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Silicone elastomers have a broad variety of applications, such as soft robotics, biomedical
devices, and structural metamaterials. The extrusion-based method known as direct ink write
(DIW), has enabled the production of additively manufactured silicone structures. However,
this method is limited to manufacturing mostly planar or pseudo-three-dimensional (3D)
structures. Due to the low self-supporting capabilities of extruded strands for traditional
silicone-based “inks”, obtaining tall or overhanging structures, or structures comprised by thin
walls is not feasible. Here, we demonstrate a novel Fast Cure silicone-based ink that enables
manufacturing of complex three-dimensional structures. The Fast Cure ink is a two-part mixture
and silicone structures are produced by inline mixing and co-extrusion of a part containing a
catalyst (part A) and a part containing a crosslinker (part B). By the virtue of crosslinking, the
extruded strands rapidly rigidize, increasing their self-supportive capacity. Hence, we can
obtain structures with superior shape retention and realize previously unobtainable parts that
are tall, with aspect ratios higher than 3, and have overhanging features, achieving inclination
angles smaller than 35 degrees with respect to the printing plane. These minimal sag parts are
achieved without requiring extra curing or mechanisms, support structures, or suspension baths.

1. Introduction

Silicone offers excellent flexibility, resilience, and biocompatibility; because of its properties,
silicone is widely used for soft robotics, ! flexible electronics,®® biomedical devices,®*!]
and structural applications.[*>1 Traditionally, silicone parts were fabricated by molding, but
with the emergence of additive manufacturing, complex 3D structures have been fabricated
using methods such as vat polymerization,[*®171 inkjet printing,® or direct ink writing
(DIW).12131 Among these methods, vat polymerization and inkjet printing require low viscosity
resins, which is challenging to achieve for silicone resins.'®*2%1 Moreover, many silicone
crosslinking chemistries are not amenable to photo initiation.?%2] Thus, DIW is a suitable
technique to additively manufacture silicone structures because of its compatibility with high
viscosity materials.

Direct ink writing (DIW) is an extrusion-based technique that patterns specially formulated and
highly rheologically controlled materials known as “inks”. This type of material requires an
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applied stress, known as yield stress (oy), to flow; and in absence of this stress, the material
retains its shape. Therefore, the material (ink) is extruded through the nozzle, and selectively
deposited in a layer-by layer fashion, and thanks to its rheological properties, the deposited
material is able to retain its shape.[t3222l

Initially, silicone structures were printed with DIW using thermally-curable siloxane-inks,
obtained by mixing the catalyst and the crosslinker in a step that occurred prior to printing, and
then printed parts were thermally cured in a post-processing step.l*3424 Since the total print
time was constrained by the gel time of the ink (i.e., inks may solidify before extrusion
rendering printing impossible), the type of structures that could be manufactured and, hence,
their total size and volume, was limited. Some authors opted to add a retardant or inhibitor to
the ink to slow down the gelling process, increasing the pot-life.?>261 However, it is difficult to
achieve complicated shapes (like tall or overhanging structures), as the printed strands have low
self-supportive capacity and tend to sag (Figure 1). To increase the structural properties of
printed inks, multiple pathways for crosslinking or chemically reacting to harden after printing
have been studied, such as UV curing,?”2% heated nozzles,” or using moisture reacting
catalyst.®*33 Another method that has been exploited is using a viscous suspension bath to
help support the parts as they are being printed.[*11:34351 Complex parts have been achieved
using this method, but it requires a medium to print into, and subsequent removal of the medium
once the structure is cured, precluding the manufacturing of truly closed cell structures.

Sagging b) Collapse of Tall Structure  ¢)  Collapse of Overhangs

Figure 1 Limitations of 3D printing silicone structures using direct ink write. a) Picture of a cross-section of a 20x20x10 mm
woodpile. b) Picture of a 10x10x30 mm tall woodpile. ¢) Picture of a 35 degree (with respect of the printing plane)
overhanging structure, 5x5 mm base, 9 mm tall. All photos were acquired after a post-process curing step.

