoparticle-filled resin suffers from low contrast
probably due to diffusion during polymerization. The polymerization of the phase-separating is
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highly exothermic, and convection hinders printability. TEMPO, a radical quencher, can be used
to compensate for these effects, as we will cover in the next sections. Sections 7.3 and 7.4 cover the
material analysis and design to produce resin formulations that are well adapted to volumetric printing.

7.3 Glass from nanocomposite resins

The nanoparticle resin comprises amorphous silica aggregates (Aerosil Ox50) suspended in a reactive or-
ganic mixture consisting of the monomers hydroxyethylmethacrylate (HEMA) and trimethylolpropane
ethoxylate triacrylate (TA) combined with the photoinitiator (TPO)! and the polymerization-inhibitor
(TEMPO)!! (fig. 7.4a). The concentration of silica particles has a strong impact on the optical trans-
parency and viscosity of the resin, whereas the relative weight ratio between TEMPO and TPO strongly
affects the resin’s polymerization behavior.

1. High loading of SiO; nanoparticles reduces shrinkage, but increases light scattering

Optical transparency is key in the volumetric printing process, because it directly affects the intensity of
light within the illuminated resin during manufacturing. To achieve high fidelity, empirical observations
have shown that the light intensity at the center of the printing vial should reach at least 75% of the
intensity of the light source. [61] In particle-filled resin, the optical transparency is reduced by particle
scattering events, which can be minimized by reducing the mismatch in the refractive index between
the silica and the monomer mixture. The calculated tomographic patterns used for printing can
also be computationally corrected to account for scattering from the resin or attenuation from the
photoinitiator. While a lower index mismatch enhances light penetration, a reduction in optical
transparency in resins with high particle concentration is inevitable. High silica particle contents
promote undesired scattering events, but are essential to minimize shrinkage of the printed object
and crack formation during heat treatment. Clearly, a trade-off exists between optical transparency
and silica particle concentration. In addition to transparency, the silica content is also limited by
the viscosity of the resin, which should be fluid enough to enable effective washing and removal of
unreacted monomer from the as-printed parts.

To establish an optimized resin composition that balances the trade-offs of the system, we measured
the optical transmittance and the relative viscosity of resins prepared with increasing concentrations of
silica particles (fig. 7.4b). The transmittance across the resin was quantified by UV-vis spectroscopy
for the wavelength range 300-500 nm, whereas the relative viscosity was determined by steady-state
shear measurements in a stress-controlled rheometer. The results show the optical transmittance
at 405 nm of the resin decreases from 92% to 81% as the silica particle concentration is increased
from 10 to 40 vol% (fig. 7.4b). Such reduction in transmittance is accompanied by a marked increase
in relative viscosity from a factor 3 to a factor 1400 measured at 1 s—! with respect to the unloaded
resin, whose apparent viscosity is 10.1 Pa-s~!. On the basis of these experiments, we found the silica
particle concentration of 35 vol% to offer a reasonable balance between a high optical transmittance
while keeping the viscosity low enough for the effective washing of the printed parts. In addition
to particle scattering, the presence of the photo-initiator also causes light attenuation by absorbing
photons to generate free radicals. Although high initiator concentrations are desired to accelerate
the polymerization process, such an attenuation effect sets an upper limit to the TPO content in the
resin. Light transmittance measurements indicate that this upper limit lies at 1 mM, since higher
concentrations reduce the light below the 75% threshold for an arbitrary penetration depth of 1 cm

Tdiphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
T(2,2,6,6-tetramethylpiperidin-1-yl) oxyl
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into the resin (figs. 7.4c and 2.6).

2. Photoinitiation and inhibition can be tuned to improve print fidelity
Next to light transmittance, the polymerization behavior of the resin is the other essential parameter
controlling the shape fidelity of objects manufactured via the volumetric printing process. The polymer-
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Figure 7.4: Optical properties, polymerization behavior and printing of particle-filled resins. a.
Cartoon indicating the main constituents of the resin filled with silica nanoparticles. b.
Optical transmittance and relative viscosity of the resin as a function of the concentration
of silica nanoparticles. The relative viscosity corresponds to the apparent viscosity of
resin at a shear rate of 11 s~ ! relative to that of the particle-free monomer mixture. c.
Penetration depth of light into the resin as a function of the initiator (TPO) concentration.
The penetration depth is arbitrarily defined here as the depth at which the light intensity
drops to 75% of the incident value. d. Evolution of the storage modulus G’ of the illuminated
resin during photo-rheology experiments. The plot shows how the induction time (t;)
and the stiffness change rate dG’/dt are extracted from the data. e., f. Effect of the (e)
TEMPO:TPO ratio and (f) light intensity on the induction time and stiffness change rate
of a resin containing 35 vol% silica nanoparticles and TPO content of 1.8 mM. g. 3D
model of the cog wheel used to assess the resolution and repeatability of the printing
process. h. Photographs of cog wheels printed with particle-filled resins containing distinct
TEMPO:TPO rations. i. Effect of the TEMPO:TPO ratio on the average relative cog height of
the printed model.
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ization behavior can be expressed in terms of the polymerization speed and the induction time needed
for the onset of the reaction. To achieve high shape fidelity, it is important that the polymerization is
restricted to the regions of the resin that are illuminated by the printer. This requirement is met under
conditions that lead to high induction times and fast polymerization. The high induction time ensures
that only the regions illuminated for longer than a certain threshold will initiate polymerization. Fast
polymerization prevents the free radicals and reactive monomers created by the incoming photons
to diffuse away from the illuminated area. However, induction time and reaction speed are mutually
antagonistic properties in free-radical polymerization processes. This trade-off calls for an optimiza-
tion of the ratio between the inhibitor (TEMPO) and the photo-initiator (TPO) concentrations, which
controls the induction time and the polymerization speed.

