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3D printing of hollow geometries
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Micrometer scale arbitrary hollow geometries within a solid are needed for a variety of applications
including microfluidics, thermal management and metamaterials. A major challenge to 3D printing
hollow geometries using stereolithography is the ability to retain empty spaces in between the
solidified regions. In order to prevent unwanted polymerization of the trapped resin in the hollow
spaces—known as print-through—significant constraints are generally imposed on the primary process
parameters such as resin formulation, exposure conditions and layer thickness. Here, we report on a
stereolithography process which substitutes the trapped resin with a UV blocking liquid to mitigate
print-through. We investigate the mechanism of the developed process and determine guidelines for
the formulation of the blocking liquid. The reported method decouples the relationship between the
primary process parameters and their effect on print-through. Without having to optimize the primary
process parameters to reduce print-through, hollow heights that exceed the limits of conventional
stereolithography can be realized. We demonstrate fabrication of a variety of complex hollow
geometries with cross-sectional features ranging from tens of micrometer to hundreds of micrometers
in size. With the framework presented, this method may be employed for 3D printing functional
hollow geometries for a variety of applications, and with improved freedom over the printing process
(e.g. material choices, speed and resulting properties of the printed parts).

Miniaturization of and the ability to manufacture complex hollow geometries spanning across all three-dimen-
sions (3D) is a key challenge. Hollow spaces (i.e. empty spaces, channels, cavities or voids) are necessary for a
variety of device applications, for example, microfluidics (e.g. mixing and organ-on-chip)'~*, metamaterials (e.g.
acoustic?, optical® and mechanical®), circuit cooling’, chemical synthesis8 and 3D printed circuit components®*°.
To realize hollow spaces, various microfabrication techniques can be utilized such as soft-lithography''~'4, sac-
rificial templates'>™", micromilling®® and lasers?"-*>. However, these methods are slow because of the need to
make photomasks and molds, or they require multiple steps that increase process integration complexities (e.g.
stacking, alignment, bonding or template removal). Alternatively, arbitrary hollow geometries can be directly
printed using additive manufacturing (3D printing), such as stereolithography**?**. While stereolithography offers
high resolution and scalability to large areas*>?, the ability to retain micrometer scale hollow features between
the solidified regions is challenging because of excess polymerization caused by “print-through”?.

In stereolithography, print-through is the polymerization of regions beyond the resin thickness (i.e. layer
thickness) that is intended to be photopolymerized. These regions include the previously solidified layers and
desired hollow spaces which contain the trapped resin. While the incident ultraviolet (UV) light attenuates with
distance, according to the Beer-Lambert law?®, the cumulative exposure dose penetrating into the hollow spaces
over the course of the fabrication can lead to polymerization of the trapped resin and reduce the fidelity of the
hollow geometries®®. In addition, print-through can result in a higher viscosity of the trapped resin due to partial
polymerization, thus making removal of the resin challenging after the part is fabricated.

Reduction in print-through, consequently an improvement to the vertical resolution of the process, requires
optimization of the primary stereolithography process parameters—resin formulation, UV exposure dose and
layer thickness of the printed parts. The complex trade-offs between these parameters and their effect on print-
through has been modeled by Gong et al.®. Gong et al.”® reported that the practical hollow channel height limit
is~3.5-5.5D,, where D,, is the characteristic penetration depth of UV light in the resin. Therefore, the primary
method to reduce print-through requires increasing the light absorbance of the resin, to reduce the value of
D,, by tailoring the concentration of photoinitiator and absorber in the monomer. However, decreasing the
exposure dose or increasing the layer thickness can also reduce the total light exposure penetrating into the
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hollow spaces. Various methods to mitigate print-through have been reported. Grigoryan et al.>* used food dyes
as potent absorbers to fabricate biocompatible hydrogels that contain 1-mm cylindrical channels. Gong et al.*’
reported development of a high-resolution resin for fabrication of 18 um x 20 pm microfluidic flow channels by
selecting an optimal absorber and layer thickness to achieve the smallest channel height. Sanchez Noriega et al.*
demonstrated the ability to fabricate 15 pm x 15 pm valves by a combination of using a high-resolution resin,
variable exposure doses for features within the same layer, and by using variable layer thicknesses throughout
the fabrication of the device. Xu et al.*! developed an in-situ transfer technique to reduce the total exposure
dose absorbed by the trapped resin. In this technique, the capping layer which encapsulates the hollow trenches
is polymerized separately, then it is transferred and bonded to the part containing the trenches using a second
exposure. Together, all the reported methods attempt to modulate one or more of the primary process parameters
in order to reduce the cumulative exposure dose penetrating into the hollow spaces.

