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Supplementary Notes

Supplementary Note 1: Derivation of pressure and velocity fields with and without viaduct
flow

To predict the pressure gradients and velocity flow fields in CLIP traditionally, and with injection in
iCLIP, because the dead zone gap is in this case very small compared to the part radius, we can use
the lubrication equation for nondimensionalized pressure, expressed in polar coordinates:

V5 = 2070
p - ﬁuz(r' )

where 7 is radial distance, 8 angle, and u, the vertical velocity field, and h dead zone thickness. This
is non-dimensionalized with the characteristic part radii, dead zone thicknesses, pressures, and print
velocities:
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where U is part draw rate, R part radius, [ resin viscosity, and b dead zone thickness. Assuming
dead zone thickness is constant, i.e.

h=1
then:
V2p = 1215 (7, 0)

If we assume a constant dead zone thickness, reducing & to 1, this results in a negative pressure pﬁ)
in the dead zone without injection due to upwards part drawing:

Y =3 -1)

Integrated over the part’s cross-sectional area, this yields the familiar Stefan force, which
nondimensionalized is:

- —3r
FStefan = T

The negative quantity indicates the force is acting downwards, “pulling” against the adhesion of the
part to the platform. Expressed in dimensional form, this is:

—3muR*
FStefan = T



The radial velocity field can then be simply derived as, without viaduct flow:
u, = —67z(1 — 2)

where z is the vertical distance above the window in the dead zone. Again, using the lubrication
theory equation for pressure to determine the pressure increment from viaduct flow, where Q is
defined as the flow velocity out of the viaduct relative to the part draw rate U, the pressure increment
due to viaduct injection is:

Evidence that this physical model, also known as a lifting plate Hele-Shaw gap (36), indeed
accurately describes the iCLIP process comes from observations of viscous fingering (37) during
iCLIP printing, as viewed from beneath the optically transparent window by a digital imaging camera.
In particular, instabilities in the flow boundary between a lower viscosity resin, injected through a
central viaduct into the dead zone, and a higher viscosity resin, already present in the vat, are readily
observed (Figure S11).

Within the viaduct, i.e., for # < B, this results in a combined pressure of:

p=p® +p@ =3(r2 - 1) +3Q(8> — 12) + 6QB%In (/%)

And for # > :

7 =3(rZ— 1) + 6Qp%In (%)

which is clearly continuous at # = 8 and well-defined everywhere. Integrating over the surface of the
cured part, i.e., outside the viaduct at # > g, this yields a revised (again nondimensionalized) Stefan
force:
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For the revised velocity fields with viaduct flow, specifically within the viaduct i.e., # < B, we derive:
u, = (=67 —3Q(27))z(1 — 2)

And outside the viaduct, i.e., 7 > f5:

w, = (—6f + 6Q/32(F'1))z(1 —2)



Supplementary Note 2: Delamination print failure mode experiments

The limitations on CLIP and iCLIP print speeds were quantified by printing one of two test
geometries, a cylinder or spherically symmetrical cone, according to the print scripts in Figure S3a
and Figure S3e, respectively. Prior to each print, resin in the vat was stirred to ensure
homogeneity and filled to the same height in the vat. Only one part was printed per experimental
trial so that resin flow from adjacent parts would not interfere with the fluid dynamics governing flow
for one part. Overall print speed was varied by systematically changing the time between UV
exposures (“delay time”), and correspondingly the stage velocity. All other parameters (e.g., UV
light intensities, resin formulations, exposure times, printer hardware) were held constant, to isolate
injection as the sole difference between traditional CLIP and iCLIP trials. Thanks to the geometrical
versatility of our software-driven resin delivery approach, iCLIP prints could be conducted with a
wide range of viaduct cross sectional areas, from 5 to 50% of part area, which could be
dynamically tuned between, or over the course of, single prints. Trials for iCLIP and CLIP were
performed in alternated fashion, to further control for any extraneous external factors (e.g.,
changing resin temperature, oxygenation conditions, etc.). Then, to quantify print failures in print
speed experiments, the cross-sectional area at which delamination occurred was measured with a
stainless-steel digital Vernier caliper, with an accuracy of 10 um. The maximum printing speed for
a given cross sectional area was quantified as the overall speed at which average print height
dropped below the design print height at statistically significant levels (p < 0.05), using a two-way
ANOVA test of statistical significance.