The optimum ratio between inhibitor and photo-initiator was established by measuring the induction
time and polymerization speed of resins prepared with varying TEMPO and TPO concentrations using
photo-rheology. In this approach, the polymerization reaction is captured by the increase in storage
modulus (G') of the resin as a function of time while the sample is illuminated with constant light
intensity. The induction time is taken as the time needed for the G " value to increase by an arbitrary
value of 50% (t;). This represents the gelation point of the resin and it reflects the rate of the initiation
relative to the termination reactions involved in the polymer,ization process. The polymerization

speed is represented by the rate of change of the modulus (dst) after the onset of gelation (fig. 7.4d)
and expresses the rate of the propagation reaction relative to the termination reaction. The results
of photo-rheology experiments with resins formulated with distinct TEMPO:TPO ratios confirm the
trade-off between induction time and polymerization speed (fig. 7.4e). Higher TEMPO:TPO ratios
represent an excess of inhibitor relative to initiator, thus increasing the induction time at the cost of
slower polymerization speeds. Notably, the light intensity applied during printing provides external
control parameter to tune the polymerization behavior of the resin (fig. 7.4f). By increasing the rate of
initiation and propagation reactions relative to termination events, intense light shortens the induction
time and speeds up the polymerization process.

To determine the polymerization behavior required to maximize print resolution and shape fidelity, we
volumetrically printed 3D cog wheels using resin formulations with distinct TEMPO:TPO ratios (fig.
7.4g). Shape fidelity in this model system was quantified by the relative height of the cog, which is given
by the ratio between the outer and inner radii of the wheel (fig. 7.4h). The average cog height provides
a measure of the print resolution, whereas the standard deviation indicates the repeatability of the
printing process. Our experiments show that an intermediate TEMPO:TPO molar ratio of 0.1 leads to
maximum resolution and repeatability, as evidenced by the highest average cog height and smallest
standard deviation among all the resin compositions tested (fig. 7.4h,i). In the absence of TEMPO,
the repeatability is poor probably due to the short induction time of the polymerization reaction. By
contrast, higher TEMPO:TPO ratios in the range 0.1-1.0 translate into lower average cog heights and a
poorer resolution that likely results from a slower polymerization process.

3. Sintered solid cm-scale silicate glass

We illustrate the capability of the MVP process by first printing a complex-shaped object in the form
of a centimeter-scale swan using a particle-filled formulation (fig. 7.5a). The complex geometry of
the swan is printed in less than a minute and the resulting three-dimensional object replicates very
well the original model. Despite the large dimension of the object and the 11+3% shrinkage during
calcination and sintering, the structure maintains its integrity throughout the entire heat treatment
procedure. Calcination and sintering also come with mass loss, as the organic components are burned.
The progress of density from green to sintered bodies is reported in table 7.1.
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a
3D model Green bod Brown body Sintered [TEMPOI[TPO]

Figure 7.5: Volumetrically 3D-printed silica nanocomposite glass a. Photographs of a three-
dimensional swan-shaped object at the different stages of the manufacturing process using
a particle-filled resin. b. Fine-scale resolution of the swan-shaped glass objects printed
with or without the polymerization inhibitor (TEMPO). c. Complex-shaped glass objects
obtained by printing, calcination and sintering of a particle-based resin containing 52.2
wt% silica, 31 wt% HEMA,16.8 wt% triacrylate, 0.18 mM TEMPO and 1.8 mM TPO.

Printing experiments with and without TEMPO indicate that the presence of this photo-inhibitor in the
particle-filled resin is essential to replicate the fine details of the swan geometry in the final sintered
structure (fig. 7.5b). Indeed, the finely resolved features on the swan’s wings are only distinguishable in
the structure printed from the formulation containing the photo-inhibitor. Such optimized formulation
can eventually be used to volumetrically printed silica-based glass objects in a variety of intricate
geometries and shapes, such as the bust, bottle, benchy boat, and self-whirling ring shown in fig. 7.5c.

‘ Green body  Brown body Sintered body
Density (g/cm®) | 1.535 +0.015 2.083 2.187 + 0.005

Table 7.1: Averages and standard deviations of measured densities for green, brown and sintered body.