In this article, we present a two-part ink, which enables control of the mix-to-print-to-cure time,
by using an inline mixing system to combine the catalyst-containing part A and crosslinker-
containing part B prior to extrusion. With careful tuning, the deposited strands gel shortly after
they are printed, increasing their moduli and, hence, their self-supportive capabilities and shape
retention properties. As opposed to other one-part ink systems, we can achieve fast gelling
strands without limiting the pot-life or the print time. Authors have studied active mixing with
siloxane inks in the past,®*%"1 analyzing what constitutes good mixing, and there are precedents
of two-part mixing (catalyst and crosslinker).[>38l In these precedents, authors opted to use a
two-part formulation in order to have extended pot life, but they did not study the capabilities
and advantages of actively curing ink at room temperature. Here, we first introduce a tunable
Fast Cure (FC) formulation, that can be adjusted to modify the gel time, and we analyze the
rheological properties of this formulation. Then, we compare shape retention of woodpile
structures printed using the FC ink with structures printed using a baseline ink (one-part ink
with three days pot-life) and demonstrate the superior shape retention by the FC woodpiles.
Finally, we present previously unattainable DIW parts, such as tall, overhanging, and closed-
cell structures, that we were able to print using the FC formulation.
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2. Results and Discussion

The two-part FC formulation was formed by mixing a part A containing a Platinum-based
catalyst, and a part B containing a Siloxane-based crosslinker (vulcanizing agent). More
precisely, part A consisted of a siloxane copolymer, phenylated resin, fumed silica, a thixotropic
additive and a Pt catalyst solution. Part B consisted of the same components of Part A but adding
a siloxane crosslinker instead of the catalyst solution (see methods for exact formulation). This
ink was used in a direct ink write system by combining both parts in a 1:1 ratio, and inline
mixing was performed just before extruding, as depicted in Figure 2a. It is worth noting that
silica fillers and a thixotropic agent were incorporated to both parts to impart thixotropy. 2!
Those fillers and agent were added in the same amounts to both parts to ensure that part A and
part B had comparable storage modulus, G’, which is a desired condition to facilitate good
mixing between parts.*3 Rheological tests of each part showed that part A has a G’ on the linear
viscoelastic region of 4.1 x 10° Pa and a oy of 2.11 kPa, and part B has a G’ of 3.1 x 10° Pa and
a oy of 1.55 kPa (Figure 2b); thus, part A and part B are mixable.

This FC formulation resulted in a gel time of 20 minutes. Gel time was determined by testing
the evolution of G’ and the loss modulus, G"”, of the mixed parts A and B over time (Figure 2c),
and identifying the crossover point between both moduli.®®4% This test was performed using
part A and part B without the thixotropic additive and silica fillers. The gel time depends on the
amount of catalyst, hence, higher quantities of catalyst would lead to lower gel time (Figure
S2). Throughout our study, we also used a one-part baseline ink that contained catalyst,
crosslinker, and inhibitor to extend the pot life (3 days pot life at room temperature). The
formulation of the baseline ink is presented in the methods section. Rheological test indicated
that this baseline ink presents a G’ on the linear viscoelastic region of 4.8 x 10° Pa and a oy of
2.33kPa. Finally, we tested the hardness of both FC and Baseline ink using a shore A durometer
gauge. FC material resulted in a Shore A durometer of 71.9 while the baseline material had a
durometer of 62.75. The compression set for the FC ink was 4.42% and the baseline was 7.31%.
Both resins fell on a similar regime in durometer when analyzed under compression.
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Figure 2 a) Schematics of the inline mixer system used to print the FC ink. b) Modulus vs oscillatory stress of Fast Cure part
A without the catalyst (triangular symbols), Fast Cure part B (square symbols), and Baseline ink (circular symbols). ¢) Loss
and Storage modulus over time of mixed part A and part B, at room T (25°C).

To understand how sag is influenced by the curing properties of the resin, we considered two
types of woodpile structures, simple cubic (SC) and face-centered tetragonal (FCT). SC
woodpiles are formed by stacking layers, each layer is comprised of parallel strands (separated
by a distance called pitch); the strands are oriented in orthogonal directions, and the direction
alternates each layer. FCT woodpiles are similar to SC woodpiles, however, in every other layer
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the strands are shifted by half a pitch. We numerically computed the maximum deformation
due to gravitational forces of both structures. The results of the analysis were fitted into the
following expression: § = CpgH?/E where § is the maximum vertical displacement, p is the
density of the material, g is gravity, H is the height, E is the Young’s modulus of the resin, and
C is a constant that depends on the geometry of the woodpile. This constant C equals 1.64 for
SC woodpiles, with the geometric parameters described in Figure 3; and C equals 5.19 for FCT
woodpiles, with the geometric parameters described in Figure 3. Hence, deformation due to
self-weight is more than 3 times higher for FCT than for SC woodpiles. This difference in
compliance is due to the different load path of SC and FCT woodpiles. In SC woodpiles, the
load is transmitted through the columns formed at each interlayer strand intersection, leading
to negligible bending deformation of the strands. In FCT woodpiles, the load path diverges at
each intersection due to the staggered strand deposition, leading to a noticeable bending
deformation of the strands. Due its higher compliance, we expected more pronounced
deformation due to sagging, and therefore selected the FCT arrangement to conduct the shape
retention analysis. This numerical analysis characterizes deformation due to self-weight, and it
does not consider the time-dependent rheology of the ink nor the effects of shrinkage during
the curing (structures are thermally cured after printing).