Supplementary Note 3: Optical Coherence Tomography imaging of mass transport in CLIP
and iCLIP

The suction forces limiting the traditional CLIP process can be visualized using optical coherence
tomography. In CLIP, the continued mobility of particles even after UV exposure provides evidence
of a dead zone near the window interface. From a Lagrangian fluid dynamics perspective, which
treats an observed area of near-IR scatter as a surrogate marker for resin particles, fluid
accelerates in the dead zone from near quiescence to velocities approaching ~103 um/s during
part lifting (Movie S1). At volumetric injection rates of 1 yL/s and 10 pL/s, fluid velocities of ~10?
pum/s and between 103 and 10* um/s are observed, respectively. From recordings of flow through
the dead zone in traditional CLIP, the large magnitude pressure gradients are reflected in the very
high fluid particle accelerations observed (Movie S1). Notably, particle motion into the dead zone
is only observed simultaneous with platform lifting, i.e., due to suction forces. In contrast, while
injecting resin at a constant rate during printing, continuous flow in the opposite direction of part
movement can be observed (Movie S2). As shown in the video, such flow rates can be tuned to
be either lower or higher than part production. In either case, the absence of dramatic fluid particle
accelerations, i.e., the decoupling of part lifting with mass transport, provides visual evidence for
the lower suction forces quantified in Main Text Figure 2. Here, the absence of high fluid particle
accelerations provides visual evidence of the alleviation of suction forces, demonstrating how
increasing flow rates can offset increasing suction forces.



Supplementary Note 4: Cavitation print failure mode experiments

For quantifying the resin viscosity limitations of the traditional CLIP process, viscosity was varied
by changing the percentage of high viscosity bisphenol A glycerolate methacrylate vs. low viscosity
bisphenol ethoxylate diacrylate in the formulation (Figure S6a). The viscosity range of these
custom resins was comprehensive (Figure S6b), with the minimum below and the maximum
exceeding those of commercial CLIP and SLA resins (Figure S6c). When printing with these
resins, the cross-sectional area at which cavitation occurred during printing was then captured by
imaging the print from underneath the vat (Figure S7). To visualize cavitation print failure results,
fluorescent resin dye (Alumilite, Galesburg, MI, USA) was pipetted into the cavitation region after
printing and imaged using an In Vivo Imaging System (IVIS) 100 Series, with a Cy5.5 excitation
filter of 430 nm and ICG emission filter 500 nm (PerkinElmer, Waltham MA, USA). In all
fluorescence images to visualise the cavitation process, excitation and emission filters, and
maximum captured epi-fluorescence (radiant efficiency), and fluorescent dye concentration, were
kept constant.

The cavitation failures observed with these resins due to the evaporation of dissolved gases in
viscous resins have been noted by others, specifically those performing continuous printing with a
liquid window noting that for large cross-sectional areas, such large negative pressure gradients in
fact lift the liquid window material into the part, causing cavities (47). While ours is a solid, stiff
window, we observe similar cavitation failures in parts, as shown in Figure S7.

Cavitation failures are not a limitation of only CLIP, but also of all light-based resin printing; in
traditional SLA, the lift mechanism can, if the part's cross-sectional area is large enough, leave an
empty area in the vat. Strategies do exist to alleviate this in traditional SLA, e.g. with wipers. In the
CLIP process, the lift mechanism is eliminated, but time is still required to allow resin to reflow
through the dead zone, which can be even longer due to its thin height and the unfeasibility of any
wiping mechanism. Commercial printers attempt to alleviate this problem by heating the resin vat
to accelerate reflow, or utilising "pumping" mechanisms whereby the stage motion can facilitate
reflow, but this does not accelerate resin reflow dramatically, as mechanical injection in iCLIP can.



Supplementary Note 5: Negligible impact of post-cured viaduct on iCLIP printed part
mechanical properties.

