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3D PRINTING

A silicone-based support material eliminates interfacial
instabilities in 3D silicone printing
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Among the diverse areas of 3D printing, high-quality silicone printing is one of the least available

and most restrictive. However, silicone-based components are integral to numerous advanced
technologies and everyday consumer products. We developed a silicone 3D printing technique that
produces precise, accurate, strong, and functional structures made from several commercially available
silicone formulations. To achieve this level of performance, we developed a support material made from a
silicone oil emulsion. This material exhibits negligible interfacial tension against silicone-based inks, eliminating
the disruptive forces that often drive printed silicone features to deform and break apart. The versatility
of this approach enables the use of established silicone formulations in fabricating complex structures

and features as small as 8 micrometers in diameter.

ilicone elastomer’s resistance to heat,

chemical agents, weathering, ozone,

moisture, and ultraviolet (UV) irradia-

tion makes it critical for manufacturing

countless products, including electronic
devices, automobiles, aircraft, and medical de-
vices (7). Silicone elastomers have been used in
medical devices for many years (2), and their
applications include embedded sensors (3),
flexible electronics (4), soft robotics (5), and
additive manufacturing (6). Silicone structures
can be fabricated by using conventional tech-
niques such as molding, or advanced techniques
such as soft lithography and 3D printing (7-9).
However, 3D printing with silicone generally
results in low-quality products because of chal-
lenges created by the interfacial behaviors of
silicone pre-elastomer in its liquid state. These
challenges can be partially addressed by using
an embedding support material that flows
around the translating printing nozzles while
trapping deposited inks in space, providing
stability to printed structures (10-14). How-
ever, even under such stabilizing conditions,
the interfacial tension between printed inks
and their support media drives the deforma-
tion and breakup of printed structures before
they solidify (Fig. 1, A and B) (9, 15). Modifying
silicone inks with additives can stabilize 3D
printed structures (16, 17), yet a versatile ap-
proach to additive manufacturing with un-
modified silicone inks remains elusive. One
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route to achieving high-quality 3D silicone
printing without ink modification is to elim-
inate the disruptive role of interfacial tension
by using support materials that are chemically
similar to the printed inks they stabilize (Fig.
1C). Thus, there is a critical need to develop
support materials that are chemically similar
to poly(dimethylsiloxane) (PDMS) inks.

We describe a method for 3D printing pre-
cise, intricately detailed structures made from
PDMS that makes use of a support material ex-
hibiting negligible interfacial tension when in
contact with silicone inks. We call this method
additive manufacturing at ultralow interfacial
tension (AMULIT). The AMULIT support mate-
rial is a packed inverse emulsion composed of
aqueous droplets in a continuum of silicone
oil. The ultralow interfacial tension between
the AMULIT support material and PDMS inks
enabled us to print features with diameters as
small as 8 um. We achieved high-performance
printing by tuning the elasticity and flow
properties of this support material, which
allowed us to fabricate complicated shapes
such as brain aneurysm models and func-
tional trileaflet heart valves. We demonstrated
that the AMULIT technique does not require
specialized inks by using several different com-
mercially available PDMS formulations to print
various structures. With mechanical testing,
we found that 3D printed structures produced
by using AMULIT were more extensible than
their molded counterparts and equally robust.
We also found that these structures have a
smooth surface finish at the macroscale and
microscale roughness, which is facilitated by
the low interfacial tension between PDMS inks
and the AMULIT support medium. Our results
show that the AMULIT 3D printing technique
could be used to fabricate intricate silicone
structures for biomaterial design and surgical
simulators, and they introduce the possibility
of expanding the method for printing with
other materials.
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Results

Formulation and testing of AMULIT
support material

To formulate an AMULIT support medium
for 3D printing with PDMS inks, we prepared
inverse emulsions in which silicone oil was the
continuous phase and varied the aqueous drop-
let packing fraction, ¢, and the average drop-
let radius, a, between samples; ¢ and a can be
tuned independently to determine an emul-
sion’s rheological properties and its corre-
sponding performance as a printing support
medium (I8). We expected a to strongly influ-
ence the printed feature roughness because
the material interfaces will not spontaneously
flatten under conditions of ultralow interfacial
tension. Thus, we formulated small emulsion
droplets and chose ¢ on the basis of the emul-
sions’ rheological properties (fig. S1). The elastic
shear modulus, G', and yield stress, oy, of each
formulation, were measured with rheological
tests (materials and methods and fig. S2). For
AMULIT printing, we chose an emulsion having
oy = 9 Paand G’ = 320 Pa; the emulsion with
these properties is weak enough to flow around
atranslating printing needle yet strong enough
to support complex 3D printed structures
(9, 10). For this formulation, we estimated the
Reynolds number near the translating nozzle
during a typical print to be 10~° to 1072, which
indicates that irregular flow patterns should
be suppressed (supplementary text). For all
formulations, we found that emulsions made
from pure water droplets in silicone oil were
extremely cloudy and inhibited visualizing the
printing process. To make optically clear emul-
sions, we matched the refractive indices of the
two phases by adding glycerol to the droplets,
which allowed the 3D printing process to be
imaged at the macroscale with photography
and at the microscale with confocal fluores-
cence microscopy (CFM) (Fig. 1, D to G, and
fig S3).

To test the role of interfacial tension in em-
bedded 3D printing, we compared the perform-
ance of the AMULIT support medium with
an all-aqueous support medium made from
packed hydrogel microparticles swollen in
water. In both cases, we 3D printed features
made from a fluorescent PDMS liquid and
imaged the ink-support interfaces using CFM
(materials and methods). We formulated the
packed microgels to have o, = 10 Pa and G' =
550 Pa, values comparable to those of the
AMULIT material. Examining the 3D fluores-
cence images, we found that printed silicone
features broke up and formed spherical drop-
lets within the aqueous support. When a liquid
ink is printed into a packed granular support
medium, the smallest stable feature has a
diameter given by din = 2y/cy, Where vy is
the interfacial tension between the ink and
the support medium (75). For the aqueous
medium, y = 25 mN/m, SO dp,jy Was =5 mm,
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Fig. 1. Interfacial tension drives feature breakup in embedded 3D printing.
(A) High interfacial tension between aqueous support materials and silicone inks
destabilizes 3D printed features, driving them to break into spherical droplets.
(B) Intermediate interfacial tension between organic support materials and
silicone inks provides some stability but limits minimum stable feature size.
(C) Ultralow interfacial tension between silicone oil-based support materials and
silicone inks eliminates interfacial instabilities, removing the limits on minimum
stable feature size. (D) CFM image showing silicone-based inks (green) that