a)

FCT

SC

2 25
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Figure 3 a) Schematics of the face-centered tetrahedral woodpile (FCT) b) Schematics of the simple cubic woodpile (SC) c)
Numerical analysis of self-weight deformation of both topologies, FCT (red diamonds) and SC (blue circles). Maximum
displacement & vs gpL?/E. Black line indicates linear fitting. Inserts of contour plots of deformed structures.

FCT woodpiles printed with FC ink showed superior shape retention and decreased sagging, in
comparison with structures printed with the baseline ink. FCT woodpiles, of 20 mm width and
10 mm height, were printed with baseline ink and with FC ink. After printing, structures were
thermally cured to achieve full cross-linkage. Structures were characterized once they were
fully crosslinked. Figure 4 contains image cross-sections and thickness measurements to
highlight the comparison between structures manufactured with the baseline ink and FC ink.
FC woodpiles exhibited completely vertical lateral walls, in contrast with the regular ink
woodpile whose lateral walls were deformed towards the center of the structure. Moreover, FC
woodpiles presented a less pronounced U-shaped deformation within the top layers. The
difference in shape retention is also captured in the magnified image of the bottom layers
(Figure 4c), where the strands in the baseline ink structure are packed together more, in
comparison with the bottom layers of the FC structure.
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Shape retention of the FC woodpiles depends on the ratio of print time per layer divided by the
gel time, and the overall print time divided by the gel time. FCT woodpiles with different print
times per layer were manufactured (representation of the toolpaths at Figure S5), and their
shape retention was characterized by measuring their maximum height and their height at the
center (minimum height) (Figure 4). Print time per layer is expressed in Figure 4d using the
non-dimensional parameter tau = time to print 1 mm height / gel time. Results showed that
structures printed with a tau = 0.625 had the best shape retention, and the lowest sagging
(difference between maximum height and center height). The sagging of this structure was
0.42 mm, 2.05 times lower than the baseline ink. This structure resulted in a maximum height
that differed from the nominal height by only 0.32%. Regardless of time per layer, all structures
had 1.2 to 2.05 times less sagging than regular ink, and a maximum height between 0.32% to
1.2% smaller than the nominal height. This error was 3 to 9 times smaller than the error obtained
with baseline ink, which was 2.86%. The overall trend demonstrates that the superior shape
retention and reduced sagging is thanks to the increase of rigidity of printed strands due to
gelling, as these two properties improve as tau increases, or as the time to print each layer
increases. We also characterized the shape retention of structures, with the same print time,
manufactured with Fast Cure inks with different gel times, and confirmed that the trend is
matched (Figure S7). The fastest gel time that could be used depends on the dimensions of the
nozzle and the print speed. The gel time should be formulated so it is longer than the resident
time in the nozzle (volume nozzle / volumetric extrusion rate). The nozzle will clog if the ink
cures too fast and it gels, reaching a high viscosity before exiting the nozzle.

Baseline Fast Cure d) 10

Height (mm)
o

Baseline Ink
Maximum Height

Center Height

0.125 0.25 0.375 0.5 0.625
7=Time to Print 1 mm Height / Gel Time

Figure 4 a) Left: picture of a post-cured 20x20x10 mm FCT woodpile printed with baseline ink (three days pot life). Right:
picture of a post-cured 20x20x10 mm FCT woodpile printed with Fast Cure ink (tau=0.625). b) Left: cross sectional image
of post-cured FCT woodpile printed with baseline ink. Right: cross sectional image of post-cured FCT woodpile printed with
Quick Cure ink. Scale bars are 2 mm c) Left: zoomed in image of cross-sectional image of post-cured FCT woodpile printed
with baseline ink. Right: zoomed in image of cross-sectional image of post-cured FCT woodpile printed with FC ink. Scale
bars are 0.5 mm d) Results of shape retention analysis. Maximum height (blue diamonds) and height at the center (red circles)
of the FC printed woodpiles vs time curing constant. Maximum height (blue dash line) and height at the center (red dash line)
of the baseline printed woodpiles. Heights are measured from post-cured woodpiles.