If left uncured, a concern with iCLIP is that hollow viaducts would diminish the mechanical
properties of printed parts. To ameliorate this issue, we rendered our parts fully solid by post UV
curing resin left in the viaducts. To demonstrate equivalent mechanical properties to traditional
CLIP printed parts, we printed ASTM D638 Type V dogbones both via traditional and iCLIP (Figure
S4a), thereafter washing with isopropyl alcohol and post UV curing the resin-filled viaducts in a
APM LED UV CUBE II (APM Technica, 365 nm) for 2 minutes. As a negative control, we pipetted
out the resin from the viaducts of a second group of iCLIP printed dogbones, leaving behind a
hollow channel (Figure S4b). All samples were dimensionally accurate, satisfying ASTM
specifications (Figure S4c). Then, tensile tests were performed on these specimens. While a
statistically significant decrease in ultimate tensile strength (UTS) and Young's modulus was
observed for viaduct-uncured dogbones, no such difference was observed when the viaduct was
post-cured (Figure S4d-e). This demonstrates that with proper post-processing, iCLIP viaducts
that are embedded within the part itself need not affect part mechanical properties.



Supplementary Note 6: Optimization of viaduct geometry during iCLIP

To achieve flow through viaducts to the dead zone, two defects in viaduct geometry are common
and must be avoided: lateral cure through due to too high UV intensity, and unvented cavities due
to insufficient resin flow, as explained below.

The problem of vertical cure through is well-studied in the 3D printing literature (38-40), but for
iCLIP, lateral cure through is also a concern (Figure S5). Namely, the integrity of the viaduct is
crucial to maintain during iCLIP; if obstructed by lateral cure through due to light piping or
"funneling”, whereby an optically transparent material (such as an acrylate) directs light through a
low refractive index material, then injected resin exacerbates, rather than alleviates, the
aforementioned suction forces pulling down on the part, and also causes random macroscopic
channels and voids in the part from uncontrolled fluid flow escape (Figure S5c-e). Preventing this
is possible, however, by calibrating the projected UV light intensity to the desired software-
designed viaduct size (Figure S5f). To demonstrate, parts were printed to the equivalent of 100
layers, washed with isopropanol, and then channels measured with an Olympus-BX53 optical
microscope (with UIS2 optical system, infinity-corrected, and Abbe condenser), under 4x objective.
With such calibration, viaduct radii of 500 um are readily achievable in UV intensity ranges
sufficient for printing (Figure S5g).

Conversely, viaduct diameter may expand uncontrollably without sufficient injected resin flow. The
physical reason is the well-known design limitation of unvented cavities in resin printing, which
prohibits geometries with voids lacking ventilation. While some have creatively exploited the
physics of unvented cavities in CLIP to draw uncured resin into voids in the part and make
thermoset-elastomer composite structures (47), we find that when no resin is injected into a central
viaduct, the print “bursts” from the low pressure build-up in such unvented cavities.



Supplementary Note 7: Optimization of viaduct position and flow rates during iCLIP

Determining the optimal position of and flow rate through viaducts during iCLIP is key to achieving
its technical improvements over the traditional CLIP process. In addition to allowing higher print
speeds by alleviating suction forces, as shown in Main Text Figure 2, and alleviating cavitation, as
shown in Main Text Figure 3, we also find that injection may help to prevent dead zone
thicknesses from shrinking towards the center of the part where fresh resin from the periphery
struggles to reflow (Figure S2d-e), as others have observed (41).

The process for finding the optimal viaduct placement for an image slice for a given layer, as
shown in Figure S12, is as follows. The image slice and initial guess for viaduct placement
coordinates is fed into a dual simulated annealing optimization loop which outputs optimized
viaduct placement coordinates. The optimal viaduct number and placement is determined by
quantifying the distance from the part edge to the deepest pixel, for increments during the print.
The output is, for each image slice in the geometry, a sequence of optimal resin source positions
that can be interpolated smoothly with B splines in standard CAD software to reconstruct a revised
CAD geometry with viaducts for resin flow.

The calibration of injection rates through viaducts differs based upon the goal of iCLIP: if multi-
material printing is desired, the flow boundaries must be monitored according to Main Text
Figures 4, along with Figures $9-10. If seeking to alleviate suction forces and negative hydrostatic
pressures in the dead zone gap causing either cavitation or delamination failure, instead, an
injection rate that completely satisfies part production can be administered, for a simple cylinder,
according to:

Q=Umr?

where Q is flow rate, U is continuous print speed, and r is part cross-sectional radius. Flow rates
typically range, in this study’s experiments, from 7 yL to 27 pL.