7.4 Glass from phase-separating resins

The resin formulation design performed for the particle-filled mixture was extended to the phase-
separating resins. This was done by first exploring possible highly transparent resin compositions. The
phase-separating resin is composed mainly of metal alkoxides as inorganic precursors mixed with
photo-reactive monomers. In the exemplary formulations, polydiethoxysiloxane (PDEOS) and triethyl
borate (TEB) were utilized as silicon- and boron-containing inorganic precursors, respectively. These
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constituents were mixed with diurethane dimethacrylate (DUDMA) and pentaerythritol tetraacrylate
(PETA) as photo-reactive bifunctional and tetrafunctional monomers, respectively. The photoinitiator
TPO! and the inhibitor TEMPO were also added to the mixtures to complete the phase-separating
resin formulation (fig. 7.6a).

1. Phase-separating resins for VAM, need to be transparent, but not all are

Mixing experiments with various resin compositions were performed to identify the conditions needed
to obtain miscible and transparent formulations. The composition was systematically varied by
changing the weight ratio between bifunctional (DUDMA) and tetrafunctional (PETA) monomers for
different relative fractions of inorganic precursors in the resin constant. Since high concentrations
of inorganic precursors reduce the shrinkage during calcination, we focused on compositions with
high contents of PDEOS and TEB. While most of the formulations were found to be immiscible at room
temperature, heating the mixture to 55°C for up to 20 minutes effectively increases the miscibility for
most resins. Heating might improve the miscibility by enabling the partial hydrolysis of the alkoxide
precursors with water molecules from the environment and within the resin. The resulting hydrolyzed
inorganic precursors should interact favorably with the urethane polar groups of the DUDMA monomer.

Taking resins with a constant PDEOS:TEB weight ratio as an example (fig. 7.6b), we observe that most
compositions containing up to 70 wt% inorganics are fully transparent. Higher concentrations of the
inorganic precursors (PDEOS and TEB) lead to an immiscible resin, if the PETA content is too high. This
lower miscibility might be related to the strong hydrophobic nature of PETA, which leads to unfavorable
interactions with the more hydrophilic inorganic precursors. Importantly, the highly transparent resins
obtained clearly benefit from the absence of scattering particles in the formulations. On the basis of
these experiments, we selected a composition with relatively high inorganic content while retaining
full miscibility and transparency after the heating protocol (fig. 7.6c).

2. High concentrations of photoinitiator are needed to form the object, but they are limited by
optical absorbance

Besides optical transparency, the selected phase-separating resin was also evaluated in terms of poly-
merization behavior using the photo-rheology tool previously used for the particle-filled formulations.
The polymerization behavior was found to be strongly affected by the relative ratio between photo-
inhibitor and photo-initiator, as evidenced by the evolution of the storage modulus of the resin upon
illumination (fig. 7.6d). To systematically assess the effect of these control parameters, we measured

!/
the induction time (t;) and the stiffness change rate (%) of resins with varying TEMPO:TPO ratios at
three different TPO concentration levels. Combined the experimental results indicate that an increase
in the inhibitor:initiator ratio from 0.2 to 5.0 increases the induction time by a factor of nearly 100 and

!
reduces the polymerization speed (%) by 4 orders of magnitude. These trends are in line with the
results obtained for the particle-filled resin and reflect the change in the balance between the initiation
(propagation) and the termination reactions of the polymerization process.

To correlate this polymerization behavior with the shape fidelity of the process, we volumetrically
printed a three-dimensional helicoidal object using resin formulations with varying TEMPO and TPO
concentrations (fig. 7.6g). Photographs of the resin-filled vial at the end of the printing process reveal
that high fidelity is achieved with a formulation with well-defined intermediate TEMPO:TPO ratio. Too
high concentrations of the initiator (TPO) led to uncontrolled over-polymerization of the resin on the

Il second UV- absrobing photoinitiator (1-Hydroxy-cyclohexyl-phenyl-ketone) was also added to the mix at

a concentration of 18 mM to make the soft printed parts stiffer after printing. This initiator has virtually no
absorbance at 405 nm, so it does not affect volumetric printing

98



Volumetric additive manufacturing of multimaterial glasses Chapter 7

walls of the printing vial. By contrast, formulations containing high inhibitor (TEMPO) contents do
not fully polymerize during the illumination process, thus resulting in incomplete printed geometries.
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Figure 7.6: Transparency, polymerization behavior and shape fidelity of phase-separating resins.

a. Cartoon depicting the main constituents of the phase-separating resin. b. Ternary
diagram indicating the resin compositions that become optical transparent after heated to
55°C. c. Photographs showing examples of immiscible (opaque) and miscible (transparent)
resins. d. Evolution of the storage modulus (G’) of illuminated resins during photo-rheology
experiments. The plot shows two examples of formulations with low and high TEMPO:TPO
ratios. e.,f. Effect of the TEMPO:TPO ratio on (e.) the induction time and (f.) the stiffness
change rate of a selected resin containing 48 wt% PDEOS, 12 wt% TEB, 32 wt% DUDMA,
and 8 wt% PETA. g. Diagram indicating the sets of compositions with different TEMPO and
TPO concentrations used to test the shape fidelity of the selected resin. h. Photographs of
the vials containing resins with distinct TEMPO and TPO concentrations after volumetric
printing of a three-dimensional model helicoidal structure.
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These experiments indicate that high shape fidelity is possible if the polymerization behavior is tuned
to enable induction times of approximately 100 s combined with a sufficient stiffening rate. Such
behavior reflects the existence of a light dose threshold below which no reaction occurs, thus limiting
the polymerization to the volumes of the resin corresponding to the desired geometry.

