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Light-Based Printing of Leachable Salt Molds for Facile

Shaping of Complex Structures

Nicole Kleger, Simona Fehlmann, Seunghun S. Lee, Cyril Dénéréaz, Martina Cihova,
Nevena Paunovic, Yinyin Bao, Jean-Christophe Leroux, Stephen J. Ferguson, Kunal Masania,*

and André R. Studart*

3D printing is a powerful manufacturing technology for shaping materials

into complex structures. While the palette of printable materials continues to
expand, the rheological and chemical requisites for printing are not always
easy to fulfill. Here, a universal manufacturing platform is reported for shaping
materials into intricate geometries without the need for their printability, but
instead using light-based printed salt structures as leachable molds. The

salt structures are printed using photocurable resins loaded with NaCl parti-
cles. The printing, debinding, and sintering steps involved in the process are
systematically investigated to identify ink formulations enabling the prepara-
tion of crack-free salt templates. The experiments reveal that the formation of
a load-bearing network of salt particles is essential to prevent cracking of the
mold during the process. By infiltrating the sintered salt molds and leaching
the template in water, complex-shaped architectures are created from diverse
compositions such as biomedical silicone, chocolate, light metals, degradable
elastomers, and fiber composites, thus demonstrating the universal, cost-effec-
tive, and sustainable nature of this new manufacturing platform.

prototyping tool into a manufacturing
platform for functional objects and devices
in health,®! energy,® architecture,” and
robotic applications.®] Using inks with
self-assembling  building blocks has
expanded the capabilities of 3D printing
techniques to the fabrication of structures
with intricate hierarchical architectures
and feature sizes below accessible printer
resolution.*2l  Despite these enticing
achievements and promising prospects,
many materials are still not directly 3D
printable due to challenges in fulfilling
the rheological, physical, and chemical
requirements of extrusion- and light-based
printing techniques.¥ In addition, the rel-
ative lack of reproducibility and reliability
of additive processing has made it difficult
to produce parts for critical applications
such as aerospace and medical, where cer-

1. Introduction

Shaping of matter into complex structures has been greatly
advanced through the advent of additive manufacturing tech-
niques. A crucial development in this field has been the design
and formulation of resins or inks with a broad variety of mate-
rial compositions.' This has turned 3D printing from a

tification of microstructure and part integ-

rity is paramount.
3D printed sacrificial molds and templates offer a uni-
versal approach to shape matter into complex architectures
without rheological or chemical modification of the material
of interest. The idea of such indirect additive manufacturing
is to first print the sacrificial template into the desired nega-
tive geometry and then cast or deposit the material of interest
before final removal of the template.'*2] This manufacturing
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strategy has enabled the fabrication of intricate structures
from a wide range of materials at very different length scales.
At the centimeter scale, binder-jetting printed sand or ste-
reographically printed polymer molds have been utilized to
fabricate complex metal parts by investment casting!”-*!! and
elastomer parts by casting silicone resins, respectively.l61]
At the millimeter scale and below, two-photon polymeriza-
tion has been exploited to print 3D polymer templates for
the creation of metal and ceramic microlattices with exqui-
site architectures and mechanical properties.?>?%l In many of
these processes, the template material needs to be dissolved
with chemicals or thermally degraded at temperatures above
400 °C.[#7:28] This often makes the process energy demanding
and/or increases the probability of cracking or deformation of
the templated material.

A cost-effective and sustainable strategy to circumvent the
above-mentioned processing issues is to use conventional table
salt, that is, sodium chloride (NaCl), as molds or templates.
Because NaCl is non-toxic and readily dissolvable in water at
ambient temperature, salt templates do not require excessive
heating or toxic solvents to be removed and are broadly studied
for biomedical applications.?*331 These features also make
them suitable templates for shaping temperature-sensitive
materials, such as living materials, hydrogels, and polymers.
Alternatively, the physical and mechanical stability of NaCl up
to its melting temperature of 801 °C enables infiltration of mate-
rials at elevated temperature in the molten state.?¥ Such versa-
tility has allowed for the use of salt particles as pore-forming
templates for the fabrication of a broad range of materials,
from aluminum foams for structural applications®! to porous
hydrogels for tissue engineering.*3% Beyond templating parti-
cles, salt has also been deposited around 3D printed polymeric
templates to create castable molds upon polymer removal.l”:2!
Only recently, we have enabled the direct printing of NaCl into
3D grid-like structures for the fabrication of magnesium with
unique porous architectures.*® Through rheological engi-
neering, we unlocked 3D printing of NaCl for extrusion-based
direct ink writing, which is however limited in both, the attain-
able resolution and freedom of architectural design. Novel
approaches to manufacture complex-shaped salt templates are
highly demanded.

Here, we report a versatile manufacturing platform for the
light-based 3D printing of salt objects and their use as tem-
plates for the creation of complex-shaped structures of a wide
range of materials. Salt-based objects with intricate geometry
are printed from photocurable resins loaded with a high con-
centration of salt particles. Upon heat treatment, the object is
converted into salt templates that can be infiltrated with the
material of interest. To develop this platform, we have first
studied ink formulations that satisfy the rheological require-
ments for 3D printing by stereolithography (SLA). Next, the
effects of resin formulation on the printing parameters and
printed feature sizes were systematically evaluated. This was
followed by single-layer model experiments designed to inves-
tigate the mechanisms underlying the fabrication of crack-free
salt templates. Finally, salt templates with 3D complex geom-
etries were infiltrated with distinct materials across a broad
range of material classes to demonstrate the potential and uni-
versal nature of this new additive manufacturing platform.
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2. Results and Discussion