Theoretically, a single viaduct facilitating pressure driven resin flow could offset Stefan adhesion
forces and/or the negative dead zone pressure over any arbitrary area or viscosity by
correspondingly increasing flow rate. However, when resin viscosity n and/or print cross-sectional
radius r grow high enough, it becomes unfeasible to infuse this volumetric flow rate through one
500 um radius viaduct port, which produces too high a backpressure for the syringe pump to
overcome, causing pump stalling. Quantitatively, the force required to pump an incompressible,
Newtonian fluid of arbitrary viscosity experiencing laminar flow with low Reynolds number through
a pipe, which accurately describes resin flow through a viaduct, scales according to the Hagan

Poiseuille law with :—4 where n is resin viscosity and r is the viaduct radius. According to CFD

simulations, creating a net zero pressure across the cross-sectional area of the part with high
viscosity resins necessitates a very high positive pressure at the viaduct port, causing pump
stalling. For a resin of viscosity 3600 cPs, for instance, this was empirically determined to be a part
radius of 14.6 mm.

As such, it becomes more practical to distribute resin flow through several viaducts, which bifurcate
through the z axis, to offset the negative pressure in the dead zone with a more uniform hydrostatic
pressure distribution across the part’s cross-sectional area, as shown in Main Text Figure 3.



Supplementary Note 8: Control methodology for multi-material iCLIP printing

A flow matrix system can then be used to dynamically toggle the resin injected through a particular
viaduct during printing to produce the gradients modelled in Main Text Figure 5. For St. Basil’s
Cathedral, a single viaduct conduits three different resins to the dead zone to produce z axis
gradients in a single print, i.e., the Russian tricolor. For the Arc de Triomphe, two viaducts transport
red and blue resins, along with existing white vat resin, to produce the French tricolor. For
Westminster Abbey, resin is flowed first in a viaduct external to the object and then merged into the
part’s interior, to produce the cross of St. George viewed from below. And for Independence Hall
and St. Sophia’s Cathedral, resin is flowed through multiple viaducts internal to the object to obtain
gradients in both the horizontal and vertical directions, to produce the American and Ukranian
flags, respectively. By guiding the flow boundaries according to the CFD simulation predictions for
iCLIP shown in e.g. Main Text Figure 4, the multi-material prints shown in Main Text Figure 6 are
achieved.

If minimal part disruption is desired during such multi-material iCLIP printing, the viaduct need not
be fully internal to the part. For this approach, a support viaduct begins external to the part,
thereafter becoming internalized (Figure S10c). An added benefit is that, like the flying buttresses
that provide structural strength to the walls of Westminster Abbey, external viaducts act as pseudo-
support structures during the print. During iCLIP printing, thanks to the moving software-integrated
dark spot in the UV projection (Figure S10d), injected resin can flow through the external viaduct
and to the part build area, producing the desired Cross of St. George pattern in the print (Figure
S10e).



Supplementary Note 9: Resolution-throughput tradeoff in iCLIP compared with other multi-
material printing approaches.

From print hardware parameters, e.g, nozzle diameter, linear feed rate, and material switching
times in direct ink write, inkjet, and polyjet 3D printers, it is possible to estimate resolution and
throughput. While not taking into account factors such as “slump” in FDM printers extruding
viscoelastic material, or start up and post-processing times, these are useful for comparative
purposes. Of the reported multi-material polymeric 3D printing approaches, fused filament
fabrication (FFF) can have very high throughput of multiple different extruded thermoplastics, but
resolution through such large nozzles sizes is limited (42-47). Selective laser sintering (SLS) with
multiple powders, while higher in resolution than FFF and benefitting from high laser scan rates,
still suffers from the resolution limitations of the resulting melt (48-50), Direct ink write (DIW), and
especially inkjet (1J), approaches can display even higher spatial resolution, but volumetric injection
rates are low, leading to low throughput (57-56). And traditional vat photopolymerization (VP)
approaches, which can be high resolution as well, nonetheless suffer in throughput from the
requirement to lift and retract every layer (57-58).