50 times the 100-um diameter of the printed
feature (Fig. 1, D and E). Thus, the breakup of
the feature into droplets was expected. By con-
trast, the 100-um diameter silicone feature
printed into the AMULIT support material re-
mained intact, indicating that y < 0.5 mN/m.
To better estimate y between a PDMS ink and
the AMULIT support medium, we performed
a series of test prints in which d,;, was mea-
sured for multiple values of oy, finding that
vy = 0.08 mN/m (fig. S4). We also observed
that the characteristic roughness length scale
at the feature surface was about one order
of magnitude smaller than the feature di-
ameter, from which we would estimate y =
0.05 mN/m. These results indicate that the
AMULIT approach can potentially achieve
features 300 to 500 times smaller than those
achievable when printing PDMS into an aque-
ous support medium having the same material
properties.

Complex device fabrication using the
AMULIT technique

The improvement in complexity, quality, and
functionality of PDMS vessel models traced
in the published literature parallels a decrease
in interfacial tension of silicone inks against
their embedding materials. For example, hy-
drocarbon support materials (9) improved on
aqueous support materials (19). As a first test of
the AMULIT method’s capabilities, we printed
a model brain aneurysm; models with accu-
rate vasculature are needed for improved
patient simulators to train neurosurgeons in
cerebrovascular procedures. Current simulated
tissues provide unrealistic tactile feedback,
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lack small-diameter intracranial angioarchi-
tecture, and often exclude the aortic arch and
extracranial vascular anatomy that determine
which catheters and instruments are used in
each procedure (20, 2I).

To create a model, we collected a 3D an-
giogram of a patient’s brain aneurysm using
x-ray computed tomography (XRCT). The 3D
scan was segmented and processed to create
a series of 3D printing trajectories (Fig. 2A
and materials and methods). We used Gelest
ExSil 100 silicone pre-elastomer, which can be
formulated to have material properties that
mimic a wide range of tissues. A snapshot
from a video of the printing process demon-
strates how the translating needle flows easily
through the jammed emulsion, which traps
the deposited silicone in place (Fig. 2B and
movie S1). The printed structure was cured
at 60°C for 24 hours and then imaged with
XRCT (Fig. 2C). Horizontal and vertical slices
through the 3D scan revealed that the highly
branched, complex printed network of vessels
is hollow, with an average wall thickness of
=400 um (Fig. 2D and movie S2). The CT
scan of the printed structure was used to
create a 3D model for quantitative comparison
with the original angiogram. The registration
between the patient-derived model and the
printed model is excellent; 68% of the printed-
surface locations lie within 500 um of their
programmed locations, and 95% lie within
1 mm (Fig. 2, E and F).

Our ability to accurately model brain vascu-
lature raises the question of whether such fine
structures can be manufactured to be both
highly compliant and physically robust. The
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break into droplets when printed into support materials made from aqueous
microgels (red). (E) A droplet digitally isolated from the support and examined
from different angles. The droplet appears nearly spherical and exhibits a smooth
surface. (F) By contrast, the silicone-based ink (green) remains continuous

and retains its shape indefinitely after printing into a silicone-based support material
(red). (G) When viewed from different angles, the printed features exhibit roughness
with a characteristic length scale of the microparticles composing the support
material, facilitated by ultralow interfacial tension.

artificial aortic heart valve belongs to a class
of devices with such requirements. Native
aortic heart valves are subject to dynamic
mechanical loads during the cardiac cycle (22).
Prosthetic replacement is widely used to treat
aortic valve failure, yet the predominantly
used mechanical valves and allogeneic- or
xenogeneic-tissue valve replacements often
result in mechanical failure, hemolysis, blood
coagulation, or structural degradation due to
calcification. A potential alternative is an arti-
ficial silicone valve prosthesis; silicone is es-
tablished in vascular applications because of
its hemocompatibility and durability (22-27).
The AMULIT 3D printing method can be used
to replicate the intricate semilunar shape of
the thin aortic leaflets in manufactured sili-
cone valves. We designed a model heart valve
based on physiologically representative dimen-
sions of the different valve components (Fig. 2,
G and H, and fig. S5) (28). We used a UV-
curable silicone formulation, Silopren UV
Electro-225-1 (Momentive), as the ink and
printed it into the AMULIT material (Fig. 2I).
To create highly flexible leaflets, we printed
the structure by translating the needle tip at
a speed of 2 mm/s and depositing material at a
rate of 125 puL/hour, producing features =150 pm
in diameter. Correspondingly, we chose a layer
spacing of 100 um for good layer adhesion.
The printed model was then UV cured, re-
moved from the AMULIT material, washed
with detergent, and rinsed in deionized water
(materials and methods). The cured part had a
final wall thickness of %250 um. Despite having
very thin, flexible walls, the model valves were
physically robust enough to connect to pipe
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Fig. 2. AMULIT printing of brain aneurysm and aortic heart valve models.
(A) Brain aneurysm models for surgical simulations comprise complex, intercon-
nected, hollow tubes with intricate details. (B) Photograph of the aneurysm model
being printed into the AMULIT material. (C) CT imaging of the 3D printed model
within the printing container shows the complexity of the printed aneurysm.