The additive manufacturing of complex-shaped objects using
salt templates involves a series of processing steps that include
light-based printing (i.e., vat photopolymerization), debinding,
sintering, infiltration, and leaching processes (Figure la and
Video S1, Supporting Information). The process is designed to
generate a negative mold of dense salt that can be infiltrated
with the material of interest and afterwards leached in water
to create the desired complex-shaped object. Stereolithographic
printing of the salt mold is achieved by suspending salt parti-
cles in a photo-curable resin. After fulfilling its shaping func-
tion during printing, the cured resin is thermally removed to
provide a salt green body that is sintered into a dense negative
mold at 690 °C. To facilitate the removal of the polymerized
binder, a diluent phase is often incorporated in the resin formu-
lation. Diluents are removed at an earlier stage of the debinding
process and hence decrease the risk of cracking during removal
of the polymerized phase. Due to the thermal stability of the
salt, the negative mold can be infiltrated by liquified or molten
materials at temperatures up to =720 °C, at which the mate-
rial starts to soften. The final positive object is obtained upon
cooling of the infiltrated template followed by simple dissolu-
tion of the salt phase in water at room temperature.

To illustrate the manufacturing process, we developed a
photocurable ink comprising NaCl particles as salt, a mixture
of monomer and crosslinker as reactive phase, camphor as
non-reactive diluent, a commercially available photoinitiator
(Omnirad 819), a photo-absorber (Sudan I) and the surfactant
bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT). Isobornyl
acrylate (IBOA) is used as the main, monofunctional monomer,
whereas the trifunctional monomer trimethylolpropane tria-
crylate (TMPTA) is employed as a crosslinker (Figure S1,
Supporting Information). The mixture of monofunctional
monomer, crosslinker, and photoinitiator enables light-induced
polymerization of the illuminated areas during stereolitho-
graphic printing. The photo-absorber controls the light penetra-
tion into the ink and thereby impacts the resolution and speed
of the printing process. The surfactant is used to disperse the
hydrophilic salt particles in the hydrophobic liquid medium
and later serves as a sintering aid for the densification of the
printed objects (Figure S2, Supporting Information).

A key requirement of the process is to produce a dense,
crack-free salt template at the end of the sintering step.
Cracking is a common challenge in ceramic printing, and may
result from internal mechanical stresses developed during
shrinkage of the printed object upon calcination and sintering.
To reduce shrinkage and minimize cracking, the concentra-
tion of salt particles in the initial resin should be maximized
without impairing the rheological properties needed for the
stereolithographic printing process. More specifically, in terms
of rheological behavior, the ink must be sufficiently fluid to
replenish the print stage under the action of gravity. Previous
studies have shown that this flowability is achieved if at a shear
rate of 30 s7! the yield stress and apparent viscosity of the ink
are kept below 10 Pa and 60 Pa s, respectively.l3-3]

In order to establish a formulation that satisfies the above
criteria, we evaluated the effect of the concentration of salt parti-
cles, surfactant, and diluent on the rheological properties of the
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Figure 1. Overview of the manufacturing workflow and rheological characterization of salt-containing inks. a) Schematics depicting the layer-by-layer
stereolithographic printing of a resin containing NaCl particles, surfactant, photocurable monomers, photo-absorber, photoinitiator, and a non-reactive
diluent. The printed body is calcined to remove the organics and further sintered to obtain a dense, binderless NaCl body. This mold is infiltrated by
a desired material and finally leached to obtain the positive complex-shaped body. b—d) The influence of the b) surfactant, c) salt, and d) diluent con-
centrations on the yield stress and apparent viscosity of the inks. No yielding is observed for inks with surfactant concentrations below 0.1 wt% (with
respect to NaCl), which makes them unsuitable for the printing process. Orange encircled data indicates the optimal composition that was identified.

photocurable ink. The rheological measurements revealed that
the yield stress and the apparent viscosity, defined as the ratio
between shear stress and shear rate, of the ink strongly depend
on the surfactant (AOT) and salt concentration (Figure 1b,c). A
minimum surfactant content of 0.1 wt% is needed to lower the
attractive van der Waals forces between the salt particles and
thus reduce the yield stress and the viscosity of the ink below
the rheological limits set by the printing process. For inks con-
taining 1.75 wt% AOT, a percolating particle network with well-
defined yield stress and high apparent viscosity is starting to
form for salt concentrations above 60 wt%. This imposes an
upper limit of 65 wt% for the maximum salt content that can
be incorporated in the resin. The partial replacement of the
monomer mixture by a diluent at up to 40 wt% does not affect

Adv. Mater. 2022, 2203878 2203878 (3 of 1)

the apparent viscosity and yield stress, suggesting that the rheo-
logical properties of the investigated ink are dominated by the
interactions between the salt particles (Figure 1d). On the basis
of this rheological analysis, a formulation with 65 wt% salt,
1.75 wt% surfactant with respect to NaCl, and 30 wt% of diluent
with respect to monomer was chosen as a standard ink for the
stereolithographic printing process as identified by the orange
encircled data in Figure 1b—d.

After selecting the salt, diluent, and surfactant concentra-
tions leading to rheological properties suitable for stereolitho-
graphic printing, we turned our attention to the optimization of
the monomer mixture of the resin to enable controlled curing
under the illumination conditions imposed by the printer.
The composition of the monomer mixture, particularly the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Photo-polymerization behavior and printing fidelity of salt-containing resins. a—c) The influence of the applied light dose (D,,,,) on the cure
depth (z,) of inks containing initiator concentrations in the range 1-5 wt% with respect to monomer. Fixed photo-absorber contents of a) 0 wt%,
b) 0.05 wt%, and c) 0.125 wt% are used in these experiments. The corresponding light penetration depth (h,) and critical dose (D) obtained by fitting
the modified Beer-Lambert law to the experimental data are indicated in the insets. The results are summarized in d) to highlight the effect of the photo-
absorber and photo-initiator concentrations on h, and D.. e) 2D sketch defining the parameters analyzed and illustrating the region of the ink that is
illuminated with a dose equal or higher than D, (dark orange). f,g) Printing fidelity of inks with 0, 0.05, and 0.125 wt% photo-absorber for f) negative
and g) positive features printed at a cure depth (h,) of 80 um. The insets depict the average standard deviation of all size measurements (0-2 mm)
for different photo-absorber concentrations. Optical microscopy images show representative examples of the 2 mm designed features, whereas the

dashed lines indicate the theoretical size thereof.

concentration of the photo-absorber and photoinitiator, affects
the polymerization process by determining the penetration of
light into the ink and the concentration of reactive species cre-
ated upon illumination.