Discrepancy between the deformed shape of the numerical model and the cross-sectional image
of the woodpiles reflects the contribution of thermal shrinkage and rheological effects. In the
model (Figure 3 and Figure S4), the lateral walls presented bulging, while in the experiments,
such bulge was not observed, and the lateral walls tended to tilt inwards (Figure 4b).
Consequently, sagging and deformation of woodpiles was not only due to the self-weight
deformation, but also due to shrinkage during thermal curing. Baseline ink printed structures
are more susceptible to deformation during thermal curing, since the baseline ink is less self-

5



WILEY-VCH

supportive, and it does not start cross-linking until the kickoff temperature (95°C). Before
reaching this temperature, the ink displays a decrease in viscosity and moduli, which
accentuates the sagging (Figure S3). However, the effect of shrinkage during thermal curing is
less pronounced in the FC printed woodpiles, as the ink is already gelling at room temperature
and experiences a smaller viscosity drop during the thermal curing process compared with the
baseline ink. It should be noted that since FC ink is already gelling at room temperature, the
thermal post-curing step for FC printed structures could be omitted; nonetheless, in this study,
we kept the same post-curing step for both FC and Baseline ink to ensure an equal comparison.

Baseline Fast Cure b) Baseline Fast Cure

—
—

E= .

Figure 5 a) tall and slender SC woodpile printed with baseline ink (which collapsed while thermal curing) and FC ink
(tau=1/24). b) Overhang structure printed with baseline ink (which collapsed while thermal curing) and FC ink (tau=1/8). c)
Cubic octet structure, unit cell size L=14 mm and porosity 85%, printed with FC ink (tau=1/8). d) Gyroid lattice, porosity
90%, printed with FC ink (tau=1/8). Images of all structures were taken after post-curing.

While showing great shape retention, the FC ink also allowed us to manufacture complicated
and previously unachievable structures (Figure 5). We were able to print a tall and slender
woodpile, that collapsed when using baseline ink. Thanks to the gelling process, we also
successfully printed structures with overhanging features of 35° angle, with respect to the
printing plane. We were able to print taller structures, up to 45 mm (using a tau = 1/24, Figure
S9), and more acute overhangs, reaching 30° (tau = 1/8, Figure S8). We expect that the limits
of height and overhanging features are dependent on the curing constant, and these
dependencies and limits could be studied in future work. Finally, we manufactured plate and
shell-based lattices with porosities of 85-90%. These lattices are comprised by tall,
overhanging, and thin intricate walls (250 um thick) whose shape is very hard, if not impossible,
to retain without FC ink (Figure S10). Both topologies, gyroid and cubic octet, have been
shown to exhibit excellent mechanical properties. Gyroids are comprised by uniformly curved
surfaces, with mean curvature close to zero throughout the topology, this promotes a uniform
strain distribution under loading conditions.*'4?l Cubic octet are plate-lattices formed by a
cubic-plate unit cell embedded in an octet-plate unit cell. Cubic Octets have exceptional
mechanical properties. It has been demonstrated, theoretically and experimentally, that Cubic
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Octets reach the theoretical strength and stiffness limits of any isotropic cellular topology (the
Hashin-Shtrikman and the Suquet upper bounds).[*3#4 Moreover, Cubic Octets are closed cell
structures, thus, they are unfeasible to print using a suspension or a supporting bath, since the
liquid comprising the bath would get trapped inside the cells.

3. Conclusion

We have presented a DIW silicone two-part Fast Cure ink, that allows for extruded material to
gel as it is being printed, without clogging the nozzle or limiting the print time. Thanks to this
gelling process, strands increase their self-supporting capabilities. We have demonstrated this
increase by printing woodpiles with superior shape retention and reduced sagging, in
comparison to woodpiles printed with a baseline ink (which did not undergo gelling during
printing). Printing with FC inks resulted in woodpiles with 2.05 times less sagging in
comparison with baseline ink. Moreover, FC printed woodpiles had maximum heights that were
only 0.32% smaller than the nominal dimension, an error that was 9 times bigger in baseline
ink printed woodpiles.