(D) Slices through the CT scan show that the printed structure exhibits the hollow
channels of the patients’ neurovasculature. (E and F) The printed structure overlays
well with the patient’s neurovasculature, and quantitative error analysis demon-

X-Z slice

X-Y slice
L)

valve closed

valve opened

diastolic flow systolic flow

strates agreement between the two (+1 mm error range corresponds to 95% of all
points). (G and H) A model tricuspid aortic heart valve designed by using the
geometric measurements of the native heart valve. (I) A silicone heart valve model
printed in a single seamless trajectory with a wall thickness of 250 um within

the AMULIT support medium and cured under a UV lamp. (J and K) Once cured
and washed, the valve model is robust enough to be coupled with a water supply,
simulating transvalvular flow of the cardiac cycle. The thin leaflets of the valve are
observed to open and close during the systolic and diastolic flow of the simulation.
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Fig. 3. Control of AMULIT printed feature size. (A) (Left) Intensity-inverted images. These images are
averaged along the x axis, yielding an intensity profile across each feature. (Right) A Gaussian function is
fit to the intensity profile to determine the diameter of the printed line. We measured printed feature
diameter with brightfield microscopy, varying the translation speed, v, of the printing nozzle and the ink
deposition rate, Q. (B) Feature diameter of the printed silicone is controllable and can be predicted from a

fluid continuity equation with no fitting parameters.

fittings and simulate transvalvular blood flow
through cyclic pumping of water (movie S3).
During the negative flow of the pulse rep-
resenting the diastolic cycle, the valves re-
mained closed with very little deflection on
the thin leaflets (Fig. 2J), and during the posi-
tive pulse corresponding to the systolic cycle,
the leaflets deflected, opening the valve and
letting the water flow (Fig. 2K).

Duraivel et al., Science 379, 1248-1252 (2023)

AMULIT performance: Feature size and

print quality

The wall thicknesses of the brain vasculature
and heart valve models were set by using a
combination of feature diameter and layer
spacing. The feature diameter, d, for different
prints, can be chosen by selecting a combi-
nation of nozzle translation speed, v, and ma-
terial deposition rate, Q. To systematically
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explore how well d can be predicted with the
AMULIT technique, we printed a series of
linear features using the Smooth-On Mold
Max 10 PDMS formulation at different com-
binations of v and @ and then measured d
(Fig. 3A and materials and methods).We pre-
dicted the relationship between d, Q, and v,
given by n (d/2)* = Q/v, according to basic
fluid continuity. Performing many experi-
ments at different combinations of @ and v,
we found that this prediction matched the
measured feature diameter very well with no
adjustable parameters (Fig. 3B). These printed
features were stable over time; the change in
measured feature size over the course of
120 min postprinting was found to be neg-
ligible (fig. S6). We were able to fabricate
stable silicone features as small as 8 um in di-
ameter using the AMULIT printing technique;
the smallest stable feature diameter we have
seen previously demonstrated with unmodified
silicone was 40 pm, although smaller unstable
features were also reported (9). A feature di-
ameter of 10 um was previously achieved by
modifying silicone ink with emulsion droplets
(16, 29). To print these very fine features, we
formulated an AMULIT support material with
an increased yield stress using droplets 1 um
in diameter (fig. S1); the high-magnification
images in Fig. 1F indicate that larger droplets
would impose interfacial roughness compara-
ble to these small feature diameters.

We have shown that highly controlled 3D
printing with PDMS is possible with the AMULIT
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Fig. 4. Material and surface properties of the AMULIT printed silicone
structures. (A and B) Silicone tensile specimens are subject to unidirectional tensile
stress and are stretched to failure. (C) Tensile stress-strain curves of the specimens
printed with their features oriented parallel and perpendicular to the tensile force

technique, and the functionality of the heart
valve model suggests that such structures may
be sufficiently compliant and durable for use in
applications. To test the mechanical perform-
ance of printed silicone structures, we fabri-
cated tensile specimens using PlatSil-71 RTV
(room-temperature vulcanizing) (Polytek) sili-
cone formulation following ASTM standard
D412 Type C specifications. To test the role of
layer-to-layer adhesion in the mechanical in-
tegrity of the samples, we printed them with
their extruded features oriented in both the
longitudinal and lateral directions with respect
to the long axis of the specimen geometry.
The printed structures were cured at 60°C for
4 hours and then tested by using an Instron
5943 at a loading rate of 500 mm/min (Fig. 4,
A and B). The tensile stress-strain data showed
that both the lateral and longitudinal print
specimens differed negligibly from one anoth-
er and had the same elastic modulus of 28 kPa
(Fig. 4C). All printed specimens exhibited
linear stress-strain relationships at low strain
levels and repeatable stress-strain curves at
higher strains, failing at strains greater than
1000%. Comparing these results with the per-
formance of molded specimens, we found that
all the stress-strain curves had the same shape
but that printed structures failed at higher
strains than molded structures, whereas molded
structures exhibited elastic moduli approxi-
mately twice those of printed structures. This
softening effect could arise from systematic
heterogeneities in the printed structures in-
herent to the 3D printing process. Addition-
ally, we conducted fatigue tests, imposing 10°
cycles of +10% strain, alternately stretching
and buckling the samples. Subsequent tensile
tests showed that the printed structures ex-
hibited less fatigue than did their molded
counterparts; the elastic modulus dropped

Duraivel et al., Science 379, 1248-1252 (2023)

by 18% for the cast samples and 14% for the
printed structures (fig. S7).

As a final assessment of the quality of struc-
tures fabricated with the AMULIT printing
technique, we investigated the surface finish
of fabricated parts. The ultralow interfacial
tension between the silicone and the AMULIT
support material was expected to produce micro-
rough surfaces on the printed shapes. Using
CFM, we imaged a segment of the heart valve
model immersed in a rhodamine solution, vis-
ualizing and quantifying the surface roughness
in 3D. We found the root mean square (RMS)
roughness to be 6.54 + 0.95 um (mean and
standard error, respectively) which is compa-
rable to the average diameter of emulsion
droplets used in these tests, ~4 um. Thus, we
expect a smaller roughness with smaller emul-
sion droplets such as those used to print very
fine features (Fig. 3B). This value is also com-
parable to the roughness of PDMS structures
printed into support materials that exhibit a
high interfacial tension against silicone inks
(9), so it may be limited by other factors. In
either case, our results demonstrate that elimi-
nating disruptive interfacial driving forces with
the AMULIT technique enables precise silicone
printing without reducing surface quality or
mechanical performance of fabricated struc-
tures. The added role of emulsion droplet size
in surface roughness may enable a printed
structure’s optical properties to be tuned while
independently controlling its mechanical per-
formance through ink composition or feature
diameter.