To quantify these correlations, we studied the effect of the
ink composition on the polymerization process by measuring
the resulting thickness of cured ink as a function of the light
dose for formulations with varying concentrations of photo-
initiator and photo-absorber (Figure 2). In these single-layer
experiments, the photoinitiator content was changed between
1 and 5 wt% (with respect to monomer), whereas the concen-
tration of photo-absorber was varied in the range 0-0.125 wt%
(with respect to monomer). Both weight percentage ranges

Adv. Mater. 2022, 2203878 2203878 (4 of 11)

are defined as a weight fraction with respect to the combined
mass of both monomers, IBOA and TMPTA. The experimental
data obtained reveal that the thickness of the polymerized layer
(zp), also referred to as cure depth, changes with the applied
light dose (Dp,y) in a logarithmic fashion, as expected from the
modified Beer-Lambert law: z, = h, In(Dy,,,/ D), where h, is
the light penetration depth and D, is the critical light dose to
initiate polymerization.®” The fact that the experimental data
follow this theoretical scaling indicates that the assumption
of an optically homogenous medium underlying this simple
model is fulfilled in this case despite the heterogeneous nature
of the particle-filled resin. By fitting the Beer—Lambert equation
to the experimental data, we use this simple model for different

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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resin formulations to quantify the light penetration depth (h,)
and the critical dose (D.) from the slope and x-axis intercept in
a semi-log, plot, respectively (Figure 2a—c).1"]

The effect of the initiator and photo-absorber on h, and D_are
directly influenced by the concentrations of photon-absorbing
and reactive species present in the ink. Taking the formulation
without photo-absorber (0 wt% Sudan I) as an example, we
find that an increase in initiator concentration reduces h, sub-
stantially while keeping the D, value nearly constant (inset to
Figure 2a). The drop in light penetration results from the fact
that the initiator molecules are photon-absorbing species. The
nearly constant D, value suggests that the initiator concentra-
tion of 1 wt% is already sufficient to generate a high density
of reactive monomer species for the polymerization process.
Altered trends are observed when 0.125 wt% photo-absorber is
added to the resin (Figure 2c). In this case, the photo-absorbing
molecules dominate the light penetration depth, keeping the h,
values low for most of the initiator concentrations tested. The
presence of a high photo-absorber concentration in this resin
decreases the relative fraction of activated photo-initiators in
the mixture, which is translated into a much stronger effect of
the initiator concentration on the critical dose.

By collecting the data from such photo-polymerization anal-
ysis in iso-line plots, we obtained an experimental map that
provides useful guidance for the formulation of inks with well-
defined light penetration depth and critical dose (Figure 2d).
In terms of critical dose, inks with low D, are often desired to
reduce the printing time. Since the printer operates at a fixed
illumination intensity, a lower critical dose reduces the time
the ink needs to be illuminated to generate the concentration
of reactive species required for polymerization. With regards
to the light penetration depth, formulations with low h, show
a weaker dependence of the cure depth on the illumination
dose. This makes the inks more stable against possible varia-
tions in the illumination dose resulting from manufacturing
issues, potentially improving the reproducibility of the printing
process.

To evaluate the effect of the resin formulation on the fidelity
and reproducibility of the SLA printing process, we printed
model parts with positive or negative features and compared
the experimentally obtained sizes with their nominal theo-
retical values (Figure 2f,g). Experiments were performed with
inks containing a fixed initiator concentration of 2 wt% and
varying photo-absorber contents of 0, 0.05, and 0.125 wt%.
This allowed us to evaluate inks with different sets of D. and
h, values for their printing accuracy and reproducibility. By
comparing experimental and nominal sizes, we find that the
fidelity of negative features is high for dimensions greater than
1 mm (Figure 2f). The opposite is true for positive features,
which show sizes closer to their nominal values when smaller
than 1 mm (Figure 2g). While the size accuracy was shown to
depend on the exact composition of the ink, most formulations
lead to very reproducible feature dimensions, as reflected in the
low standard deviation values obtained. The exception to this
trend is the ink prepared without light-absorber when used to
print negative features. In this case, the strong dependence of
the polymerization depth (z;) on the applied light dose (Dpay)
leads to poorly reproducible negative features across a broad
size range (Figure 2f). To combine fast printing, high fidelity,

Adv. Mater. 2022, 2203878 2203878 (5 of 1)

www.advmat.de

and high reproducibility, an ink formulation with 0.05 wt%
photo-absorber and 2 wt% photoinitiator that lead to low h, and
D, values was selected for the stereolithographic printing of the
salt-laden parts.