Solely focusing on optimizing the primary process parameters to reduce print-through imposes signifi-
cant constraints on the device development lifecycle and the properties of the printed parts. For example, the
choice of materials can be restricted by the practical feasibility and manufacturability of the end application
(e.g. wavelength of light source, solubility limit, cost, or biocompatibility and transparency***?). Usage of high
absorbance resins enforces fabrication of parts with smaller layer thickness?*—even for the non-critical device
features (e.g. inlet/outlet ports of a microfluidic device)—consequently causing the total fabrication time to be
increased. Mechanical properties (e.g. hardness and Young’s modulus) are highly dependent on the process
parameters®®?*3%* therefore obtaining desired mechanical functionalities from certain geometries within a
part®>3¢ or from the bulk device while also reducing print-through can become challenging. Decreasing the
photoinitiator concentration or exposure dose can cause the part to have a weaker green strength, thus requir-
ing additional post-fabrication curing steps. Furthermore, the lateral resolution, lateral fidelity and speed of
polymerization are also affected by the resin formulation and exposure dose®’.

We report on a stereolithography process that mitigates print-through by substituting the trapped resin in
the hollow spaces with a “blocking liquid”—a liquid that attenuates the UV light, is non-polymerizing, or both.
The blocking liquid is designed to reduce or eliminate polymerization within the hollow spaces to improve fidel-
ity of the hollow geometries. Here, we investigate the mechanisms of the developed process to determine the
formulation of the blocking liquid and understand the process capabilities. We find that the substituted blocking
liquid enables the vertical resolution of the hollow spaces to exceed the practical limits of a conventional method
without having to optimize the primary process parameters for print-through reduction. Independent of the
process parameters, we show the ability to fabricate complex hollow 3D geometries with cross-sectional feature
sizes ranging from tens of micrometer to hundreds of micrometers. The reported method can be adapted for a
variety of device applications that require high resolution structured hollow geometries.

Results and discussion

Blocking liquid substitution. The schematic in Fig. 1A illustrates the blocking liquid substitution pro-
cess to fabricate hollow geometries. The trenches in the device are initially fabricated using the conventional
stereolithography process. Prior to fabrication of the principal layer—the capping layer that partially or fully
encapsulates the hollow regions—the trapped resin in the trenches is substituted with a blocking liquid. The
blocking liquid is introduced by first removing the trapped resin from the trenches using a sponge followed by
submersing the part in a pool of the blocking liquid. The stereolithography process is resumed by printing the
principal capping layer over the trenches filled with the blocking liquid. Following the exposure of the principal
layer, the original resin pool can be replaced with fresh resin to mitigate contamination of the resin in the sub-
sequent layers. After completion of the device fabrication, the substituted blocking liquid is flushed out using a
solvent or drained using a vacuum. While dissolvable solid supports*** may also be used to print hollow spaces,
our process avoids the need to design dissolvable resin systems, and the use of a liquid instead of a solid facilitates
easier removal from complex micrometer scale hollow geometries.

A device containing the substituted blocking liquid inside an array of channels with designed widths ranging
from 60 to 500 pm is shown in Fig. 1B. After removal of the blocking liquid, the internal hollow channels are char-
acterized using the non-destructive nano-computed tomography (Nano-CT) imaging technique (see Fig. 1C).
The cross-sections of the hollow channels (designed height of 100 pm) shown in Fig. 1D validates the mitiga-
tion of print-through using the blocking liquid substitution process in comparison to the conventional process.