Conclusions

The AMULIT 3D printing method eliminates
the disruptive effects of interfacial tension be-
tween printed inks and their support mate-
rials. Our results show that AMULIT printing

24 March 2023

show linear stress-strain relationships at low strains and exhibit an elastic modulus

of 28 kPa. (D and E) Surface profiles of the printed silicone heart valves exhibit
microroughness with an RMS value of 5.5 um, likely determined by the emulsion droplet
radius and the ultralow interfacial tension with the AMULIT support material.

can be used to make precise, smooth, strong,
and functional devices from commercially
available PDMS formulations. The versatility
of the AMULIT technique eliminates the need
to formulate specialized PDMS inks for 3D
applications and broadens the toolbox for re-
searchers and industrial manufacturers seek-
ing to 3D print PDMS-based devices, while
improving on previous silicone printing meth-
ods. The AMULIT strategy hinges on formu-
lating support materials that are chemically
similar to the inks they support—in this case,
PDMS inks printed into a continuum of PDMS
oil—although the same principle could be used
with aqueous polymers. Despite the chemical
similarity between the ink and the support
medium, we never observed intermixing be-
tween the two materials that interfered with
printing quality. The very low Reynolds num-
ber exhibited during embedded 3D printing
with materials such as those we used should
facilitate the formation of ink-support inter-
faces (30), potentially stabilized by an effective
interfacial tension (3I) or a form of liquid-
liquid phase separation (32), likely influenced
by the jammed emulsion phase. Additionally,
weak attractive interactions between the emul-
sion droplets may help to retain them on their
side of the interfaces (33-35). In the near term,
we envision the AMULIT method to be useful
in 3D printing for a wide range of applications
beyond silicone-based devices, given the diver-
sity and availability of polymer systems and
the simplicity of formulating AMULIT support
materials.
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Materials and Methods

Jammed emulsion support material formulation

Inverse emulsions of aqueous droplets in silicone oil were prepared using deionized (DlI)
water, glycerol (Fisher Scientific), silicone oils (Gelest DMS-T05, 770 g/mol molecular weight; 5
cSt  viscosity) and  diglycerol  surfactant (DOWSIL 5600, cetyl diglyceryl
tris(trimethylsiloxy)silylethyl dimethicone). The aqueous droplet phase consists of DI water and
glycerol mixed at a 48:52 weight ratio to get a refractive index of 1.397, which is that of the
continuous phase. The continuous phase consists of silicone oil mixed with the surfactant; the
concentration of the surfactant was fixed at 1% (w/w) relative to the total emulsion weight.
Emulsions were formulated by dripping the aqueous phase into the continuous oil phase while
homogenizing using an IKA Ultra-Turrax homogenizer; formulations with different volume
fractions and homogenization rates were prepared using this protocol. For all the AMULIT
printing described in this paper, emulsion formulation with an aqueous phase volume fraction of
0.75 homogenized at 8000 rpm was employed.

Fluorescent PDMS ink synthesis

Reagents and solvents were purchased from commercial sources and used without further
purification unless noted otherwise. To formulate a fluorescently labeled PDMS ink for printing,
fluorescein (2.00 g, 6.02 mmol), cystamine dihydrochloride (4.07 g, 18.1 mmol), 4-
dimethylaminopyridine (DMAP; 0.222 g, 1.81 mmol), and ethylcarbodiimide hydrochloride
(EDC-HCI, 3.46 g, 18.1 mmol) were combined in a flame dried round bottom flask under Argon
(Ar). At 0 °C, dry DMF (30 mL) was added followed by triethylamine (TEA; 5.0 mL, 36 mmol).
The reaction was stirred overnight (16 h) and warmed up to room temperature. The reaction
mixture was diluted with methanol (MeOH; 15 mL) and DI water (15 mL) and the pH was adjusted
to 7 with aqueous HCI (1 M). Dithiothreitol (5.0 g, 32 mmol) was added under Ar and the reaction
was stirred overnight (12 h). Upon acidification with aqueous HCI (1 M) to a pH of 3, the product
precipitated from the reaction mixture. After centrifugation and drying in vacuo, Fluo-SH was
obtained as a red solid (0.82 g; 2.0 mmol; 33% yield) and used without further purification.

Vinyl-terminated PDMS (MW = 28,000 g/mol, Gelest Inc., 2.5 g, 0.089 mmol), and 2,2-
dimethoxy-2-phenylacetophenone (DMPA, 0.002 mg, 0.009 mmol) were dissolved in THF (15
mL) in a round bottom flask. Fluo-SH (0.28 g, 0.71 mmol) was added in DMF (0.5 mL), and the
solution was sparged with Ar for 15 min. Subsequently, the thiol-ene reaction was initiated with
UV light. After 4 h stirring in the UV light the reaction was exposed to oxygen and the solution
was diluted with methanol, causing a phase separation with PDMS in the bottom layer. The PDMS
layer was collected and residual solvent was removed on a rotary evaporator. The crude product
was re-dissolved in hexanes (5 mL) and the solution was filtered through a syringe filter (0.45 pum)
to remove any precipitates. This cycle of methanol-induced phase separation followed by filtration
in hexanes was repeated three times until the methanol supernatant remained clear. The final
product Fluo-PDMS was obtained after drying in vacuo overnight.

Preparation of silicone elastomer inks

Brain aneurysm models were printed using a room temperature vulcanizing (RTV) silicone
formulation, Gelest ExSil-100, homogenously mixed at a 100:1 base-to-crosslinker ratio at 3500
rpm for 30 s in a FlackTek DAC 150 SpeedMixer. Barium sulfate powder was added to the silicone
ink at 1% (w/w) relative to the total formulation weight to facilitate CT imaging. The formulation
was then degassed in vacuum for 5 minutes and then loaded into a BD plastic syringe. Heart valve




model structures were printed using a UV-curable silicone formulation, Momentive UV Electro-
225, mixed at 50:1 base-to-crosslinker ratio at 3500 rpm for 30 s; low viscosity silicone oil (Gelest
DMS-TO07; viscosity, 5 cSt) was added at 10% (w/w) relative to the total formulation weight to
lower the viscosity of the silicone ink. Degassed ink was then loaded into a Hamilton Gastight
syringe and used for printing. Post-printing, the structures were cured under a 320 — 390 nm UV
flood lamp (Sunray) at full power (400 W). Dogbone samples for tensile testing were fabricated
using the PlastSil-71 silicone formulation prepared at the manufacturer’s recommended mixing
ratio. A custom-made Peltier-based syringe cooler was used to increase the pot life of the mixed
formulation long enough to accommodate the total print time. Linear structures for measuring the
feature size and stability were printed using Smooth-On Mold Max 10 RTV silicone formulation;
5 ¢St silicone oil was mixed at 10% (w/w) relative to the total formulation weight to lower the
viscosity and degassed before printing.