Using FC ink allowed us to print previously unattainable parts, such as tall and slender
structures, acute unsupported overhangs, and porous and intricate shell or plate-based lattices.
We were able to print these parts without employing an extra curing mechanism or suspension
bath.

4. Experimental Section/Methods

Fast Cure ink formulation: Part A was formed by 54.343 wt% of vinyl terminated
dimethylsiloxane copolymer (PDV 0535 from Gelest); 25.360 wt% of fumed silica (Aerosil R
8200 by Evonik Corporation USA); 19.564 wt% of Phenylated MT Resin, vinyl functional
(PLY-7716 from Nusil); 0.725 wt% of Elkem Bluesil Thixo Add 22646; and 0.008 wt% of a
catalyst ~ solution. This solution was obtained by dissolving platinum-
divinyltetramethyldisiloxane complex (Product SIP6830.3 from Gelest, also known as Karstedt
catalyst) in poly(dimethyl)-co-(diphenyl)siloxane, vinyl terminated (PLY2-7560 from Nusil),
at a weight ratio 1:10.5. Part B was formed by 53.61 wt% of vinyl terminated dimethylsiloxane
copolymer (PDV 0535 from Gelest); 24.82 wt% of fumed silica (Aerosil R 8200 by Evonik
Corporation USA); 5.96 wt% of Phenylated MT Resin, vinyl functional(PLY-7716 from
Nusil); 0.7 wt% of Elkem Bluesil Thixo Add 22646; and 14.91 wt% of poly(hydromethyl)-co-
(dimethylsiloxane), dimethylhydrosilane terminated (HMS-H271 from Gelest).

Baseline ink formulation: This ink was formed by combining on a 10:1.5 weight ratio of Part
1:Part 2. Part 1 and part 2 were commercially obtained from Nusil, with product numbers PLY -
7980 and PLY60-7980 respectively. Part 1 was formed by 66.99 wt% of poly(dimethyl)-co-
(diphenyl)siloxane, vinyl terminated (PLY3-7560 by Nusil); 32.16 wt% Aerosil R 8200; 0.27
wt% of Elkem Bluesil Thixo Add 22646; and 0.58 wt% of a catalyst solution, comprised of 9
parts (by mass) of Nusil PLY2-7560 and 1 part of Karstedt catalyst. Part 2 was formed by 64
wt % of Nusil PLY-7716; 32 wt% of poly(hydromethyl)-co-(dimethylsiloxane),
dimethylhydrosilane terminated (XL-154 by Nusil); and 4 wt% or an inhibitor blend, consisting
of 9 parts (by mass) of Nusil PLY2-7560 with 1 part 1-ethynyl-1-cyclohexanol.

Rheological characterization: Rheological tests were performed to characterize formulations
for Yield Stress (oy), Storage Modulus (G’), Loss Modulus (G”), complex viscosity (n*)
(Figure S1), gel point and cure profile. A DHR-30 (Discovery Hybrid Rheometer 30) from TA
instrument was used for these tests. A disposable flat plate geometry 25mm in diameter was
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used for all tests. To determine oy, G’, G”, and n*on the linear viscoelastic region of our
materials, an oscillatory stress sweep was performed at 25°C, and test frequency of 10Hz on a
stress range from 10-4000 Pa. For the FC formulation, the catalyst was removed from the
formulation when mixing both parts, to observe oy behavior independent of crosslinking effects.
oy was determined at the crossover point between the storage modulus, G’ and loss modulus,
G”. Gel point of FC ink was determined by rheologically testing part A and Part B mixed
without the thixotropic additives and silica fillers. The test was performed by running a constant
oscillatory test at 100 Pa, 25°C, and an angular frequency of 30 rad/s.

Sample manufacturing: A three-axis micropositioning stage (Aerotech) was used to
manufacture the samples (Figure S6). A constant displacement drive was applied to the ink-
loaded syringes to deliver the ink through a nozzle diameter of 250 um (TecDia). The
displacement rate was calculated such that the linear feed rate was 20 mm/s (except the
overhanging structure in Figure 1c and Figure 5b that was printed at a feed rate 10 mm/s). The
structures were printed on an aluminum plate. After printing, samples were cured at an oven at
150 C for 17 h. Part A and part B of FC ink were mixed at an angular speed of 600 deg/s. The
toolpaths of all structures were generated using an in-house slicing tool.