Using the Nano-CT imaging, we measured the volume of the hollow channels to quantitatively characterize
the effect of the process parameters on the fabricated effective channel height (see Methods). A higher effective
channel height value corresponds to reduction in print-through, and a value closer to the designed channel height
corresponds to higher fidelity. In Fig. 1E the effective channel height using the blocking liquid substitution pro-
cess is compared to the conventional process as a function of the capping thickness. A larger capping thickness
results in higher cumulative UV exposure dose penetrating into the hollow trenches (i.e. higher print-through).
The conventional process suffers from decreasing effective channel height as the capping thickness increases (as
supported by the Gong et al. model*®), while our developed process is unaffected by the capping thickness and
results in better fidelity.

Blocking liquid interaction model. Here, we investigate the mechanisms of the blocking liquid substitu-
tion process and its effects on the hollow geometries and the fabricated parts. In the bottom-up stereolithog-
raphy system, the blocking liquid is held in the trenches by surface tension and mixing of the resin with the
blocking liquid can occur when the part is dipped into the pool of resin after the blocking liquid substitution. A
schematic of three regions of liquid interactions after the blocking liquid substitution and during the polymeri-
zation of the principal layer is shown in Fig. 2. Region I is the hollow region containing the substituted blocking
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Figure 1. Fabrication of hollow geometries and mitigation of print-through using the blocking liquid
substitution process. (A) Schematic of the bottom-up stereolithography system and the fabrication steps used

to fabricate hollow geometries. The sponge, resin (light green) and the blocking liquid (orange) are localized

on separate regions of a vat which is translatable with respect to the substrate and the part being printed (dark
green). The blocking liquid substitution is selectively utilized whenever hollow geometries that are susceptible
to print-through are encountered (see Supplementary Note 1), otherwise, the printing process operates in
conventional mode. (B) Printed device (transparent) containing microfluidic channels that are filled with the
substituted blocking liquid (orange). (C) Reconstructed 3D rendering of the hollow microfluidic channels (blue)
of a printed device which was characterized using Nano-CT imaging after the substituted blocking liquid was
drained out of the channels. (D) Comparison of the cross-sections of the hollow channels (blue) fabricated
using the conventional process to those fabricated using the blocking liquid substitution process. The cross-
sections were obtained using Nano-CT imaging and corresponds to the y-y’ line in (C). The channels had a
designed height of 100 um, and the solid capping thickness above the trenches was 250 um. (E) Quantitative
comparison of the hollow channels fabricated using the conventional method to the blocking liquid substitution
method. The schematic of the channel cross-section in (D) defines geometrical parameters shown in the plot.
The horizontal dashed line represents the designed channel height of 100 pum. The error bars represent standard
deviation of process repeatability for n=3 trials.

liquid. Region II is the boundary between the hollow region and the principal layer. Region III is the interface
where the principal layer will adhere to the previously polymerized layer. All three regions can be affected by the
presence and potential mixing of the blocking liquid and the resin. For instance, the diffusion of the blocking
liquid into Region III decreases the adhesion strength of the principal layer to the previously polymerized layer.
Therefore, the exposure dose for the principal layer—principal exposure dose—may be required to be higher
than the exposure dose used for the regular layers. Likewise, the resin can diffuse into Region I (hollow region).
As a consequence, the likelihood of print-through increases when the principal exposure dose is higher than the
regular exposure dose. Using this model, we investigated the formulation of the blocking liquid and selection of
the principal exposure dose in order to ensure high fidelity of the hollow geometries and to prevent adhesion-
related defects in the principal layer.
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Figure 2. Interaction between the blocking liquid and the resin in the bottom-up stereolithography system.
Schematic showing regions of interaction between the resin (light green) and the blocking liquid (orange) after
substitution of the blocking liquid and during the polymerization of the principal layer. Mixing between the two

liquids occurs when the part containing the blocking liquid filled trenches is brought into contact with the resin
pool. The effect of liquid mixing within Regions I, I and III are discussed throughout the main text.