Brain aneurysm and heart valve model design

To create a realistic model of patient neurovasculature, we employ high resolution cerebral
angiography fluoroscopic data collected at the time of cerebral angiography, where the neuro-
interventionalist selectively injects non-ionic contrast medium into the internal carotid artery. With
complete opacification of the ipsilateral anterior cerebral circulation, the Allura Xper FD20 Xray
system (Philips Healthcare, Best, Netherlands) takes 122 images over 4.1 seconds during a 3D
rotational prop scan over an arc of 240 degrees. The software reconstructs these images into a 3D
model that is sent to a separate workstation for review. The 3D scan is segmented and processed
to create a vascular wall by pixel dilation of the segmented image. The resulting image is then
converted into a 3D aneurysm model and transformed into a series of 3D printing trajectories.

The 3D aneurysm model was printed in a series of trajectories in such a way that each path
can be traced in a seamless spiral path. Each individual trajectory was obtained from PrusaSlicer
v2.3.3, an open-source software, as a GCode file; the slicer settings were fixed to spiral trajectory
with no top and bottom layer, with 0% infill, and with variable layer height between 300 and 400
micrometers. The obtained GCode files are parsed using a custom-written MATLAB script and
are converted into trajectory file formats readable by our custom-built 3D printer. The
neurovascular structures are printed, cured, then imaged using a TOSHIBA Acquilion ONE CT
scanner, set to have a tube voltage of 120 kVp, an exposure time product of 262.5 mAs, a pitch
factor of 0.625, and a volume CT dose index (CTDIvol) of 64.6 mGy.

The heart valve model was designed by using a custom MATLAB script using the dimensions
of the human aortic heart valve to design different heart valve features in a continuous spiral path
(Fig. S5). The diameter of sinus wall was chosen to be 25 mm, the leaf height was chosen to be 12
mm and the total valve height was chosen to be 25 mm. Cylindrical extensions with a diameter of
12 mm and a height of 3 mm were added to the top and bottom of the model to allow the cured
structure to be clamped to fluid tubing during performance testing. The curved root and sinus walls
of the valve were programmed as a segment of a sine function, seamlessly joined to the helical
cylindrical paths of the tubing attachments. The valve leaflets were designed using helical paths
that lay on the intersection of triangular shapes with the valve wall. Following the leaflet trajectory
from bottom to top, the apex of each triangular layer lays on a segment of a sine function that
begins at the wall and approaches the center of the valve. These path trajectories were generated
in the format readable by our custom-built printer.




Summary of silicone inks and corresponding tests.

To highlight the versatility of the AMULIT printing approach, we use six different PDMS
ink formulations across nine different tests of printing performance. In the comparisons between
aqueous and AMULIT support materials, we use Gelest vinyl-terminated PDMS (DMS-V31),
functionalized with fluorescein in our labs. The brain aneurysm model is made from Gelest ExSil-
100 (RTV). Momentive UV Electro225 (UV) is used to create the heart valve model and for
surface roughness measurements. PlastSil-71 (RTV) is used in tensile tests and fatigue tests.
Feature diameter measurements (single time-point and time-course) are performed using Smooth-
On Mold Max 10 (RTV). Interfacial tension measurements are performed using Gelest phenyl-
PDMS (PMM-5021).

Embedded 3D printing procedure

All the AMULIT printing technique was performed with a custom-made 3D printer made by
using a linear stage as a syringe pump (Physik Instrumente) mounted to three linear translations
stages (Newport). We fabricated printing needles by pulling glass microcapillaries (1 mm outer
diameter) using a pipette puller (David Kopf Instruments). The pulled capillaries were secured to
Luer-lock hubs. Additionally, metal needles between 23G and 34G were used. These needles were
Luer-locked to the printing syringes, loaded with the silicone ink, and mounted to the syringe
pump. Custom-written MATLAB scripts and functions were used to produce precise trajectory
paths for the syringe pump and the translation stages, which traces the needle tip along the designed
3D structure within containers containing the AMULIT support material.

Rheological protocols

All rheology characterization of the emulsions were performed using an Anton Paar MCR
702 rheometer, employing a roughened 25 mm parallel plate measurement geometry. Complex
moduli were measured in the linear viscoelastic range by performing oscillatory frequency sweeps
from 10 Hz to 10 Hz at a strain amplitude of 1%. The yield stresses of the packed emulsions
were determined by measuring the shear stress during unidirectional shear rate sweeps, spanning
shear rates from 102 to 100 s*. All samples were pre-sheared at 50 s™* for 60 seconds and then
allowed to relax for 120 seconds before the rheology measurements.

Imaging methods

Timelapse photographs of the printing process and the photographs of the silicone structures
were taken using a Nikon D3100 camera under white LED light illumination with a multi-colored
LED light foreground illumination. Micrographs and Z-stack images of the printed features were
taken using a Nikon Eclipse Ti-E microscope with a C2 confocal scanning system. Brightfield
images of single features were collected using an inverted Nikon Eclipse Ti-E microscope.

Feature diameter measurements

The printed lines are imaged using brightfield microscopy, focusing on the mid-plane of
printed features. The images are processed in MATLAB to remove background noise and to invert
the intensity distributions. The processed intensity maps are then averaged along the long axis of
printed features to create single intensity profiles, as shown in figure 3A. Each intensity profile is

fit with a Gaussian function, given by 1(R)=1,e ® ") 'where 1 is the peak location and o

controls the width of the function (Fig. 3A). We estimate the feature diameter from the best fit
value of o, given by d =40.