Salt-laden objects with complex geometries were success-
fully printed using the optimized ink formulation (Figure 3a).
To establish the calcination and sintering procedures required
to convert the printed parts into dense salt templates, we con-
ducted thermogravimetric analysis (TGA) of selected poly-
merized samples (Figure S3a, Supporting Information). The
TGA data show that samples with diluent undergo a mild
weight loss of 74% when heated up to about 230 °C, which
is followed by a sequence of mass drops reaching in total of
32.3% at 430 °C. Combined with differential scanning calorim-
etry (DSC, Figure S3b, Supporting Information), these results
suggest that small amounts of unreacted monomers and cam-
phor are removed from the sample below 230 °C, followed by
the evaporation of unreacted monomers up to 280 °C. Further
heating above this temperature results in the thermal decompo-
sition of the polymerized organic phase. Comparison between
samples with and without 30 wt% camphor indicates that this
compound sublimates from the polymerized resin at tempera-
tures between 85 and 240 "C.

The fabrication of crack-free salt templates after calcination
and sintering was experimentally found to require the presence
of 30 wt% of camphor as a diluent in the ink (with respect to
monomer). To better understand the role of camphor in pre-
venting cracking of the printed object during calcination, we
examined the microstructure of the polymerized ink after heat
treatment at 200 and 690 ‘C. In these experiments, cracks were
quantified by image analysis of cracked area in printed cubes of
different sizes imaged under transmitted light (Figure 3b, top).
In line with previous studies,>*! the addition of 30 wt% dil-
uent was found to significantly reduce cracking of the sample
upon heating, decreasing the imaged cracked area of sintered
1 cm cubes from approximately 2.9% to values below 0.6%
(Figure 3b, bottom).

Surprisingly, we discovered that the beneficial effect of cam-
phor does not arise predominantly from its expected role in gen-
erating open pores upon sublimation to facilitate the removal
of thermally degraded polymer at higher temperatures. Instead,
experiments with the camphor-free inks show that extensive
cracking is already observed when the sample is heated up
to 200 °C (Figure 3b), which is significantly lower than the
thermal degradation temperature of the polymer (270430 °C).
By further increasing the temperature to 690 °C, we even
detected a partial closure of cracks, which reduce in area from
6.4% to 2.9% for 1 cm cubes without camphor.

Controlled experiments in single printed layers provide
insightful hints into the possible effect of camphor in pre-
venting extensive cracking during calcination at relatively low
temperatures. In these experiments, we freely illuminated
resins and inks for 40 s without the constrain of the print head
to obtain single-layer stripes of 5 mm x 20 mm. Finally, we
qualitatively assessed the extent of warpage of these single
printed layers after drying at either room temperature or
200 °C. We hypothesized that internal stresses manifested as
warpage in these model experiments may cause cracking of the
multi-layered printed object during thermal treatment.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Shape complexity and cracking inhibition in salt-containing printed inks. a) Complex-shaped objects printed using optimized ink formula-
tions. b) Measured cracked area in printed cubes of different side lengths after heat treatment at 200 °C (dark color) or 690 °C (bright color). Optical
microscopy images in light transmission mode (top) illustrate the effect of 30 wt% camphor on the formation of cracks (bright areas). Scale bars: T mm.
c) Shape changes upon drying of model layers printed using salt-containing resins with or without camphor. All model layers are illuminated on the
bottom side, and a salt-free resin (top row) is used as control. d) Proposed mechanism for crack inhibition in inks containing camphor and salt parti-
cles. The drawings indicate the distinct crosslinking densities and amount of residual monomer expected at the bottom (B,D) and top (A,C) of a single
printed layer. ) Schematics showing the presence of a percolating network of salt particles resulting from the shrinkage of the polymer continuous
phase upon heating of the printed material to 200 °C. Shrinkage of the polymer phase (blue) beyond particle jamming results in detachment from the
particles and the formation of interstitial pores, as indicated in the false-colored SEM image. Scale bar: 2 um. f) Pore size distribution and total sur-
face area (S. Area, BET Analysis, Inset) of printed inks without (blue) or with (orange) camphor after drying at 30 and 200 °C. g) Storage (G’) and loss
(G”) moduli of printed bars subjected to DMA in torsion mode. Samples were heated to 230 °C, followed by an isothermal hold at 230 °C for 20 min.

Photographs of a polymerized sample without salt particles
and camphor reveal strong warpage of the single-layer upon
drying at ambient temperature, an effect that becomes even

is exposed to maximum dosage. Such a gradient in unreacted
monomer concentration would translate into differential
shrinkage of the layer during free monomer removal upon

more pronounced at 200 °C (Figure 3c and Figure S4, Sup-
porting Information). This suggests the presence of a gradient
in monomer conversion and crosslinking density across the
thickness of the layer (Figure 3d). Because of the lower illumi-
nation at the top of the layer (i.e., further away from the illumi-
nation source in the printing setup, see Figure 2e), this region
likely contains a higher concentration of unreacted monomers
compared to the directly exposed bottom side of the layer that

Adv. Mater. 2022, 2203878 2203878 (6 of 11)

washing and drying, leading to the build-up of internal stresses
and ultimately causes warpage.

The addition of salt particles to the camphor-free poly-
merized samples leads to even stronger warpage after room-
temperature drying. Interestingly, the high initial warpage of
such a layer reduces substantially when the sample is further
heated to 200 °C. We interpret this effect as a result of jamming
of the salt particles at the not directly illuminated top side of the
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layer, which restricts the shrinking during monomer evapora-
tion due to the formation of a compressed load-bearing particle
network. This leads to preferential shrinkage of the directly
illuminated bottom side of the layer, partially compensating for
the strong initial warpage. Importantly, our experiments show
that the initial warpage of the layer can be fully reversed when
camphor is added to the formulation. We assume that sublima-
tion of camphor leads to sufficient shrinkage of the sample,
such that particles at both sides of the layer become jammed.
By providing a locking mechanism that is triggered via the sub-
limation of camphor, the salt particles prevent the build-up of
differential stresses across the sample cross-section that causes
cracking in the thermally treated printed objects.