Unlike these multi-material printing platforms, iCLIP combines controlled mass transport of multiple
materials in a high throughput printing process, with high pixel resolution. iCLIP, with a 30 ym UV
projection pixel resolution and 50 mm/hr print speed implemented during multi-material print
experiments, does not exceed the throughput of the fastest FFF multi-material printers or the
resolution of the most detailed IJ printers, but strikes a unique balance between these
considerations.



Supplementary Videos

Movie S1: Optical coherence tomography visualization of suction forces during traditional
CLIP printing. Cross sectional view of a growing cylindrical part during the traditional CLIP
process, implemented by a stepped printing motion as can be observed by the stepped motion of
particles. The oxygen permeable window is on bottom and the growing part on top. Inset view is of
the continuous liquid interface, with rapid fluid flow due to suction through this dead zone, towards
the part center. U is the part draw rate, in mm/hr. Scale bar denotes 100 ym.

Movie S2: Fluid flows during traditional CLIP and during iCLIP at varying volumetric flow
rates. Cross sectional view of fluid flow surrounding a growing cylindrical part during traditional
CLIP or iCLIP. To left, fluid flow towards the dead zone during CLIP, and to right, through iCLIP
viaducts at volumetric flow rates either below or above that required for part production (left and
right, respectively). U is the part draw rate, in mm/hr, Q is the viaduct flow rate, in pL/s, r is the part
radius, in mm, and t is time. Scale bars denote 100 um. Grey outlines the growing part, as
evidenced by the observed stepped motion of particles during the stepped print script.

Movie S3: Multi-material iCLIP print strategy. For achieving a two-material iCLIP print, flow
rates are changed dynamically and continuously during printing, without having to pause as in
traditional SLA-based multi-material printing. Note that this is only one of many possible
mechanisms for achieving the multi-material pattern. Flow rates vary from 27 pL/s for the highest
cross sectional areas, at the tower base, to 500 nL/s, at the spires.



Supplementary Figures
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Figure S1: Design of a prototype iCLIP printer. (a) Overall hardware configuration of the iCLIP
printer, with salient features of the iCLIP system highlighted. (b) The build region of the iCLIP
printer, with the mounting of the load cell and fluidic connectivity ports indicated. The downw ards
Stefan adhesion force measured by the load cell is indicated by the black arrow, while the platform
movement is indicated in grey.



reSin Vat :k",‘k j[“’f‘]:(\;l:’r\;/ (J,’;“\EII:EJS »{' E 300
= 30l 1
v n
> n
o) oxygen g 200
\ = > permeable ~
—— | window .! 150 :[
optically transparent f: {
and oxygen permeable Q100
b window g
deadzone thickness [um] -B 50 {
0 50 100 150 200 8
[)
Residualoxygen[ -~ T o0 7 50
Pure oxygen supply (5 psi) | — photon flux [1016 cm‘z 5_1]
CLIP icLip resinflow € distance from center of print

=ZJ8mm =31 mm

n.s. p<0.05 n.s.

h o b

=
w
o

~

g

]
AN |
D—|—1

1001

~
5]

