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Abstract

Vat photopolymerization is a high-resolution and high-throughput technology used in many
biomedical applications. However, achieving geometric precision in printed devices with
features spanning orders of magnitude in length scale is non-trivial. Here, a new characterization
tool combining fast, high-resolution optical coherence tomography imaging with a high-powered
digital light processing projector enables real time measurements of photopolymer curing. The
direct, quantitative measurement of hydrogel working curves (the relationship between cure
depth and light exposure) shows that the critical energy for gelation (E¢) exhibits extreme size
dependence, demanding a rethinking of gray-scaling light intensity for achieving predictable
voxel formation at high resolutions. This in situ method also enables measurement of size-
dependent working curves and dead zone thicknesses using oxygen permeable window materials,
which is impossible via ex situ methods. Generally, size sensitivity is amplified at low irradiance,
high dye-loading, and in the presence of oxygen permeable windows. Despite the extreme size
sensitivity, calibrating the light exposure to the size dependent E¢ allows a 3x improvement in
layer-growth uniformity compared to a naive approach. Overall, these results highlight the
challenges in high-resolution printing of hydrogels and provide a framework to measure and
account for size dependence.



1. Introduction

Bioprinting is at the forefront of medical research, enabling breakthroughs in tissue
engineering, regenerative medicine, and pharmaceutical screening.! Many of the advantages
enabled by bioprinting address the fabrication of tissue-like 3D structures, which more closely
mimic the human body than traditional 2D cell cultures on plastic materials.* ® One of the
ultimate goals of bioprinting remains the manufacturing of functional human organs, which
would significantly improve health outcomes and end the reliance on donor organs. An important
aspect of these functional organ systems is the size scale and resolution needed to mimic the
inherent complex geometries displayed by these systems. For example, blood (arteries to
capillaries) and air (trachea to bronchioles) pathways can range from micrometers to centimeters
in thickness and diameter.”®* While the highest resolutions in additive manufacturing have been
achieved with two-photon polymerization, the serial nature of the method typically limits total
part size. Given the requirement to print relatively large scaffolds and organs while retaining
micron-scale fidelity, vat photopolymerization with digital light processing (DLP) or liquid
crystal display (LCD) technologies is a promising fabrication technique for bioprinting. By
individually addressing the pixels in the light engine, tens of millions of simultaneous reactions
can be controlled in a single layer. The size of the projection dictates the maximum lateral part
dimensions, while the pixel size and pitch dictate theoretical resolution. Despite high theoretical
hardware resolution (e.g., single micrometer projector resolution is commercially available),
realizing that resolution in a complex 3D bioprint demands optimization of material and process.

In vat photopolymerization of plastic resins, numerous studies have highlighted the
dependence of voxel formation kinetics on programmed feature size (i.e. the size of the feature in
the digital mask). Repeatedly, smaller features have been shown to cure slower than larger
features.”!* Thus, the exposures that precisely produce small features will overcure large
features. The size dependence has been attributed to both light engine and resin characteristics.
For the light engine, pixels may be considered as individual gaussian emitters with spatially
varying intensity. When pixels are combined in a larger area, the tail from one gaussian adds to
the peaks of neighboring pixels, producing a higher effective irradiance.!® For the resin, size
dependence could arise from increased diffusion of species into or out of the voxel, resulting in
alteration of the polymerization reaction.'>!* Additionally, studies in plastic resins have
highlighted differences in curing kinetics based on light irradiance levels.'* ! This phenomenon
has been attributed to different rates of radical generation for different irradiances. Higher
irradiances increase the rate of radical generation, which can increase the likelihood of radical
terminations and decrease the ratio of propagation to termination rate.'” > Previous studies have
adjusted radiant exposure to account for light scattering effects (specifically with cell-laden
resins) on printed resolution and fidelity of hydrogels.?*** Here, we extend that approach to
consider size- and irradiance-dependent effects that must be considered in higher resolution
printing of hydrogel materials.