Scanning electron microscopy (SEM) images from samples
dried for 20 h at 200 °C confirm the strong shrinkage of the
polymer phase and the formation of pores between the salt
particles after the sublimation of the diluent (Figure 3e). With
the help of nitrogen gas sorption analysis, we found that this
porosity on the micrometer scale is complemented by pres-
ence of nanoscale pores in the range of 2-10 nm, as well as
larger pores ranging from 20 to 75 nm in size (Figure 3f). Sam-
ples prepared with camphor show higher porosity and surface
area compared to reference samples without camphor and
those with removed camphor upon heat treatment at 200 °C
(Figure 3f and Figure S5, Supporting Information). Because
smaller nanopores are already present in camphor-free samples
kept at 30 °C, the smaller nanopores are presumably part of the
polymerized resin. Instead, the larger nanopores only appear
upon drying at 200 °C and are therefore clearly associated
with the removal of the diluent from the camphor-containing
sample. Finally, the pores at the micrometer scale are generated
due to the contraction of the polymer phase upon diluent sub-
limation. These pores are likely to facilitate the thermal decom-
position of the polymer at higher temperatures.

The proposed microstructural locking effect induced by the
removal of camphor is reflected in the evolution of the mechan-
ical properties of the printed object upon heating (Figure 3g and
Figure S6, Supporting Information). After an initial softening
during heating to 100 °C, the storage modulus (G’) of the cam-
phor-containing composite was found to increase from 31 to
75 MPa when the temperature was raised from 150 to 230 °C.
This 1.5-fold increase in modulus contrasts with the 0.9-fold
enhancement observed for the camphor-free sample within the
same temperature interval. The higher stiffness of the com-
posite prepared with camphor probably results from the forma-
tion of the load-bearing network of salt particles upon removal
of the diluent phase.

The ability to obtain crack-free salt objects after the drying
and sintering steps opens the way towards the manufacturing of
complex-shaped structures for a variety of materials by simple
infiltration and leaching of the salt template. To illustrate this
process, we generated a salt object with a complex gyroid geom-
etry and used it as a template to create polymer scaffolds with
unique 3D architecture (Figure 4a). The fidelity of the manu-
facturing process is evaluated by performing microcomputed
tomography (microCT) of the salt-based object after each of the
printing, sintering, and infiltration steps.

Digitally visualized cross-sections obtained from the
microCT of the object demonstrate that the manufacturing
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process preserves with high fidelity the morphology of the
original digital design throughout each of the multiple steps.
Importantly, the shrinkage of the object along the process needs
to be considered in the original design to reach the desired final
dimensions. Because of the layer-by-layer nature of the printing
process, the object was found to shrink predominantly along
the vertical (z) direction during the post-printing drying and
sintering steps. This is well in-line with previous sintering
studies of particle-based SLA printing.**? Linear shrinkage
in the z-direction reached 279% after complete heat treatment,
as opposed to a value of 19.1% along the x- and y-directions
(Figure 4a, bottom). The observed shrinkage can be benefi-
cial for the fabrication of complex structures with dimensions
below the resolution limit of the printer.

The open porosity of the chosen gyroid structure allows
for facile infiltration of the sintered salt template by simple
casting of a thermally curable resin or injection-molding of
a molten polymer. We demonstrate the compatibility of our
developed salt templates with these two infiltration approaches
using commercially available biomedical silicone resin and
thermoplastic polycaprolactone (PCL). MicroCT images of the
resulting infiltrated and leached silicone scaffold indicate min-
imal shrinkage of the object and the formation of a pore-free
polymer phase within the interstices of the leached salt struc-
ture. Upon leaching in water at room temperature, we obtained
porous silicone and PCL scaffolds with exquisite and complex
3D architecture (bright-field image in Figure 4b).

Scaffolds with such digitally programmable pore size and
morphology are highly desired for the ingrowth of cells and tis-
sues in biomedical applications. Since the material of interest
is directly infiltrated into the salt, it does not contain unreacted
monomers or additional chemicals typically required for the
light-based printing of polymers. This beneficial feature allows
for the fabrication of complex-shaped biocompatible structures
without toxic residues that could be harmful to living cells.
While salt templating is often used to fabricate bio-scaffolds,
the poor geometrical control over the pore structure of existing
processes challenges the cell seeding efficiency and vasculariza-
tion thereof.

To demonstrate the suitability of our process in fabricating
scaffolds for biomedical applications, we measured the via-
bility of pre-osteoblast cells on silicone and PCL scaffolds dis-
playing a gyroid structure with distinct pore sizes in the range
of 150-500 um (Figure 4b). Before cell seeding, the scaffold
surfaces were pretreated to promote cell adhesion with either
fibronectin or sodium hydroxide for the silicone and PCL scaf-
folds, respectively. The results obtained after 2 days of culture
show cell viability higher than 94% for all the scaffolds tested,
confirming the cytocompatibility of the polymer structures and
their suitability for in vitro cell culture. In light of the latter, pre-
osteoblast cells were observed to spread homogeneously over
the scaffold surface and to easily penetrate into the open porous
architecture.