7.5 Multimaterial fabrication

The multimaterial volumetric printing (MVP) process involves the two sequential steps of three-
dimensional printing and heat treatment. By using two or more different resins, the MVP process
enables the fabrication of glass parts featuring both dense and porous components within the same
printed object. Besides porosity, the glass composition of the object can also be deliberately tuned
through the choice of the building blocks present in the resin formulation. To illustrate the technology
and demonstrate these features, we select an exemplary complex glass part comprising a 3D fluidic cage
enclosing a spherical nanoporous object (Figure 1A). The glass walls of the fluidic cage are designed to
be dense and made of pure silica, whereas the encapsulated sphere is a multicomponent B,03-SiO»
glass with nanoscale porosity.

The complex glass part is manufactured by volumetrically printing first the three-dimensional fluidic
cage and then the encapsulated nanoporous sphere in a second stage. To print the fluidic cage, we
selected a resin formulation consisting of amorphous silica nanoparticles suspended in a photo-curable
monomer mixture (fig. 7.3). For volumetric printing, the fluid resin is first cast into a transparent
vial and exposed to light projected from the printer while the vial is rotating at constant speed. Upon
exposure, the illuminated resin selectively polymerizes to generate an object with the desired cage
geometry in less than 1 minute. The polymerized nanocomposite is then carefully washed and heat-
treated at temperatures up to 1300°C to yield a dense and transparent silica glass object.

The multimaterial volumetric printing proceeds with the fabrication of the nanoporous sphere enclosed
within the fluidic cage (fig. 7.3b). The encapsulated sphere is printed using a phase-separating resin
containing metal alkoxide inorganic precursors and a photo-curable monomer mixture. [252] To print
the enclosed sphere, we place and align the fluidic cage inside the transparent vial already filled with
a fluid phase-separating resin. A resin with low viscosity is crucial to ensure flow into the channel
of the fluidic cage. The resin-filled object is then illuminated again with a specific light pattern to
create a sphere that is large enough to remain trapped inside the previously printed part. Distortion
effects from the cylindrical vial are taken into effect and corrected for. However, the correcting for the
distorsion of the first printed part remains future work. Adding this correction would improve print
resolution. The print is then carefully removed from the printing vial, washed, and aged to allow for the
condensation reaction of the inorganic precursors. The whole assembly comprising the printed sphere
within the fluidic cage is afterwards heat treated at temperatures between 500 and 700°C to generate
the final multimaterial glass object. During heat treatment, the phase-separated resin is converted into
a nanoporous structure with glass composition defined by the metal alkoxide precursors present in the
initial formulation.

Following the sequential two-step procedure, it is possible to volumetrically print the envisioned com-
plex glass object comprising a porous borosilicate sphere entrapped inside a 3D fluidic cage with silica
dense walls (fig. 7.7a). The resulting object displays multimaterial, microstructural and geometrical
features that cannot be obtained in the same part using conventional glass manufacturing processes.
To characterize the structure of this complex object, we performed microcomputed tomography (mi-
croCT) of the sample and created three-dimensional reconstructions from the obtained images (fig.

100



Volumetric additive manufacturing of multimaterial glasses

Chapter 7

—h

Solid glass tubing b micro CT
=
@
>
c
2
s
— =
®
Porous glass £
filter
2mm 2mm - 1 m; 1mm
e Before During After
flow with AUNP flow with AUNP flow with AUNP
Suspension of
gold nanoparticles
(AuNP)
Solid glass___ &%
tubing
Porous glass
filter AuNP
Porous glass
Output >
Time
1.0 )
5~ . Solid glass h
S5 0.9 e
c = 0.9 s
8o e - >
c C A =
8 < .- 3
a 508 - DRI g
z3 N ] 2
25 S
L 507 0
g< S
& ° 0.6
. T T T
0 10 20 Porous glass
Flow through filter (mL) 2 um

Figure 7.7: Three-dimensional fluidic cage with entrapped porous sphere fabricated by multimate-

rial volumetric printing of particle-filled and phase-separating resins. a. Photograph of
the device. b., c. Micro computer tomography data showing (a.) a reconstructed 3D image
and c. a cross-section of the glass object comprising a borosilicate porous sphere entrapped
in a cage with dense silica walls. d. Filtration of nanoparticles by flowing a suspension of
gold colloids through the fluidic glass cage. e. Timelapse of the filtering process. Note how
the sphere, which appears almost tranparent immersed in water at first, gets a pink color
from the adhered gold nanoparticles. f. Relative concentration of gold nanoparticles in the
filtrate as a function of the volume of suspension filtrated. g. Micro computer tomography
cross-section image of the multimaterial glass object indicating the entrapment of the
gold nanoparticles within the interconnected nanoporosity of the enclosed borosilicate
sphere. h. SEM image of the calcinated phase-separating resin, showing the characteristic
nanoporosity.
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7.7b-c).