Formulation of blocking liquid and selection of principal exposure dose. Within the hollow
region (Region I), the blocking liquid functions as a substitute of the trapped resin. The requirement of the
blocking liquid is that it does not polymerize or polymerizes minimally over the course of the device fabrication.
This can be achieved by using a non-polymerizing liquid or a liquid that is more difficult to polymerize than the
resin. We initially investigated isopropanol (IPA) and neat 1,6-hexanediol diacrylate (HDDA) monomer as the
blocking liquids, and the results of each are compared to the conventional process in Fig. 3A. We observe that
IPA is more effective as the blocking liquid than the neat HDDA, however, neither liquid attains effective channel
heights close to the designed height. We attribute these results to the mixing of the resin into Region I during the
substitution process. Furthermore, unlike IPA, the neat HDDA is more susceptible to polymerization caused by
the diffusion of the photoinitiator from the resin and the higher principal exposure dose.

Although a non-polymerizing liquid can be an effective blocking liquid, using a blocking liquid that is formu-
lated using the same components as the resin avoids introducing foreign materials into the fabrication process
which can increase inhomogeneity of the principal layer or incompatibility with the resin system. For example,
the resin may be diluted when using a solvent as the blocking liquid, causing the principal layer to have poor
mechanical properties or weak adhesion to the previous layer (Region III). For instance, when using a HDDA
based resin, we observed formation of cracks and high surface roughness in the principal layer when using IPA as
the blocking liquid. Therefore, we investigated formulation of a blocking liquid which was comprised of HDDA.

To improve the effectiveness of HDDA as the blocking liquid, we investigated addition of an absorber. In
Fig. 3B the effect of absorber concentration in the HDDA on the effective channel height is shown. It is found
that as the absorber concentration increases, the effective channel height also increases and approaches the
designed height. These results indicate that despite the mixing of the resin into the hollow regions (Region I),
polymerization of the mixed liquids within the trenches (i.e. the resin and the blocking liquid) can be modulated
by addition of an absorber to attenuate the UV light penetrating into the hollow regions. Since mixing of the resin
into Region I is unavoidable, it is favorable to formulate a blocking liquid with a higher absorber concentration.
However, the maximum limit of the absorber concentration is imposed by the effects on the inhomogeneity
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Figure 3. The effect of blocking liquid formulation on the effective channel height. (A) Comparisons of the two
different blocking liquids to the conventional process. (B) The effect of Sudan I absorber concentration, [Ab],

in HDDA blocking liquid. In (A) and (B), the designed channel height is shown as horizontal dashed lines, the
principal exposure dose was four times higher than regular exposure dose, and the error bars represent standard
deviation of process repeatability for n=3 trials.
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(e.g. mechanical properties*) and adhesion strength of the principal layer in Region III, and the need to pre-
vent defects in the fabricated part. For example, when using a blocking liquid with the highest concentration of
absorber investigated, we observed instances where the effective channel height was larger than the designed
height (see Figs. 1E and 3B). We attribute these results to localized unpolymerized defect areas—within Region
II and Region III of the principal layer—caused by the mixing of the polymerization-inhibiting blocking liquid
(see Supplementary Fig. 1). These localized defects can result in poor adhesion of the principal layer and increase
the likelihood of print failure.