Tensile and fatigue test methods

Dogbone shaped specimens are printed using a print-nozzle translation speed of v =2 mm/s
and a material deposition rate of Q = 700 uL/hr, corresponding to a feature diameter of 350 pum.
All tensile tests were performed using the Instron 5943. The test samples were designed and tested
in accordance with the ASTM D412-C specifications and the extension rate for all samples was
fixed to 500 mm/min. The stress and strain for the tested samples were calculated from the force
and displacement values recorded by the instrument, using the cross-sectional area and the length
of the sample in the central region of the dogbone. Plots of stress versus strain on a log-log scale
revealed that the linear regime extended up to 20% strain. We fit a line with no offsets to this
region of the stress-strain curve to determine the tensile elastic modulus.

Fatigue test specimens were fabricated using the same printing parameters as those used to
fabricate tensile specimens (350 um feature diameter). Fatigue test specimens were fabricated in
the shape of rectangular strips with dimensions of 50 mm length, 4.5 mm width, and 2.25 mm
thickness. The samples were fatigued in a custom-made reciprocating instrument. The samples
strained by +10% relative to their unstrained state at 2 Hz for 10° cycles. During the positive half
of each strain cycle, the samples were stretched; during the negative half of each cycle, the samples
buckled under the compressive load, bending the specimens. The fatigued samples were then
subjected to unidirectional tensile stress as described previously and analyzed with the same fitting
procedure. Quantitative comparisons were made to un-fatigued samples (Fig. S7A).

Surface roughness analysis

Sections of the heart valve model were cut from the fully 3D printed models and suspended
approximately 170 pum above the microscope cover slip. Rhodamine solutions was wicked
between the heart valve section and the cover slip. This procedure oriented the heart valve sections
perpendicular to the optical axis of the confocal microscope. Intensity profile along the optical axis
is analyzed at each X-Y location in the 3D Z-stack to determine a 2D map of surface locations.
Each 2D map spans regions approximately 1 mm across (Fig. 4D,E). We quantify surface
roughness by computing the root-mean-square (RMS) distance between each measured surface
location and the mean surface location. This quantity is determined from three different regions
across the heart valve surface and averaged.

Supplementary Text

Control and characterization of emulsion droplet size

At a single volume fraction, ¢, the droplet radius, a, is expected to influence jammed
emulsion rheology. Thus, to understand the rheological properties and related printing
performance of AMULIT support materials, it is critical to measure the statistics of emulsion
droplet radius. To measure the sizes of emulsion droplets, we mix the aqueous phase with
rhodamine 6G at 10 uM concentration to make emulsions with a fluorescent droplet phase under
conditions that will produce candidate AMULIT support materials. These materials are then
dispersed and diluted for single-droplet size measurements. Stable emulsions made at different
volume fractions, homogenization rates, and continuous phase viscosities are diluted in 1:10
silicone oil containing 1% (w/w) surfactant and imaged with fluorescence microscopy (Fig. S1A).
The images are processed using custom written programs in MATLAB. To remove random
background noise, we first apply a Gaussian filter with a width of 1 pixel size to the images. The




droplets are then identified by segmenting the smoothed images using Otsu’s method. The binary
image is then further processed to remove the partial droplet images from the image boundaries,
and then eroded and dilated to remove artifacts from remaining noise. We then label the individual
non-clustered droplets in the image by only measuring the cross-sectional areas of identified
regions having an eccentricity less than 0.6. We then compute effective droplet radius from droplet
cross-sectional area, assuming circular droplet geometry. Droplet radii are logarithmically binned
and we construct a normalized probability distribution (PDF) of droplet radius (Fig. S1B).

We find that the droplet size distribution is dependent on the homogenization rate, w,
emulsion volume fraction, ¢, and continuous phase viscosity, 7; a higher value of @, ¢, or 7 shifts
the distribution toward lower droplet sizes (Fig. S1B). Plots of droplet size distribution resemble
the log-normal lineshape. Thus, we fit log-normal functions to the droplet size distributions to
determine the median droplet size at each combination of ¢, @ and 7. For example, in the case of
an emulsion formulated at ¢ = 0.75, @ = 3000 rpm and n = 5 cSt, we find the median droplet
diameter to be 5.38 um. In the case of an emulsion formulated at ¢=0.75, @ = 7000 rpm and 7 =
5 cSt, we find the median droplet diameter to be 2.75 um. The measured droplet diameters, 2a, for
emulsions prepared at different @ collapse to a single curve that weakly decreases with increasing
¢ when the viscous shear stress during homogenization is accounted for (Fig. S1C).

Rheology of Jammed Inverse Emulsions

To formulate a variety of inverse emulsions suitable for AMULIT printing and to identify
the best performing support material, we prepare emulsions at different homogenization rates, o,
viscosities, 7, and volume fractions, ¢. We expect to be able to tune the rheological properties by
controlling droplet size, a, which is controlled by all these variables during the homogenization
process. Likewise, we expect ¢ to control the rheological properties independently. To determine
the linear shear moduli, G’ and G”, of each emulsion formulation, we perform oscillatory
frequency sweeps spanning frequencies of 0.001 Hz to 10 Hz, at low strain amplitudes of 1%. To
determine the yield stress of each emulsion formulation, we measure the shear stress while
performing unidirectional shear rate sweeps, covering shear rates between 100 s and 0.001 s™.
We compute the value of the yield stress by fitting the data with the Herschel-Bulkley model, o =
gy (1 + (¢/€.)P), where o is the measured shear stress, ¢ is the shear rate, oy is the yield stress,
£, Is the shear rate at which the viscous stress equals the yield stress, and p is a dimensionless
number.