To date, size- and irradiance-dependence in plastic resins has largely been studied ex situ,
using plan view optical microscopy and measurement of cure depth Cq. Typical optical
microscopy measurements have considered the lateral dimensions of a features in a single



printed layer relative to the dimensions programmed in the photomask.?>*® Cure depth
measurements have revealed size dependence by comparing feature thickness for the same
exposure, at different lateral feature size. The exposures can be cured into a comparatively deep
pool of resin, resulting in unbounded vertical growth of the layer. For cure depth measurements,
the thickness (and often sidewall profile) of a single layer printed feature is often determined via
micrometer, stylus profilometer, optical profilometer, or oblique microscopy.”?*?’ The resultant
cure depth data can be considered directly, or interpreted via the Jacob’s working curve:

Ey
Cq=D,ln (E—) )
C
where, D, is the depth of light penetration corresponding to 1/e light absorption, Ey is the
incident radiant exposure used to cure the measured feature, and E. is the critical exposure
required to achieve gelation at zero cure depth.?® For working curve measurements, the Cq
measurements are made at a range of discrete £y such that D, and E. can be determined by the
slope and intercept of the semi-log plot, respectively. To date, E. has been strongly revealing of
size dependence in plastics, while D, shows more modest dependence.

Though refinement of this method can produce highly reproducible data, it can be time
and resource intensive. As such, recent efforts have been made to study photopolymerization
reactions in situ.'***3? These real-time microscopy-based measurements have the potential to be
higher throughput, while also being capable of observing transient phenomena that are missed
during the interval from processing to characterization. While previously studied in plastic
resins, optical microscopy techniques are uniquely suited for hydrogel resins, as we recently
demonstrated by exploring bulk hydrogel working curve measurements.*> Contact methods (such
as micrometers) can impart significant deformation and be prone to moisture dependent
properties if performed ex sifu, resulting in inaccurate working curves compared to non-contact,
optical methods. Given the challenges and unknown size-effects associated with high-resolution
hydrogel bioprinting, we introduce an in situ microscopy technique using optical coherence
tomography (OCT) to measure size- and irradiance-dependence of hydrogels in a high-
throughput, high-resolution, and real-time manner. OCT is a noninvasive imaging technology
that uses galvo-scanning near-infrared low-coherence interferometry to detect optical interfaces
throughout a structure. In photopolymer and bioprinting applications, OCT has previously been
used to measure ex situ cure depths of plastic and hydrogel resins,**** characterize surface
roughness of dental prosthetics,*® perform 3D analysis of extrusion printed contructs,*®*” and
visualize resin flow rate in injection continuous liquid interface printing.*%

In this study, we develop a hybrid instrument combining a 5.4 pm resolution, high power
projector with a custom sample stage and OCT imaging system to enable real time visualization
of voxel gelation in hydrogels. To enable visualization with OCT, we designed a hydrogel resin
that scatters significantly more infrared light upon gelation compared to unpolymerized material.
As such, feature cure depths versus radiant exposure (i.e., the working curve) can be measured in
a high-throughput, accurate manner (Figure 1). Using this system, we compare in situ hydrogel
working curves (and the subsequent Jacobs fit parameters) as a function of lateral boundary
conditions (feature width wr and feature spacing sr) and light irradiance. We then investigate the



size dependencies under print relevant conditions including resin formulation (dye loading) and
window material (oxygen permeable versus non-permeable). Lastly, we demonstrate that
calibrating the light exposure to the size dependent E. in a single- and multi-layer printed part
significantly improves the cure depth uniformity compared to a naive, single exposure approach.

Overall, these

results demonstrate the capabilities of in situ photopolymerization measurements

and establish the size dependencies of hydrogel materials, helping to overcome the challenges of
high-resolution bioprinting.
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Figure 1. OCT enables in situ measurements of photopolymer features. A) Schematic of experimental
setup detailing an example photomask with feature width wr and spacing sr, along with 3D OCT image of
the polymerized features. B) An XZ projection imaged through time is used to determine feature height.
Red dashed line indicates the resin-window interface. White boxes indicate the bounding box around the
feature while brackets indicate feature cure depth at a given time. Scale bars in z- and x-directions
represent 100 um. C) Representative calculation of feature height using the average pixel value in each
row of a bounding box around a feature. Red line represents the baseline threshold value (e.g., noise
floor). For a given time, the last row value that is above the baseline threshold indicates the feature height
(arrows). D) Representative working curve data with log-linear fit (red line) of the Jacobs equation,
giving parameters D, (slope) and E. (x-intercept). Colored data points correspond to the timing snapshots
of the representative data in (B) and (C). Random sampling consensus regression was used to determine
inlier and outlier data.