The reconstructed 3D object reveals that the entrapped sphere features a slightly oblate shape, which
probably results from focusing effect in the proximity of the cage’s walls. Cross-sections of the structures
show that the long axis of the sphere is sufficiently large to prevent it from escaping the cage. Closer
inspection of the sphere indicates the presence of a microscale inner pore that likely forms during the
removal of the organic phase of the polymerized resin during the calcination process. Importantly, the
formation of such pore does not affect the shape and mechanical integrity of the sphere, allowing it to
be used as a high-surface-area porous substrate entrapped in the fluidic cage.

To demonstrate the functionality of the sphere-in-cage glass object, we conducted a simple filtration
experiment in which the porosity of the encaged sphere is exploited to separate 40 nm gold particles
dispersed as a model colloid in an aqueous suspension (fig. 7.7d-e). Separation is favored by adsorbing
positively charged cysteamine on the gold nanoparticles, so as to promote electrostatic interactions
with the negatively charged surface of the silica sphere. Experiments are performed by flowing the gold
suspension through the fluidic cage and collecting the filtrate for analysis. To quantify the effectiveness
of the filtration process, we measured the concentration of gold nanoparticles in the filtrate using
UV-visible spectroscopy.

The sphere-in-cage object was found to effectively separate the gold nanoparticles from the water
phase by flowing the suspension through the fluidic device. The gold content left in the filtrate
decreases linearly with the volume of filtrated suspension, indicating that the positive effect of the
electrostatic interactions between the particles and the porous glass sphere. MicroCT images of the
device after the filtration experiment show that the gold nanoparticles are entrapped within the inner
nanopores of the sphere. This confirms the interconnected nature of the nanoporosity generated
upon calcination of the phase-separated resin, which is essential to provide a high surface area for the
filtration process. Combined with the chemical and thermal stability of silica glass, such interconnected
homogeneous nanoporosity makes our multimaterial glass object attractive for membrane-based
separation technologies.

7.6 Conclusion

Volumetric printing of resins loaded with silica particles or metal alkoxides enables the manufacturing
of silica-based glasses featuring complex three-dimensional geometry combined with compositional
and microstructural control. Particle-laden resins are suitable for the fabrication of glass structures
with dense silica walls, whereas resins with the metal alkoxides can be used to tune the chemical
composition and local porosity of the glass. The design of the resin formulation is key to volumetri-
cally print structures with high shape fidelity. By tuning the concentration of particles or molecular
inorganic precursors, it is possible to formulate resins with the optical transparency required for the
volumetric printing process. To print such resins into high-fidelity structures, the induction time and
polymerization speed need to be optimized through the concentrations of photo-initiator and inhibitor.
Under optimal conditions, the initiation, propagation and termination reactions of the polymerization
process reach a balance that allows for controlled cross-linking of the resin within the desired projected
volume. The combination of resins with particles and molecular precursors enables the multimaterial
volumetric printing of three-dimensional glass objects with unprecedented control over the geometry,
porosity and chemical composition of the printed structure. This printing platform should open new
opportunities for the fabrication of complex glass structures for potential microfluidic and biomedical
applications.
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Future work Future work is needed to correct for distorsion induced by the first object during
sequential multimaterial printing. Additionally, the resolution of volumetrically-printed glasses from
phase-separating resins can be improved.

7.7 Experimentl materials and methods

Particle-filled resin

The particle-filled resin was designed for computed axial lithography based on the formulations origi-
nally developed by Wozniak et al. [256], [268] and Kotz et al. [262] 65 vol% of hydroxyethylmethacrylate
(HEMA, Sigma-Aldrich) was first mixed with 35 vol% trimethylolpropane ethoxylate triacrylate (TA,
Sigma-Aldrich). Next, amorphous silica nanopowder (Aerosil OX50, Evonik, Germany) was added in
small amounts to the mixture using a laboratory stirrer (type R 1303, IKA, Germany). The dispersion
was then mixed for 3 minutes at 1200 rpm and degassed for 5 minutes at 1400 rpm using a planetary
mixer (ARE 250, Thinky, USA). Finally, the initiator diphenyl-(2,4,6-trimethylbenzoyl)-phosphinoxid
(TPO, Sigma-Aldrich) and, if needed, the inhibitor 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO, Sigma-
Aldrich) were added using a concentrated HEMA stock solution as vehicle. Before printing, a second
and last step of mixing and degassing was performed in a planetary mixer (Mazerustar KK-250SE,
Kurabo, Japan).