Beyond silicone and PCL, a broad range of materials can be
shaped into complex architectures using the proposed manu-
facturing platform. We demonstrate this universal nature by
creating intricate 3D structures from various materials as
diverse as chocolate, aluminum, magnesium, carbon fiber
composites, and degradable polymers (Figure 4c and Figure S7,
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Figure 4. Complex-shaped structures made through infiltration and leaching of salt molds. a) Comparison of gyroid digital model (1) with microcom-
puted tomography (microCT) analysis of a printed (2), sintered salt template (3), and molded and leached silicone scaffold (4). X and Y denote specific
cross-sections, as indicated in (1). The linear shrinkage along different directions is indicated (in blue) as a percentage of the initial digital model. The
scale bar of 5 mm is valid for (1-4). b) Cell viability analysis of gyroid scaffolds prepared by leaching the 3D printed NaCl templates from infiltrated
samples (either silicone or PCL). Left: Quantitative analysis of cell viability from live/dead assay on three different scaffold types made from silicone or
PCL (n = 5-10). The cell viability is >94% 2 days after seeding for all three scaffolds. Right: Representative confocal laser scanning microscopy image
showing live/dead assay results of MC3T3-E1 pre-osteoblasts that have been seeded on a fibronectin-coated silicone scaffold with a pore size of 150 um
(green: live, red: dead). c) Examples of sintered salt molds and the corresponding complex-shaped structures of a range of materials obtained after
infiltration and leaching steps. Top left: tracheal stent made of bioresorbable poly(DLLA-co-CL) copolymer. Top right: ultralightweight octagon lattice
made from an Al-Si 12.6% metallic alloy. Bottom left: edible bunny made from dark chocolate. Bottom right: hollow reinforced tube made by covering
a salt core with a carbon fiber composite.

Supporting Information). We further demonstrate the process 3. Conclusions

diversity by shaping these materials through infiltration into

salt molds or intricate salt templates, or by warping salt cores.
The complex mold geometries enabled by light-based printing
allow shaping these materials into 3D structures that would be
very challenging to achieve using conventional manufacturing
technologies.

For example, biodegradable high molecular weight poly(D,L-
lactide-co-&-caprolactone) methacrylate (poly(DLLA-co-CL) MA)
copolymers that are too viscous for light-based direct printing!
were easily molded into stent-like geometries using printed salt
templates (Figure 4c, top left). In another instance, lightweight
aluminum lattices and bioresorbable magnesium with intricate
porous architectures were manufactured by molten metal infil-
tration of salt templates at 710 and 700 °C, respectively. Even
more elaborate hierarchical porous architectures can also be cre-
ated by introducing salt particles within the material of interest
before its infiltration step (Figure S7, Supporting Information).
This plethora of examples demonstrate the potential of this light-
based printing technology in leveraging salt templating for the
shaping of so far inaccessible materials and geometries.
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Here, we showed that using light-based printing of salt-laden
resins, complex-shaped salt templates can be fabricated upon
calcination and sintering. Such templates can be infiltrated
and leached at room temperature in water to shape a broad
range of materials with exquisite architectures. Careful design
of the resin composition is crucial to enable printing of high-
fidelity, crack-free templates. A salt particle concentration of
65 wt% was found to be optimal to minimize shrinkage of the
template upon sintering while ensuring a sufficiently fluid ink
during printing. In terms of shape fidelity, we observed that by
tuning both photoinitiator and photo-absorber contents, salt
objects with positive features down to 100 pm could be manu-
factured using light doses provided by a regular desktop stereo-
lithographic printer. To generate defect-free objects, cracking
of such objects during heat treatment should be avoided,
imposing a common challenge in the field. Here, we demon-
strated a strategy to reduce the internal stresses resulting from
the differential shrinkage of the polymerized composites across
the printed layer. In fact, we discovered that the addition of the
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non-reactive diluent camphor favors the formation of a load-
bearing salt particle network within the ink upon its subli-
mation during drying that compensates for the differential
shrinkage arising from polymerization gradients, and thus
minimizes cracking of the printed object. Using this approach,
crack-free salt templates can be successfully obtained and
infiltrated with a broad range of materials by casting or injec-
tion molding. Since the salt phase is easily removed in water
at room temperature, this manufacturing platform allows for
the shaping of a wide variety of materials into unique complex
geometries. In contrast to conventional injection molding and
direct layer-by-layer printing, the use of printed salt molds in
an indirect additive manufacturing workflow also enables cost-
effective mass customization of complex-shaped objects without
the defect-prone interfaces often created by additive manufac-
turing. These features open new opportunities for the design
and fabrication of complex material architectures using a versa-
tile, affordable, and sustainable manufacturing approach.

4. Experimental Section

Ink  Preparation: ~ Sodium  chloride  (NaCl), bis(2-ethylhexyl)
sulfosuccinate sodium salt (AOT), and 2-propanol (99.8% purity)
were all purchased from Sigma Aldrich. To decrease the size of the
as-received particles to an average particle size below 2 um, 50 g of
NaCl and 0.875 g AOT (1.75 wt% with respect to NaCl, except noted
otherwise) were dispersed in 100 mL of 2-propanol (99.8 %, Sigma-
Aldrich). The dispersion was ball-milled in a planetary ball mill (PM100,
Retsch GmbH) at 200 rpm for 2 h (including cooling breaks), at intervals
of 5 min milling spaced by 5 min breaks. The milling was performed in
a custom-made alumina jar using 575 g zirconia balls with diameters of
9.7,7.6, 4.9, and 2.4 mm. The milled slurry was dried at 60 °C overnight.
To form the photopolymerizable resin, the non-reactive diluent camphor
((1R)-(+), 98% Alfa Aesar), the photo-absorber Sudan | (Acros Organics),
and the photoinitiator Omnirad 819 (iGM Resins) were fully dissolved in
the monomers Isobornyl acrylate (IBOA, technical grade, Sigma Aldrich)
and 1,1,1-trimethylolpropane triacrylate (TMPTA, technical grade, Sigma
Aldrich). The monomers were used at an IBOA-to-TMPTA weight ratio
of 85:15. The concentration of camphor is always indicated as weight
percentage of the liquid phase. Photo-absorber and -initiator were added
at 0.05 and 2 wt% with respect to monomer concentration, respectively
(unless stated otherwise). To prepare the final ink, 65 wt% of milled NaCl
particles were homogeneously dispersed in the photopolymerizable
resin at 800 rpm for 10 min by using a planetary centrifugal mixer
(Thinky Mixer ARE-250, Thinky Cooperation).