deadzone thickness [um
w
o

N
w

pre-print T icLIP
print condition

Figure S2: iCLIP depends upon an oxygen-inhibited deadzone as a destination for
injected resin during printing. (a) Schematic illustration of the oxygen-permeable window
set-up for the prototype iCLIP printer, indicating primary and secondary oxygen inlets that
feed the highly oxygen-permeable window. (b) Deadzone thicknesses measured with or
without active supply of pressurized pure oxygen. (¢) Experimentally-measured deadzone
thicknesses for the iCLIP window at varying UV exposures. (d) Experimental method for
measuring deadzone thicknesses across the area of a part during CLIP (left, grey) and
iCLIP (right, red). (e) Experimentally-measured deadzone thicknesses before printing (left,
black), after printing by CLIP (middle, grey), and after printing by iCLIP (right, red).
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Figure S3: Geometries used to quantify maximum printable speeds of CLIP and iCLIP. (a)
Test geometry 1 (cone) and associated print parameters to evaluate the relationship between
printable speed and area in traditional CLIP (top) and iCLIP (bottom). (b-c) Print failure mode
experiments to determine maximum print speed achievable, for the geometry in (a), by CLIP
(black) and iCLIP with a central viaduct (red). (d) Images of print defects observed due to Stefan
adhesion forces while printing a cone geometry by traditional CLIP (left) not observed under the
same printing conditions except with injection in iCLIP (right). (e) Test geometry 2 (cylinder) and
associated print parameters to evaluate the relationship between printable speed and area in
traditional CLIP (top) and iCLIP (bottom). (f-g) Print failure mode experiments to determine
maximum print area achievable, for the geometry in (d), by CLIP (black) and iCLIP with a central
viaduct (red).
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Figure S4: Negligible impact of post-cured viaduct on iCLIP printed part mechanical
properties. (a) CAD design of test geometry for evaluating effect of viaduct on dogbone
mechanical properties. (b) Picture of iCLIP printed dogbone, with inset showing optical microscopy
image of central viaduct. (¢) Comparison of iCLIP printed dogbone with ASTM Type V
specifications. (d-e) Ultimate tensile strength and Young’s modulus, respectively, of iCLIP printed
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Figure S7: Printable viscosities by traditional CLIP and iCLIP. (a) Schematic illustrating mass
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Figure S8: Printing with viscous composite resins by iCLIP. (a) iCLIP strategy for printing a
lattice design with viscous MWCNT-filled resin. (b) Dynamic viscosity and UV penetration depth of
resins with varying fiber volume fractions of CNTs, which are important factors to calibrate during
printing. (¢) Load-displacement curves under uniaxial compression for lattices with varying fiber
volume fractions of CNTs. (d) Quantified elastic moduli and compressive strength of lattices with
varying fiber volume fractions of CNTs under uniaxial compression. Scale bars denote 1 cm and
error bars +/- one standard deviation from three experimental print trials.
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Figure S9: Calibration studies for multi-material iCLIP. (a) Test geometry for calibrating
injection rates during iCLIP, with control parameters that can be tuned during an iCLIP print to
adjust the fraction of vat-to-injected resin in a part. An example print result whereby injection rate is
increased stepwise over the course of the print is shown to right. (b) Correlation between the
fraction of dead zone filled by injected resin and fraction of print formed from injected resin. (c)
Print parameter calibration experiments whereby one of three iCLIP print parameters is varied
individually and the subsequent ratio of injected-to-vat resin in the final part measured. Error bars
indicate +/- one standard deviation from three experimental print trials.
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Figure S10: Design of internal and external duct geometries for multi-material iCLIP
printing. (a) lllustrative example of a multimaterial iCLIP print script with a viaduct fully internal to
the part, to print a model of St. Basil's Cathedral, with post-printing result shown to right. (b)
lllustrative example of a multimaterial iCLIP print script with a viaduct fully external to the part, to
print a model of the Arc de Triomphe, with post-printing result shown to right. (c) lllustrative
example of a multimaterial iCLIP print script with a viaduct both internal and external to the part, to
print a model of the Westminster Abbey, with post-printing result shown to right. An initially external
viaduct merging with the part (c), reflected as a migrating circular region of no UV projections
during printing (d). The duct is visible as a conduit for white resin during and after printing (e).
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Figure S11: Viscous fingering during injection into a dead zone during multi-material iCLIP
printing. (a) Schematic of iCLIP printing of a geometry with cylindrical cross sectional area. (b)
Hele-Shaw cell model system for describing injection of a liquid into a thin gap with lifting upper
surface. (c¢) During 2.5 hours of iCLIP printing of a cylindrical cross sectional geometry, instabilities
in the flow boundary between a lower viscosity resin (red) injected through a central viaduct into
the dead zone, and a higher viscosity resin ( ) present in the vat from the start of iCLIP printing,
as viewed from beneath the optically transparent window by a digital imaging camera.
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Figure S12: Dual simulated annealing algorithm for optimizing mass transport during iCLIP.
Every digital z axis slice in an input CAD model is computationally analyzed with software that
automatically incorporates viaducts to optimally distribute resin to alleviate suction forces and/or
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area. For a test geometry that both rotates and changes in area, a B spline smoothened
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