Phase-separating resin

The phase-separating resin was designed based on the original formulation described by Moore et
al. [252] The resin comprised a mixture of 40 wt% of a monomer phase and 60 wt% of glass-forming
precursors. The monomer phase consisted of 80wt% diurethane dimethacrylate (DUDMA, Sigma
Aldrich) and 20wt% pentaerythritol tetraacrylate (PETA, abcr GmbH). The 60 wt% glass-forming phase
contained a blend of 80 wt% poly(diethoxysiloxane) (PDEOS, 45-47% SiO2, abcr GmbH) and 20 wt%
triethyl borate (TEB, Sigma-Aldrich) as molecular precursors for silicon and boron glass-forming
oxides, respectively. The desired amount of diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO,
97%, Sigma Aldrich) and 2,2,6,6-tetramethylpiperidine 1-oxyl, free radical (TEMPO, Sigma Aldrich)
was added to the formulation to control the polymerization behavior of the resin. Additionally, 1-
Hydroxy-cyclohexyl-phenyl-ketone was incorporated into the resins as a second photoinitiator at a
higher concentration (18 mM). This initiator has a strong absorbance in the UV up to 380 nm, but has
practically zero absorbance for longer wavelengths. This allowed to rapidly post-cure the parts after
printing, so that they become stiffer, without increasing the resin’s absorbance.

Rheological characterization

The rheological behavior of the resins was characterized on a stress-controlled rheometer (MCR 302
Anton-Paar, Graz, Austria) equipped with a cone-plate geometry (CP25, diameter: 24.98 mm, gap: 106
wm, and angle: 2°). Steady-shear measurements were performed at 25 °C by applying a ramp-up and
ramp-down protocol with shear rates between 0.1 and 100 s—! in logarithmic scale. Amplitude sweeps
under oscillatory mode were performed with an angular frequency of 1 Hz and shear strain values of
0.1 up to 100 %.

103



Chapter 7 Volumetric additive manufacturing of multimaterial glasses

Photorheological characterization

Photorheology experiments were carried out on a stress-controlled rheometer (MCR 301, Anton Paar,
Graz, Austria). The setup was equipped with a 6 mm thick glass base and a UV curing station (Omnicure
Series1000, Lumen Dynamics) in combination with a 400-500 nm filter. In the described arrangement,
the setup had a maximum output power of 12.2 mW/cm?. For the particle-filled resin, oscillatory
measurements were performed at 25 °C by applying a 1% strain amplitude and frequency of 1 Hz
using a cone-plate geometry (CP25). The gap size was set to 173 pum and data were acquired every
second. The resins were pre-sheared and equilibrated for 30 s before the UV light was turned on. The
set of measurements with distinct TEMPO:TPO ratios was performed at 2.44 mW/cm? (20% of output
power capacity). For the phase-separating resin, oscillatory measurements were performed at 25 °C
by applying a 1 % strain amplitude and 1 Hz frequency in a plate-plate geometry (PP50) with a 50 pm
gap. Data points were acquired at a rate of 0.5Hz. The phase-separating samples were pre-sheared and
equilibrated for 60 s before the UV light was turned on. The measurements were carried out at the full
power capacity of 12.2 mW/cm?.

Optical transmittance of resins

The light transmittance of the particle-filled resin was measured with a UV-vis spectrometer (Cary 50,
Varian, Australia) using a scan rate of 60 nm/min. The resin was carefully poured in a 10 mm plastic
cuvette making sure no air bubbles were incorporated in the sample. For each analysis, a background
measurement was performed before acquiring the spectra between 340 and 420 nm. Transmittance at
405 nm was then reported.

Volumetric printing

The volumetric 3D printer described in section 2.2 was used in this work. Patterns were calculated
following a non-negative constrained filter back-projection, as described in section 2.1.2. Additional
corrections to compensate for the absorbance of the phase-separating resin were applied following the
method described in section 4.4.

Sequential multi-material printing To fabricate the filter in channel described in fig. 7.7, a
3D-printed sintered channel was carefully placed at the center of a glass vial and fixed to the bottom
with melted wax, as shown in fig. 7.8. The phase-phase separating resin was poured into the vial, and
the object was printed within. Lensing effects from the solid silica channel were not taken into account
during printing and probably affected resolution. The device was post-processed and calcinated as
described as follows.

Post-processing of printed parts

Particle-filled resin The objects printed using the particle-filled formulation were recovered from
the glass vial and immersed for 3 minutes in a 1:1 mixture by volume of water:methanol to remove
residual unreacted resin. For samples containing cavities or channels, an air gun was used to free the
voids from the viscous unpolymerised material. The green bodies were then left to dry in air at room
temperature until residual solvent evaporated, leaving them free of any unreacted monomers.
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Figure 7.8: Sequential overprinting with phase-separating resins. a. Glass channel fixed at the bottom
of the vial b. Photograph of glass channel filled with the phase-separating resin in the printer.
c. Printed PS sphere

Phase-separating resin The objects printed using the phase-separating resin were transferred to
a basic bath containing 65 wt% ethanol and 35 wt% water at pH=10 for 24 hours. Subsequently, the
printed samples were left drying in a closed container with a saturated atmosphere of basic bath for
additional 24 hours. Finally, the objects were left drying at ambient atmosphere for another day before
calcination in an electrical furnace.