Rheological Characterization of NaCl Inks: The rheological properties of
inks with varying salt, surfactant, and diluent concentrations were analyzed
by viscosity measurements on a stress-controlled rheometer (Anton Paar
MCR 302, Anton Paar GmbH). All measurements were performed at 25 °C
with a parallel-plate setup using sand-blasted plates to minimize wall slip.
The plates had a diameter of 25 mm and a gap size of 1 mm was employed.
Steady-state measurements were performed by increasing the shear stress
logarithmically from 0.01 to 200 Pa. The yield stress was defined as the
point of sudden increase of shear stress in a double logarithmic shear strain
versus shear stress representation of the data.

3D Printing of NaCl-Based Inks: Commercially available software and
hardware were used for file generation and printing. Digital models
were drawn using Fusion 360 (version 2.0.11894, Autodesk) or Rhino 7
(Rhinoceros) with the plugin Grasshopper. The objects were sliced
with PrusaSlicer (version 2.3.34+x64, Prusa Research) and printed on
an LED-LCD printer (SL1, Prusa Research). Aluminum foil (common
household foil) was used to cover the printhead building area to
facilitate part detachment after printing. The light intensity of the printer
was pre-set to 0.1 mW cm™2. To analyze the influence of photoinitiator
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and photo-absorber on the degree of polymerization, rectangular
areas (9.7 mm x 8 mm) of the ink were freely illuminated without
the constraint of the print head in z-direction for varying durations in
multiples of 2 s (up to 32 times). After the removal of uncured resin
with 2-propanol, the thickness of each square was determined with a
micrometer screw gauge. A minimally required exposure time to reach
80 um cure depth was calculated from the resulting light penetration
depth (h,) and critical energy dose (D,) for each ink individually. In order
to increase the adhesion at the printhead, the initial layers were exposed
for 30-50 s with 10 fading layers to reach the desired illumination time.
The layer thickness was fixed at 50 um, unless stated otherwise. The
print accuracy of negative and positive features was analyzed for various
photo-absorber concentrations to investigate its role in the attainable
resolution. All inks were printed under exposure conditions to reach
a targeted cure depth of 80 um. Negative holes of varying diameter
were printed in a 2 mm solid bar, parallel to the build plate. Positive
bars of varying width and 1 mm height were printed on a baseplate. The
samples were visualized with a Keyence microscope and the resulting
images analyzed with Image) (Image)2, version 2.3.0/1.53f). Three
measurements were conducted for each data point. Digital designs were
oversized by 15% in the x- and y-direction, and 25% in the z-direction to
compensate for the shrinkage due to the heat treatment. After printing,
the samples were cleaned with 99.8 % pure 2-propanol by 3 x 3 min
sonication in an ultrasonic bath. The samples were further dried at
ambient conditions before characterization.

Pyrolysis and Sintering of Printed Structures: Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analysis were
performed to determine the appropriate pyrolysis and sintering profile
(TGA/DSC 3+, Mettler Toledo). Printed samples were weighted in a lid-
covered Al,O; crucible (70 pL) while heated between 25 and 600 °C at
a heating rate of 2 °C min~" in air. Pyrolysis and sintering were further
performed in a single temperature treatment in a Nabertherm LT furnace.
In the first step, the samples were heated from room temperature to 200 °C
at 0.67 °C min~\. The temperature was then kept at 200 °C for 4 h to
remove volatile organic residues such as the non-reacted monomer and
the diluent. The temperature was afterwards further increased to 350 °C
at 0.25 °C min~' and held at 300 °C for 4 h. To complete the pyrolysis
of the polymerized polymer matrix, the samples were further heated to
450 °C at 0.25 °C min~' and kept constant thereafter for another 4 h.
Finally, sintering was performed by increasing the temperature to 690 °C
at 1 °C min™. Full densification was obtained by holding the sintering
temperature for 4 h. The measurement was performed with an empty
reference crucible, and calibrated with a blank curve measurement.

SEM Sample Preparation and Imaging: All samples for scanning
electron microscopy (SEM) imaging were mounted on a carbon sticker.
For improved electron conductivity, the samples were sputter-coated
with 7-8 nm Pt (CCU-010, Safematic GmbH). The images were acquired
on a Leo 1530 Gemini (Zeiss) SEM using an in-lens detector and an
acceleration voltage of 5 kV.

Nitrogen Gas Sorption Analysis: Nanoporosity, pore-size distribution,
and surface area were determined by nitrogen gas sorption at 77 K on
a Quantachrome Autosorb iQ. The samples were outgassed for at least
24 h. The outgassing temperature was set to 30 °C for samples without
any thermal treatment, or to 80 °C for previously heat-treated samples.
Density functional theory (DFT) analysis was used to determine the pore
size and volume. The calculations were performed using a non-local
DFT (NLDFT) sorption model based on N, adsorption on cylindrical
silica pores at 77 K. The surface area was determined by the Brunauer—
Emmett-—Teller (BET) method.

Evaluation of Crack Formation: Cubes of different side length
(0.25-1 cm) were printed as described previously. All cubes were printed
with a targeted cure depth of 80 um and post-processed as described
above. No cracks were observed for any of the cubes after printing and
cleaning. For the first heating step, the cubes were heated to 200 °C
at 0.67 °C min™" in a Nabertherm LT furnace. The temperature was
then held at 200 °C for 4 h, before cooling freely back down to room
temperature (no active cooling or heating). For the second heating
step, the samples were heated up to 200 °C at 3.3 °C min~' to allow
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for the continuation of the thermal treatment as described above. After
each heating step, the samples were imaged optically in transmission
on an optical microscope (Keyence, VHX-5000, Keyence). The images
were analyzed by determining the pixel ratio of crack area (white in
transmission micrographs) to cube side area in Image| (Image)2,
version 2.3.0/1.53f). Since the samples were intrinsically anisotropic
due to the layered build-up approach of 3D printing, only the planes of
the cubes parallel to the z-axis were considered. These 4 sides showed
the largest cracking due to the reduced material strength at the layer
interface. All measurements were performed in triplicates.