Sample characterization: Microscope images taken with Keyence VHX-7000. Height of
samples were measured with an indicator Check Line MTG-DX, that has a precision of 2 um.

Numerical model: The sagging analysis was conducted using Ansys mechanical workbench. 12
design points (expressed in Table S1 and Table S2), for each FCT and SC, with different width
and height were analyzed. Linear static structural analysis was done using quadratic elements
mesh sized d/5, where d is the strand diameter (0.25 mm), and using a linear elastic material,
with density 1160 kg/m? and Young’s modulus of 1 MPa.

Mechanical characterization: The compression set performed followed ASTM D395, designed
to test rubber materials, using test method B where a compression set was determined for the
samples under constant deflection in air. A total of four type 1 specimens were tested per
formulation and their average result is presented. Their durometer was also measured by using
a shore A durometer gauge where 5 values of durometer per specimen were recorded, then
averaged per sample and subsequently, per material.
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Fast Cure silicone in direct ink write additive manufacturing enables the obtention of previously
unattainable structures, such as tall or overhanging structures, or structures comprised by thin
walls. Thanks to the quick gelling process, extruded strands rigidize, enabling the attainment of
such structures, without requiring an extra curing mechanism or a suspension bath.

A. Guell Izard*, L. X. Pérez Pérez, T. H. Weisgraber, I. M. Van Meerbeek, A. M. Golobic, E.
B. Duoss, J. H. Lenhardt

Novel Fast Cure Silicone Inks for Single-Step, Support-Free 3D Printing of Tall,
Overhanging, and High Aspect Ratio Structures

Baseline Fast Cure

g
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Supporting Information

Novel Fast Cure Silicone Inks for Single-Step, Support-Free 3D Printing of Tall,
Overhanging, and High Aspect Ratio Structures

Anna Guell Izard*, Lemuel X. Pérez Pérez, Todd H. Weisgraber, llse M. Van Meerbeek,
Alexandra M. Golobic, Eric B. Duoss, Jeremy H. Lenhardt
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Figure S1 Complex viscosity as a function of oscillatory stress for Fast Cure and baseline inks.
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Figure S2 Amount of catalyst in part A vs gel time of FC ink. Faster gel times require higher amounts of catalyst. Slower gel
times require lower amounts of catalyst.

The cure profile measurement (Figure S3) was conducted the following way. To mimic the
process of cure of our DIW structures after printed, a multiple step test was performed on the
rheometer where the sample to be analyzed was left at rest for 30 minutes at 25°C and then
exposed to an oscillatory temperature ramp step from 25-150°C at a heating ramp rate of
2°C/min, stress of 40 Pa and frequency of 10Hz. During the initial soak time, the FC
formulation goes through its gelation which improves the shape retention of the printed
structures with this material as the viscosity drop during the temperature ramp isn’t as drastic
compared to our baseline resin as observed in Figure S3 below.
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Figure S3 Evolution of the Storage Modulus of baseline ink (blue) and FC ink (black) over temperature. Both inks were

exposed to a soak time of 30 minutes at room temperature prior to collecting data for this temperature ramp.
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Figure S4 Cross sectional contour of the z deformation of a 20x20x10 mm FCT woodpile under gravitational load.
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Figure S5 Toolpaths of the first two layers of different FCT prints: a) single woodpile (30 seconds print time per layer) b) two
woodpiles printed in parallel (60 seconds print time per layer) c) three woodpiles printed in parallel (90 seconds print time
per layer) d) four woodpiles printed in parallel (120 seconds print time per layer) e) five woodpiles printed in parallel (150

seconds print time per layer).
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Figure S6 Picture of the direct ink write system while printing with the Fast Cure ink, and schematics of the mixing system
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The Design points used in the numerical analysis (Figure 3 in main manuscript), are the
following:

Simple cubic woodpile:

w H deformation (mm)
(mm) | (mm)

4.25 2.45 -1.1E-08
4.25 4.85 -4.5E-08
5.75 3.65 -2.6E-08
6.5 5.65 -6.22E-08
7.25 4.45 -3.85E-08
5 4.45 -3.82E-08
5 2.85 -1.55E-08
5 3.25 -2.03E-08
3.5 4.45 -3.72E-08
3.5 5.65 -5.98E-08
2.75 4.45 -3.63E-08
2.75 5.65 -5.84E-08

Table S1 Design points of the numerical analysis for the SC topology, W is the width of the woodpile, H is the height.