Adhesion of the principal layer can be improved by intentionally adding a trace amount of photoinitiator
to the blocking liquid that is highly loaded with an absorber—effectively making it a photopolymerizable resin
but with very low reactivity. Although counterintuitive, we theorize that the diffusion of photoinitiator (from
the blocking liquid) into Region III can minimize the dilution of the photoinitiator in the resin and improve the
adhesion of the principal layer, while the high absorber concentration aids in attenuating the UV light penetrating
beyond Region II and into Region I. To support this theory, in Fig. 4A we compared the photopolymerization
“working curves”* of the blocking liquid containing a photoinitiator (Blocking Resin) to the resin used to fab-
ricate the solid parts in this work (Primary Resin). In stereolithography, such working curves are used to extract
the UV absorbing properties and reactivity of formulated resins?**’. The working curves in Fig. 4A illustrate that
the Blocking Resin has a higher absorption factor (lower D,) and lower reactivity (higher critical exposure dose
requirement, E,) compared to the Primary Resin. These results imply that when the Blocking Resin is substituted
into the hollow regions, the susceptibility of print-through will be lower in comparison to when the Primary
Resin remains trapped in the hollow regions.
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Figure 4. Characterization of the resin, blocking liquid and principal exposure dose, and their effects on print-
through. (A) Photopolymerization characteristics of the resin (Primary Resin) and the blocking liquid (Blocking
Resin) used for the results shown in (B) and (C). This plot shows the maximum polymerization thickness (cured
depth, C,) that is expected for a given incident exposure dose, E. The trendline is fitted to the fundamental
“working curve” equation of stereolithography, where D, is the characteristic penetration depth of light and E,
is the critical energy dose required for the onset of polymerization. The dashed horizontal line at 25 pm is the
layer thickness and the dashed vertical line at E,,, is the exposure dose of the regular layers for the results shown
in (B) and (C). (B) The effect of principal exposure dose on the effective channel height, where the exposure
dose is normalized to E,,. (C) Fidelity and comparison of fabricated channels with varying designed height,
where the principal exposure dose used was 4.0E,,.. In (B) and (C) the horizontal dashed lines represent the
designed channel height, and the error bars represent standard deviation of process repeatability for n=3 trials.

reg*

Scientific Reports |

(2023) 13:434 | https://doi.org/10.1038/s41598-022-26684-z nature portfolio



www.nature.com/scientificreports/

To confirm that the Blocking Resin can improve adhesion but also mitigate print-through, we investigated
the impact of the principal exposure dose. In Fig. 4B, the effective channel height is shown as a function of the
principal exposure dose normalized to the regular exposure dose (E,,, in Fig. 4A). We observe that when the
principal exposure dose is below a critical amount, the risk of adhesion-related defects is higher because the
effective channel height is greater than the designed height. As the principal exposure dose increases, the effective
channel height decreases; however, even at 16x higher principal exposure dose, the effective channel height is a
non-zero value. We attribute the decrease in the effective channel height to the mixing of the Primary Resin into
the hollow region (Region I) and not because of the photoinitiator added to the Blocking Resin. This reasoning
can be justified because the expected cure depth of the Blocking Resin is below ~ 30-40 um at 16x higher principal
exposure dose (see Fig. 4A)—a value lower than the designed channel height of 100 pm in Fig. 4B. For a given
blocking liquid, appropriate selection of the principal exposure dose is necessary to balance the competing effects
on the adhesion of the principal layer and the fidelity of the hollow regions below the principal layer. An optimal
principal exposure dose can be determined from the required thickness of the principal layer (25 um in our work)
and the expected cure depth of the resin and the blocking liquid from the working curve characterization. For
a given principal exposure dose, the actual cured depth will lie between the theoretical working curves of the
resin and the blocking liquid because the principal layer contains a mixture of both liquids.

Fabrication of complex hollow micrometer scale geometries. Using the blocking liquid substitu-
tion process, we demonstrate a variety of hollow geometries can be 3D printed using multiple types of resins
and without the need to optimize the printing parameters (e.g. exposure and layer thickness) to reduce print-
through. We also show that our process can exceed the hollow channel height miniaturization limit of ~ 3.5-
5.5D, as reported by Gong et al.”®. In Fig. 4C the normalized effective channel height for designed heights rang-
ing from 50 to 150 um is shown. Using the Primary Resin with D,~26 um (see Fig. 4A), channels heights as
small as 50 pm (1.9D,) can be fabricated despite the 4x higher principal exposure dose. In Fig. 5A-C, the ability
to fabricate devices with complex hollow geometries is demonstrated using another HDDA based resin that
exhibits nonlinear cure depth dependence beyond a certain dose, and has an estimated D, ~37-74 um (see Sup-
plementary Note 2 and Supplementary Fig. 2). The device shown in Fig. 5B illustrates an array of microfluidic
channels with designed height of 100 um (~ 1.4-2.7D,) arranged to form hexagonal patterns. The device shown
in Fig. 5C demonstrates multiple multilevel 3D channels that are interlocked but form separate continuous
paths, and have a designed cross-sectional height of 150 um (~2.0-4.1D,). In Fig. 5D we demonstrate an opti-