Warpage of Single Layers: The inks were individually exposed to light
for 40 s in strips with a dimension of 20 mm x 5 mm. No printhead
was used, allowing the light to freely propagate through the ink or resin.
The printed layers were wiped with a damp tissue with 2-propanol to
remove unreacted ink. The samples were dried overnight (dried) and
finally placed into the oven for the heat treatment at 200 °C. The oven
was heated from room temperature to 200 °C in 1 h, followed by an
isothermal hold at 200 °C for another hour. Finally, the samples were left
to cool back to room temperature.

Dynamic Mechanical Analysis (DMA): In order to perform dynamic
mechanical analysis (DMA), rectangular samples with a length of
40-45 mm and a width and height of 25 mm were printed. The samples
were printed on supports to eliminate any influence of increased light
exposure of the first layers during printing. The measurements were
conducted on a rotational rheometer (ARES-G2, TA Instruments) in
nitrogen atmosphere by applying a constant torsional frequency of 3 Hz
and an oscillation strain of 0.1%. The rheometer was equipped with
an environmental test chamber and a torsion fixture for rectangular
samples. In the first interval, the temperature was ramped at 2 °C min™!
from 30 to 230 °C. The temperature was further kept constant at 230 °C
for 20 min in a second interval. Over the course of both intervals, the
storage (G’) and loss (G”) moduli were monitored.

Microcomputed Tomography (MicroCT): MicroCT was performed on
one sample of a dried and sintered gyroid template, as well as on the
corresponding cast and leached silicone scaffold, using a MicroCT100
instrument (Scano Medical AG). The scans were performed with an
energy level of 55 kVp (peak kilovoltage), an intensity of 8 W, an
exposure time of 139 ms, and a nominal resolution of 10 um. The
data was analyzed in 3D Slicer (version 4.11.20210226, http://www.
slicer.org).

Cell Culture and Live & Dead Assay: Mouse pre-osteoblast cells
(MC3T3-ET) were obtained from the University of Zurich, Zurich,
Switzerland. The cells were used in passage number 31. First, 5 x 10* cells
were seeded onto the scaffolds that were beforehand immersed in
a fibronectin solution (Human Plasma Fibronectin Purified Protein,
Sigma-Aldrich, FC010, 0.01 mg mL™" in sterile phosphate buffered saline
(PBS)) for 3 h. After allowing cells to attach for 2 h, growth medium
composed of Minimum Essential Medium (MEM) o without ascorbic
acid (Gibco, A1049001), 10% fetal bovine serum (Gibco, 26140079),
and 1% antibiotic-antimycotic (Gibco, 15240062) was added to the cell
culture. After 2 days of culture, the scaffolds were washed with PBS and
the cells were stained for 10 min in 0.5 uL mL™ calcein acetoxymethyl
ester (calcein-AM) and 2 pL mL™" ethidium homodimer-1 from the Live/
Dead assay kit (Invitrogen, L3224). This was followed by cell fixation in
4% paraformaldehyde (Santa Cruz Biotech, 281692) for 15 min before
washing again with PBS. Finally, confocal laser scanning microscopy
(Zeiss, LSM 780 upright) was used to visualize the cells. Cell viability
was calculated as the number of live cells divided by the total number
of cells.

Preparation of Complex-Shaped Structures: All salt templates and
cores were prepared as described above. Complex-shaped structures
were generated by casting or infiltration of the salt templates following
different procedures depending on the chemical and physical nature
of the infiltrating material. Polymeric stent—The pre-polymers of
randomly polymerized D,L-lactide (DLLA) and e&-caprolactone (CL)
further functionalized by methacrylation were prepared as previously
reported.’l In short, a four-armed copolymer of 15000 g mol™ and a
linear copolymer of 650 g mol™" were synthesized using a monomer ratio
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CL/DLLA of 7/3 and 2/2, respectively. The obtained copolymers were
mixed by combining 75 wt% four-armed and 25 wt% linear molecules.
This pre-polymer mixture and 3 wt% of initiator (TPO-L, Speedcure) were
heated to 60 °C to decrease the viscosity and facilitate homogenization.
The resulting photosensitive resin was manually pressed into the
sintered salt mold and cured by UV-light (Omnicure S1000, Lumen
Dynamics) for 3 x 10 min. The mold was finally dissolved in water.
Aluminum lattice—The salt templates were infiltrated as described
previously.3] A refractory crucible with the NaCl templates and a piece
of AlSi 12.6 wt% aluminum alloy was heated to 710 °C under vacuum.
After a holding time of 30 min, an Ar pressure of 1.5 MPa was applied to
enable molten metal infiltration. Finally, the directionally cooled samples
were cut to gain access to the NaCl templates, which were subsequently
leached in water. Chocolate bunny—Swiss dark chocolate was molten,
filled into the salt mold, and placed into the fridge for full solidification.
The mold was dissolved in ice-water to prevent the chocolate from
re-melting. Carbon fiber composite—The printed and heat-treated NaCl
cores were wrapped with two layers of a braided carbon fiber sleeve
(5 mm diameter, Suter Kunststoffe AG), infiltrated with a low viscosity
epoxy resin (EPIKOTE Resin MGS, Suter Kunststoffe AG) and cured at
room temperature with a shrink tape for compression (R&G Filament
160, Suter Kunststoffe AG) before final leaching in water.
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