For samples prepared at a single homogenization rate, = 8000 rpm, in a continuous phase
of silicone oil having a viscosity, 7 =5 cSt, we find that the yield stress and the elastic modulus
of the emulsion can be tuned by controlling the volume fraction, ¢ (Fig. S2A and S2B). To
investigate the dependence of elastic modulus on emulsion volume fraction, ¢, above a minimal
packing fraction, ¢, we determine the value of G’ at f = 0.1 Hz for emulsions made at a @ = 8000
rpm and different values of ¢. We find a quadratic increase in storage modulus with increasing
with ¢ above ¢ = 0.649 (Fig. S2C). To determine whether this this scaling relationship holds for
samples made using the same continuous phase but prepared at different homogenization rates, w,
we re-scaled G’ from samples homogenized at @ = 4000 rpm and @ = 8000 rpm, multiplying G’
by the corresponding mean droplet radius, a, and plotting them against the adjusted volume
fraction, given by ¢- ¢. We find the two datasets collapse onto the same curve following a
quadratic scaling approximately like (¢ - ¢o)? (Fig. S2D). The same scaling strategy does not work
when comparing emulsions prepared with continuous phases having different viscosities. We




hypothesize this result arises from the interfacial tension varying across samples having different
continuous phases. We therefore performed tests at constant ¢ and o, while varying 7. The
resulting plots of re-scaled modulus, G’a, versus 7 exhibit an inverse relationship between the two
(Fig. S2E). Since G’ is a measure of energy storage and not dissipation, and we have accounted
for aand ¢, we believe this result indicates the inverse relationship arises from different interfacial
tensions exhibited by the different silicone oils with the aqueous droplets. Finally, we find a
universal scaling law between the yield stress, oy and elastic modulus G’, given by oy =
0.005(G’)'® for all emulsion samples made with varying volume fractions, homogenization rates,
and continuous phase viscosities, showing good predictability of the macroscopic yielding
behavior of these packed emulsions (Fig. S2F).

Estimation of Reynolds number during printing

To predict whether irregular flow patterns occur near the printing nozzle within the support
material during AMULIT printing, we estimate the Reynold’s number, given by Re = pv dn /7,
where p and 7 are the density and the apparent viscosity of the AMULIT support medium, v is the
nozzle translation speed and dn is the nozzle diameter of the printing needle. For the range of dn
between 0.16 mm and 1 mm, and a range of v between 0.1 mm/s to 20 mm/s, used in this work,
we find the span of possible shear rates, approximated as & = v/ dn, to be between 0.1 to 100 s2.
The corresponding apparent viscosity for the support material is determined from the
unidirectional shear rate sweep measurements (Fig. S2B) from the relationship n= o/ &, where o
is the shear stress at the corresponding shear rate. We find the rage of viscosities to be between 0.8
and 150 Pa s. Combining these parameters, we find the range of Re to be between 10 and 107,
which is several orders of magnitude below the threshold value that results in irregular flows near
the translating needle.

Refractive Index Matching

To effectively fabricate silicone structures and visualize the printing process using the
AMULIT technique, optically clear emulsions are needed. The refractive index (RI) mismatch
between water (1.333) and silicone oil (1.399), results in extremely cloudy emulsions (Fig. S3).
We mix glycerol to the aqueous phase at a final aqueous phase weight ratio of 48:52 of water and
glycerol to match the RI between the two phases, resulting in optically clear emulsions.

Interfacial tension measurements

To determine the interfacial tension between PDMS ink and the AMULIT support medium,
and to benchmark the AMULIT technique against other current embedded printing methods, we
identify the minimum stable feature diameter, dmin, at a given support material yield stress, oy. At
the threshold of stability, where disruptive interfacial forces balance the stabilizing yield stress of
the AMULIT support medium, the feature diameter is given by dmin =2 y/ oy, Where y is the
interfacial tension. We print features using phenymethylsiloxane-dimethylsiloxane silicone oil
(Gelest PMM-5021) as our ink, as it is chemically similar to the PDMS oil used in formulating the
support medium while facilitating brightfield imaging of the features due its higher refractive index
(Fig. S4A). We print features of different diameters, d, into AMULIT support media having
different oy, between 0.5 Pa and 5 Pa. We observe the feature stability over 2 hours using
brightfield imaging. Creating a map of stable and unstable features in d-oy space, we identify a
linear boundary having a slope equal to y (Fig. S4B). We find y = 80 uN/m which is nearly three
orders of magnitude smaller than the previously reported hydrocarbon oil-based support medium.




Modeling Heart VValves

To 3D print a silicone heart valve representative of the human aortic heart valve, we model
the print trajectory using custom written MATLAB program. We use the native aortic valve
geometric dimensions available from the literature to model the print trajectory. We model the
trajectory in such a way that the aorta wall and the valve leaflets can be traced in a seamless spline
path (Fig. S5), enabling us to fabricate a uniform-walled structure. We add structural extensions
on the top and the bottom of the model, to allow the cured structure to be clamped to fluid tubing
during performance testing. The layer height of the model was set at 100 microns and the leaflets
were spaced at 1 mm apart from each other; we find these values offer good layer-to-layer adhesion
and provide a constant wall thickness throughout the structure. We render the designed print
trajectory into a 3D model by converting the cloud points to a mesh using, MeshLab v2020.12, an
open-source software. We use this model to evaluate and compare the print trajectory and the print
structure with the native aortic heart valve structure.

Stability of 3D printed features over time

To measure the effect of ultra-low interfacial tension leveraged during the AMULIT
printing technique on the time-evolution of apparently stable printed features, we print linear
features of Smooth-On Mold Max 10 PDMS formulation without any curing agent and analyze
the feature width over a period of 2 hours using timelapse imaging obtained through brightfield
microscopy. The feature images are processed using the same protocol described in Fig. 3 and the
measured feature diameter at the time of printing and two hours post-printing are compared (Fig.
S6). The printed features are observed to be stable over time without interfacial instability-related
breakups. The negligible decrease in the width of the printed feature is associated to the diffusion
of low-viscous formulation components into the support medium; we predict this will be negated
during fabrication process as the formulation will be allowed to cure.
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Fig. S1. Measurement of emulsion droplet sizes. (A) Fluorescence microscopic imaging of the
emulsion droplets are collected to measure the statistical distribution of droplet sizes. (B) Droplet
size distributions follow log-normal statistics with smaller average droplet sizes arising at higher
volume fractions, ¢. (C) Measurements of the characteristic droplet radii, a, prepared at different
homogenization rates, o, collapse when the viscous shear-stress during homogenization is taken
into account (7 is the silicone oil viscosity).