Thermal calcination and sintering

Particle-filled resin Calcination of the printed and rinsed green bodies was performed in a muffle
furnace (Nabertherm LT, Germany) under atmospheric conditions by applying a heating rate of 0.5
°C/min. During this heat cycle, isotherm holds were performed at 120 °C, 320 °C and 600 °Cfor2h, 4 h
, 2 h, respectively. This calcination protocol was established based on the thermal gravimetric analysis
of the particle-filled resin (fig. 7.9). The parts were afterwards sintered at 1300 °C at a pressure between
10° and 108 bar in a tube furnace (HTRH 70- 600/18, Nabertherm, Germany) using a heating rate of 3
°C/min. Prior sintering of the calcined (brown) samples, the furnace was kept at room temperature for
2 hours to ensure high vacuum. The heating profiles optimized in the work of Kotz et al. were utilized
for the sintering process. [250]
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Figure 7.9: Sintering of particle-filled resins a. Thermogravimetric analysis of the particle-filled resin
measured at a heating rate of 1°C/min b. Heating and cooling profiles used for the calcina-
tion and sintering of the nanocomposite samples shown in fig. 7.5c.
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Phase-separating resin  Objects printed with the phase-separating resin were calcined in a muffle
furnace (Nabertherm LT, Germany) under atmospheric conditions with a heating rate of 0.4 °C/min.
Isotherms at 250 °C for 6 hours and at 700 °C for 4 hours were performed to enable calcination of
the organic phase and the generation of nanoporosity in the final glass. This calcination protocol was
established based on the thermal gravimetric analysis of the phase-separating resin (fig. 7.10).
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Figure 7.10: Calcination of phase-separating resins a. Thermogravimetric analysis of the particle-
filled resin measured at a heating rate of 1°C/min b. Heating and cooling profiles used for
the calcination of samples printed with the phase-separating resin. The same program
was used to calcine the three-dimensional fluidic cage shown in fig. 7.7.

Microcomputed tomography of glass device

Printed and heat-treated glass objects were imaged using a 160 kV X-ray transmission tomograph
(Hamamatsu, Japan) with voxel sizes of 8.4 tm x 8.4 pm x 8.4 um. 3D visualization of the pieces was
achieved using the softwares Fiji-Image] [269] and Avizo (ThermoFischer).

Synthesis of gold nanoparticles

Positively charged gold nanoparticles were synthesized following the procedure described by Niidome
et al. [270] In this synthesis, AuCl; is reduced in presence of NaBH, and 2-aminoethanethiol. To this
end, 400 pL of 213 mM 2-aminoethanethiol were added to 40 mL of 1.42 mM AuCls. After stirring for
20 minutes, 10 mL of 10 mM NaBH, were added and further stirred for 10 minutes. Finally, the clear
wine-red sample was stored in a fridge at 5 °C and used within 2 months.

Filtration experiments

The filtering efficiency of the sphere-in-a-cage glass device (fig. 7.7) was assessed by quantifying
the removal of positively charged gold nanoparticles (AuNP) from an aqueous solution as it passed
through the fluidic device. The suspension of gold nanoparticles was flowed through the device using
a peristaltic pump (AL-9000, World Precision Instruments, Germany). Using a flow rate of 5 mL per
minute, the particles were continuously filtered by the porous sphere in a closed-loop circulatory setup.
Samples of 200 pL were taken every 20 seconds to quantify the amount of gold particles left in the
suspension. This was possible by measuring the change in absorbance of the samples using a UV-Vis
spectrometer (Cary 50, Varian, Australia).
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Characterization of print fidelity

To assess the fidelity of the printing process, each gear was printed with a different TEMPO concentra-
tion and imaged under an optical microscope (VHX-5000, Keyence VHX-5000, Japan). The cog heights
were measured with Image]. [269]

Phase diagrams of phase-separating resins

The ternary phase diagrams depicting the miscibility of the resin mixture (fig. 7.6b-c) were constructed
mixing known amounts of resin components and observing for turbidity at room temperature. Next,
the same specimens were heated to 55°C and inspected for turbidity. For each specimen, the total
sample volume was 2 mL.
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Conclusion

This thesis presents new developments to the novel field of tomographic volumetric additive manufac-
turing, including software corrections to improve print fidelity in scattering materials, the expansion of
the materials palette, and applications in bioprinting.

8.1 Summary of the results

The maximum footprint of fabricated objects was increased by incorporating a helical motion during
tomographic manufacturing. Off-centering the digital micromirror device with respect to the optical
axis further increased the cross-section of the printable objects. This asymmetric projection system
served as a platform to evaluate the effects of beam defocusing and divergence on print quality. It
turns out that an off-centered asymmetric projection system is less robust to defocusing: a mismatch
between the image plane and the center of the rotating vial.