Figure 5. 3D printed microdevices comprising of complex hollow geometries. (A) Picture of devices fabricated
using a HDDA based resin. The hollow regions of these devices were characterized using Nano-CT imaging, for
which the renderings are shown in (B) and (C). (B) Device comprised of channels (blue) with connected paths
that form hexagonal geometric patterns (designed height of 100 pm and width of 75 pm). (C) Device comprised
of multiple channels (designed height of 150 um and width of 100 um) spanning across all three-dimension of
the device (multilevel channels). Each continuous channel path is colorized (red, green, blue) to illustrate that
the intricate channels are separate but are interlocked. The computer-aided design (CAD) model of this device
is shown in Supplementary Fig. 4. (D) Microscope picture of an optically transparent device comprising of
multilevel channels (designed height of 250 um and width of 125 um) fabricated using a PEGDA based resin.
(E) The channels of the device shown in (D) are filled with colored food dyes to illustrate functionality for
microfluidic applications. The CAD model of the device in (D) and (E) is shown in Supplementary Fig. 5.
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cally transparent multilevel microfluidic device fabricated using a poly(ethylene glycol) diacrylate (PEGDA)
based resin (see Supplementary Note 3 and Supplementary Fig. 3). In Fig. 5E the channels of the device with
designed height of 250 um (~4.0D,) are shown to be unobstructed by flushing the channels with water that was
colored with food dyes. To realize transparent parts and prevent coloration (e.g. yellowing), the absorbers used
in the PEGDA resin resulted in non-optimal absorption at our 385 nm UV light source. Without using our
reported method, the channels of the transparent device were clogged because the PEGDA resin was highly sus-
ceptible to polymerization due to the high D, ~ 62 um and low Ec~ 11 m] cm™2. During fabrication of the devices
with multilevel channels, the blocking liquid substitution process was utilized on an as-needed basis, i.e. only
prior to polymerization of a layer that would pose a risk of print-through (see Supplementary Note 4). In all the
presented devices, the trenches and the subsequent capping layers were fabricated with a 25 pm layer thickness
and with the same exposure dose (except for the principal layer which had a higher exposure dose), and we did
not utilize post-fabrication curing steps. Narrower channel heights may be achieved by fabricating the trenches
with a smaller layer thickness and by formulating an appropriate blocking liquid using the framework presented
in this work.

Conclusion

The blocking liquid substitution process mitigates print-through, improves the vertical resolution and facilitates
3D printing of arbitrary micrometer scale hollow geometries. The substituted UV blocking liquid decouples the
effect the resin formulation and exposure condition has on the vertical resolution of the printed hollow spaces.
This decoupling can enable improved freedom over the design space of the stereolithography process such as
material choices, print parameters (e.g. speed or layer thickness) and the resulting properties of the printed
part (e.g. mechanical and optical). Since the blocking liquid can be formulated from the same components as
the resin, adverse contamination in the process can be avoided. The substitution process can be utilized on an
as-needed basis; therefore, the stereolithography system can operate in conventional mode when printing non-
critical features. To further improve resolution and repeatability of our method, additional research opportunities
exist. For example, use of an inhibitor in the blocking liquid can be investigated or a top-down stereolithography
system can be utilized to minimize mixing during the substitution process. With the physical insights provided,
our method may be adapted to further advance research and manufacturing of functional hollow geometries
that are of interest in fields such as biomedical, optics, aerospace, communication, microelectronics and energy.