>
W
O

T ‘ 10 g —r——— 1200 —
g0 o 5
?D - D‘? 102 _ M < o 900 +
3, & %)
iD 10°F 3 g 1 M.—”.// %
= 0 10 ¢ 6 7 T 600
3 G 5
g ; G’ 5 o « 85 %
L E [}
5 . R S R
L] Ed
5 7=5cSt . 75 17="5cSt 70 @ 17=5cSt
@ = 8000 rpm . 70 & = 8000 rpm ° @ = 8000 rpm
100 L L 1 I 10" 1 d | L | | 0 L L L 1
1072 10" 10° 10 10° 10% 10" 10° 10" 10° 068 072 076 0.80 0.84 0.88
frequency, / (Hz) shear rate, & (s™) volume fraction, ¢
D E F .
~ 10 aa — T 10°g
£ E F
= 7=5c¢St = F
2 z —_
E dip €100 1 F
© © ~
® o o
T 3 2 10'E
3 3 -0.66 | > g0
£ E . %
2 7] 3 2
g = 8000 rpm Si10'F =075
£ e 4000 rpm £ @ = 8000 rpm
= 407 | = | | T —— L R
10" 10° 10” 10" 10° 10°
shifted volume fraction, ¢ ¢, viscosity,  (Pa.sec) storage modulus, G' (Pa)

Fig. S2. Rheological characterization of jammed emulsions. (A) Small amplitude oscillatory
frequency sweeps are used to determine the shear elastic moduli, G’, and viscous moduli, G”, with
increasing volume fraction, ¢, for samples prepared at a single homogenization rate, @, in a
continuous phase of silicone oil having a viscosity, 7. (B) To determine the yield stress of these
samples, unidirectional shear rate sweeps are performed; lines passing through data-points are fits
of the Herschel-Bulkley model. (C) The storage modulus at a frequency of f = 0.1 Hz scales
approximately quadratically above a minimally-packed volume fraction of ¢ =0.649. (D) G’ from
samples prepared using the same continuous phase but with different homogenization rates
collapse onto the same curve when re-scaled by the mean droplet radius, a, and plotted versus the
volume fraction above close-packing, ¢ - ¢, scaling approximately like (¢ - ¢o)?. (E) For a given
volume fraction and homogenization rate, the rescaled modulus decreases with increasing
viscosity of the silicone oil continuous phase, which likely arises from the different oils exhibiting
different levels of interfacial tension against the aqueous phase. (F) A plot of the yield stress versus
G’ for emulsions prepared at different volume fractions, homogenization rates, and continuous
phase viscosities reveals that samples of all combinations lay close to a universal scaling curve
given by oy = 0.005(G’)**.
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Fig. S3. Optically clear emulsion formulations. To eliminate cloudiness that arises from the
refractive index mismatch between the aqueous droplets and the silicone oil continuous phase
(right panel), we formulate the droplets from a mixture of water and glycerol at a composition that
matches the refractive index of the silicone oil continuous phase; this formulation results in
optically clear emulsions (left panel).
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Fig. S4. Effective interfacial tension measurements. To determine the interfacial tension
between silicone ink and the AMULT support medium, we print features having different
diameters, d, into support media having different yield stresses, oy. For each value of yield stress,
a different minimum stable feature size, dmin, is expected, given by dmin ~ 2 y / 6y, Where yis the
interfacial tension. (A) For packed emulsions having oy = 0.7 Pa, the printed features having a
diameter of 133 um break-up into smaller droplets as the surface stresses created by the ink-support
material interface are higher enough to yield the support material. (B) A stability state diagram of
features having different diameters printed into AMULIT support media having different yield
stresses shows the transition from stable features (black circles) into unstable droplets (red
crosses). From the linear boundary between these two regimes, we estimate the interfacial tension

to be approximately 80 uN/m.
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Fig. S5. Modeling the aortic heart valve. Print trajectory of the model heart valve was designed
by using typical geometric dimensions of the human aortic heart valve available in the literature.
The print trajectory is a single-trace spline path which enables a seamless and efficient printing of
the sinus wall and valve leaflets with uniform wall thickness. Cylindrical extensions are modeled
at the top and bottom of the heart valve to enable connections to tubes for structure-performance
testing of the cured structure. 3D render of the print trajectory as a solid mesh compares well with
the native aortic heart valve.



Fig. S6. Feature stability measurements. To test the effect of ultra-low interfacial tension on the
printed feature stability, we print linear PDMS features without curing agents and analyze their
stability with timelapse imaging. We image the feature using brightfield microscopy, process the
image to remove background noise, and invert the intensity distribution. The feature width is
estimated by using the same approach used in Fig. 2A. We observe the printed feature to be stable
over a period of two hours, without any interfacial instability related breaks and with a negligible
change in width due to the diffusion.
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Fig. S7. Fatigue tests of silicone structures. Silicone tensile specimens are subject to cyclic
strains of +10% amplitude at a frequency of 2 Hz for 10° cycles, then subject to unidirectional
tensile stress until failure. (A) Tensile stress-strain curves of fatigued and unfatigued samples
that are 3D printed are compared with their molded counterparts; the samples show linear stress-
strain relationships at low strains (B) Fatigued samples exhibit an elastic modulus slightly lower
than unfatigued samples. The cast samples exhibit an 18% reduction in modulus and the 3D
printed samples exhibit a 14% reduction (error bars correspond to the standard deviation across
three replicas).



Movie S1. 3D printing a brain aneurysm model. Time-lapse photography of a neurovascular
model being 3D printed with Smooth-On silicone formulation. The optically clear emulsion
allows for easy observation of the printing process and the rheology of the AMULIT support
medium enables the translating needle to seamlessly move while trapping the silicone ink in the
deposited trajectory. Duration: 6.5 hours.

Movie S2. 3D scan and 2D slices of the brain aneurysm model. Graphic render of the printed
neurovascular model obtained through CT imaging shows the complexity of the branched
structure. The progression of slices through XZ and XY planes of the CT scan shows the hollow
structure and the thin walls obtained when employing AMULIT printing.

Movie S3. Fluid pumped through a 3D printed silicone heart valve. Real time time-lapse
video shows transvalvular flow during the cardiac cycle simulated by coupling the silicone heart
valve to a fluid pump, where the thin leaflets of the valve can be seen opening and closing in
response to systolic and diastolic flows.
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