Tomographic volumetric additive manufacturing, a fabrication method that relies on the deposition of
light throughout a photocurable material, was formerly limited to transparent resins. The method was
extended to scattering materials by refractive-index matching and software corrections to the way light
patterns are calculated. Scattering materials include cell-laden hydrogels, the main building block of
tissue engineering.

The refractive index of embedding hydrogels can be tuned with iodixanol, a cytocompatible contrast
agent, to reduce the detrimental effects of light scattering from cells on the projected light patterns.
Moreover, organoids (cell agglomerates) instead of single cells can be suspended into hydrogels to
locally increase cell density without increasing light scattering.

The scattering correction, which can be understood as a depth-dependent frequency boosting, was
applied to fabricate hollow unobstructed channels within densely cell-laden hydrogels. Hollow chan-
nels are a main feature of human tissues, including vasculature and ducts. We apply the scattering
correction to fabricate in vitro models of the pancreatic exocrine unit. These models consisted of
volumetrically bioprinted fibroblast-laden duct models, in which human pancreatic ductal cells were
injected. These cells could include or not the oncogene KRAS, a hallmark of pancreatic cancer. After
following the co-culture for several days, it was seen that the constructs were (1) highly viable and (2)
the fibroblasts in constructs containing cancerous cells exhibited an increased expression of the protein
«SMA. In vivo, xSMA is an indicator of tissue stiffening. These results suggest that our volumetrically
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fabricated models replicate the stromal activation that is characteristic to pancreatic cancer, and which
hinders treatment.

The library of available materials for volumetric printing was also expanded to include sinterable
materials. These included polymer-derived ceramics and glass (from fused silica and metal alkoxides).

In the fabrication of polymer-derived ceramics, a commercial polysiloxane was crosslinked to produce
cm-scale green bodies, which were then pyrolized into carbon-rich silicon oxycarbide ceramics. We
demonstrated that volumetric fabrication did not lead to anisotropy in shrinkage after heat treatment,
a common challenge in the additive manufacturing of ceramics. The ceramization was evaluated
through FTIR, Raman, and x-ray photoelectron spectroscopy. The fabricated microcomponents were
proven to be resistant to thermal and chemical stress.

Solid glass was volumetrically fabricated from acrylic resins highly filled with silica nanoparticles.
These resin formulations were tuned to make them optically transparent. An inhibitor was added to
increase contrast during printing and improve resolution. Porous glass was fabricated from phase-
separating resins, also tuned to adapt their transparency and photorheology to meet the requirements
of volumetric printing. The two materials were combined to fabricate a multi-component milifluidic
filtering device, comprising a porous filter within a solid channel. The filter was used to remove gold
nanoparticles from an aqueous solution.

8.2 Future work

Volumetric additive manufacturing is an interesting novel fabrication method, particularly thanks to its
short printing times (less than a minute), the possibility to print in closed hermetic vials, the design
freedom (and lack of need for support struts), and the low concentrations of photoinitiator needed.

Printing in closed vials is useful because it allows to rapidly browse through material libraries. In this
sense, the method could be adopted to automatically test large numbers of material formulations, a
process that would be extremely time consuming with other methods

The low concentrations of photoinitators makes the method less cytotoxic and better-adapted to
bioprinting. Tissue engineering technologies are advancing fast and the need for more more biomimetic
artificial tissues is urgent (to reduce animal experimentation or to develop personalized therapies, for
example).

A more widespread adaptation of volumetric additive manufacturing depends on the improvement
of print resolution. So far, it has been challenging to push the method to fabricate cm-scale objects
with resolutions below 50 pm. Resolution could be improved by combining the method with two-
photon (or two-step) photoinitiation, by incorporating photoinhibitors (enabling the projection of
negative light doses, as resulting from filtered back-projection algorithms), or by developing alternative
reconstruction software to the Radon transform. This last point is particularly interesting because
experiments suggest that the diffractive nature of light plays a role in limiting resolution. As such, in
any experimental setup for volumetric printing, the paraxial approximation does not hold. Diffractive
tomography or 3D-aware Radon reconstructions could be possible solutions to this issue.

A major challenge in bioprinting is that of cell density. The densest constructs volumetrically fabricated
are still two orders of magnitude away from native tissue cell densities. But light transmission will
drop rapidly at these cell concentrations. The development of photoinitiators absorbing in the red
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or infrared sections of the spectrum could reduce this detrimental effect, as longer wavelengths are
less sensible to scattering. Volumetric bioprinting could also be combined with acoustic assembly and
patterning of cells to locally increase cell density.

Finally, if volumetric additive manufacturing is to make part of the prototyping industry, efforts
should be made to reduce its environmental impact. Resins that do not require solvents in their
post-processing, resins with a smaller carbon footprint than oil-derived plastics, or non-toxic plant-
derived photoinitiators could all be more environmentally friendly alternatives.
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