Methods

Materials. The resins investigated in this work were comprised of the following materials. Monomer:
HDDA (Sartomer) and PEGDA M, ~510 (RAHN USA Corp.). Absorbers: Sudan I (Sigma-Aldrich), Benetex
OB (Mayzo) and BLS 99-2 (Mayzo). Photoinitiator: diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO)
(RAHN USA Corp.).

Stereolithography system and fabrication parameters. The 3D printer was fully custom built. The
control software was custom developed using Python. A Texas Instruments Digital Light Processing (DLP) pro-
jector with illumination source of 385 nm was used to pattern the UV light. The solid constraining interface (i.e.
polymerization surface) used was a fluorinated ethylene propylene (FEP) film. The translatable vat contained a
localized pool of resin (~250 pL) and blocking liquid (~ 100 pL), and a polyurethane sponge. The entire fabrica-
tion process was fully automated with the exception of when the contaminated resin had to be manually replaced
with fresh resin after exposure of the principal layer.

The test device used in this study are shown in Fig. 1B,C of main text. The non-critical features (i.e. base layers
with draining inlet/outlet holes) were fabricated prior to the critical features (i.e. trenches, principal layer and sub-
sequent capping layers). The critical features were printed with 25 pm per layer thickness and exposure intensity
of ~18 mW cm™2. The non-critical features were printed with 100 um per layer thickness and exposure intensity
of ~50 mW cm™. All the test devices were fabricated using the HDDA based Primary Resin shown in Fig. 4A.
The resin was comprised of TPO photoinitiator, and absorbers (Sudan I and Benetex OB) with total concentra-
tions below 0.5% wt/wt. After filling the trenches with the blocking liquid, the part was brought in contact with
the pool of resin at velocity of 100 pm s™'. After fabrication, the parts were sonicated in IPA for ~ 5 min followed
by connecting the inlet/outlet holes of the part to vacuum to drain the blocking liquid for ~ 10 to 20 min. The
parts were air dried for at least 24 h prior to analysis using the Nano-CT. Unless noted, the capping thickness
was 250 pm for all discussed results in the main text.

Characterization using Nano-CT. Fabricated parts were characterized using GE v|tome|x m 240 Nano-
CT. The parts were scanned in transmission mode, with a tungsten target for the X-ray source of 80 kV and 230
tA, and with a magnification that resulted in a voxel size of 6.77 um. After reconstruction of the scanned devices,
the hollow regions of interest were segmented from the solid regions for analysis.

Measurement of effective channel height. The reported effective channel height, 1, 5 in the main text
is the average height of the hollow regions along a designed channel length, L.=5 mm. The effective channel

height is given by the equation h 5 = %s;'fd, where W_f = Zrmeasired 3o the effective channel width of a
- c_rej c -

heL.
reference channel without a capping layer (i.e. t,,=0). The variable V,,,s.q is the measured volume of the chan-
nel of interest, V,./ yyeqqurea is the measured volume of a reference channel without a capping layer, and A is the

designed channel height for the channel of interest.
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Characterization of the “working curve”. The working curves of the resins shown in Fig. 4A of main
text, Supplementary Fig. 2 and Supplementary Fig. 3 were characterized using the frontal photopolymerization
method***!. In summary, the resin was polymerized using a 1 mm square UV pattern onto a silanized glass
substrate. Each pattern was sequentially exposed to form a matrix of exposure times and exposure intensities
that corresponds to different exposure doses. Uncured resin from the glass surface was rinsed using IPA. The
polymerized samples were then coated with a thin layer (<100 nm) of aluminum using thermal evaporation.
The cured thicknesses of polymer squares were measured using an optical profilometer. The glass substrate was
silanized with 3-(trimethoxysilyl)propyl methacrylate (Gelest) using vapor phase deposition in a desiccator fol-
lowed by baking the glass in an oven at 120°C for 20 min.

Data availability
All data that support the findings of this study are available in the main text or the supplementary materials.
Additional data related to this paper may be requested from the corresponding authors upon reasonable request.
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