Face-centered tetragonal woodpile:
W (mm) | H(mm) | deformation (mm)

4.375 2.45 -3.2255E-08
4.375 4.85 -1.1044€E-07
5.875 3.65 -7.4638E-08
6.625 5.65 -1.7466E-07
7.375 4.45 -1.1578E-07
5.125 4.45 -1.0172€E-07
5.125 2.85 -4.5096E-08
5.125 3.25 -5.7436E-08
3.625 4.45 -8.5438E-08
3.625 5.65 -1.329E-07
2.875 4.45 -7.4121E-08
2.875 5.65 -1.1615E-07

Table S2 Design points of the numerical analysis for the FCT topology, W is the width of the woodpile, H is the height.

We also analyzed the shape retention of woodpiles structures using inks with different gel
times, maintaining the time to print a height of 1 mm constant at 5 min. Those gel times were
40 min, 30 min, 20 min, and 15 min. The structure is the same as the experiment depicted in
Figure 4 of the main manuscript, a FCT woodpile 20x20x10 mm. Results confirmed that
increasing curing constant tau, results in woodpiles with better shape retention (Figure S7a).
We added the results of Figure 4 of the main manuscript (Figure 4b), where the gel time was
constant at 20 min and the time to print a height of 1 mm varied from 2.5 min to 12.5 min. We
confirmed that both experiments (varying the gel time or the print time) follow the same
trend.
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Figure S7 a) Results of shape retention analysis, varying gel time and constant print time. Maximum height (blue stars) and
height at the center (red triangles) of the FC printed woodpiles vs time curing constant. Maximum height (blue dash line) and
height at the center (red dash line) of the baseline printed woodpiles. Heights are measured from post-cured woodpiles. b)
Results of shape retention analysis of both experiments: varying gel time (constant print time), results represented in red
triangles (height at center) and blue stars (maximum height); and varying print time (constant gel time), results represented
in red circles (height at center) and blue diamonds (maximum height). Heights are measured from post-cured woodpiles.

Using the fast cure ink, we explored the limitations of the overhanging features. We printed
different structures with nominal overhangs of 35 degrees, 30 degrees, and 25 degrees, using a
curing constant tau = 1/8 (Figure S8). We optically measured the overhanging angles of the
final parts and observed that the overhanging angles smaller than 30 degrees are not self-
supporting, as the measured angle are smaller than the nominal angle.

Nominal Overhang: 30deg . Nominal Overhang: 25deg

Figure S8 Overhanging structures manufactured with Fast cure (tau = 1/8). a) Structure with nominal overhang of 35
degrees. b) Structure with nominal overhang of 30 degrees. c) Structure with nominal overhang of 35 degrees.

We printed slender structures with different heights, 30 mm, 45 mm, and 50 mm (Figure S9).
We observed that using fast cure ink, with a curing constant of tau=1/24, the maximum height
we could achieve was 45 mm, and an aspect ratio of 4.5. It is worth mentioning that the
maximum height could be higher by changing the curing constant, but it is not the scope of
this work. It is also worth mentioning that the maximum height that can be achieved is a
function of the width of the structure (or moment of inertia of the section), and the porosity
and topology of the woodpile. In this case, the width is 10 mm, and it is a simple cubic
woodpile with porosity of 71%.
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Figure S9 Tall and slender woodpiles structures manufactured with Fast cure (tau = 1/24). a) Structure with nominal height
of 30mm. b) Structure with nominal height of 45mm. c) Collapsed structure with nominal height of 50mm.

We compared the lattices, cubic octet (85% porosity) and gyroid (90% porosity) printed with
both baseline and fast cure ink (Figure S10). Structures printed with baseline ink resulted in a
highly distorted topology.

Baseline Fast Cure Baseline

Fast Cure Baseline Fast Cure Baseline

Figure S10 Comparison of lattices printed with Fast Cure (tau=1/8) and Baseline ink. a) Front picture of a cubic octet of
85% porosity, unit cell size of 14 mm, printed with Fast Cure and Baseline ink. b) Perspective picture of a cubic octet printed
with Fast Cure and Baseline ink. c) Front picture of a Gyroid of 90% porosity, overall dimensions of 30x30x15 mm, printed
with Fast Cure and Baseline ink. b) Perspective picture of a Gyroid printed with Fast Cure and Baseline ink.
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