2. Results and Discussion
Hydrogel Working Curves are Dependent on Incident Irradiance and Feature Width

To evaluate the size dependent curing properties of hydrogels, we used in situ OCT
imaging to measure cure depth versus radiant exposure (i.e., the working curve) at various
feature widths wr and irradiance levels /o (Figure 2A-C, Figure S1-4). To reduce the findings to
a smaller number of parameters, we used the Jacobs model to fit the subsequent working curve
data and extract parameters D, (light penetration depth) and E. (critical exposure energy). D, did
not exhibit a significant size dependent relationship, although a slight trend of decreasing D,
with decreasing wr was observed. D, did show a strong positive correlation with irradiance, with
the value increasing roughly 50 % as Io increased from 5.7 mW cm™ to 446 mW c¢m (Figure
2D, Table S1). Correspondingly, Ec exhibited significant dependence on feature width and
irradiance. At low irradiances, decreased wr resulted in dramatically increased E.. This
dependence appeared to follow an exponential decaying relationship, with E. values at the large
feature plateau approaching 13 mJ cm? and 11 mJ cm™ for /o = 23 mW cm™ and Io = 5.7 mW
cm, respectively. Notably, for Ip = 5.7 mW cm, the smallest features did not polymerize within
the experimental time, resulting in E. greater than 300 mJ cm™ which may approach a practical
infinity (not polymerizable) given the measured trends. Significant size dependence was not
observed for higher irradiances (223 mW cm™ and 446 mW cm™). However, as irradiance
increased, plateau E. also increased from 11 mJ cm™ to 40 mJ cm™ (Figure 2E, Table S1).

Overall, in situ OCT experiments confirm hydrogel working curves are dependent on
both incident irradiance and lateral feature size, with the most significant changes in E. seen at
low irradiances and small feature widths. Working curve dependence on irradiance has been
previously observed in plastic photopolymer systems. Here, the trend of increasing E. with
increasing irradiance agrees with previous studies.'®!"' Higher irradiance linearly increases the
rate of radical generation, increasing the chance of radical termination by recombination (the rate
of which scales with the square of radical concentration) and increasing Ec. Additionally,
increasing E. with decreasing feature size has been previously observed in plastic photopolymer
systems.!®!2 Though light engine design and material transport properties have both been



suggested to explain size dependent properties, we postulate that diffusion dominates the
observed responses in our low-solids hydrogels. If pixel overlap was the primary cause, size
dependent effects should be uniform across all irradiances. Instead, size dependencies are
amplified at lower irradiances, where reaction durations are extended.

To elucidate the diffusing species responsible for size dependence, we compared the
characteristic diffusion time constants t(wr) for oxygen in water and PEGDA in water using a
simplified 1D model (Figure 2F). We used O, and PEGDA’s diffusivity in water as an upper
bound and estimated a reduced diffusivity for a lower bound based on decreased diffusion across
polymerized hydrogels.*** We focus on these two species as Oz strongly inhibits the acrylate
reaction and local depletion is required prior to polymerization,***® and the fact that PEGDA
oligomers could diffuse out of the reaction volume prior to incorporation into the network. The
choice of a 1D model was justified considering that maximal oxygen depletion, and thus
minimum t(wr), occur at the window interface at the time of initial gelation. The value of t(wy) is
defined by

sz
2

T(Wf) = T, (2)

where D is the diffusivity coefficient and w¢/2 is the characteristic length representing the edge to
center distance of the reaction volume. The measured time to gelation z. = E¢ / Ip at multiple
irradiances versus wr is also plotted. By examining the feature width where #.(wr) strongly
departs its plateau value, compared to the characteristic diffusion time for the species considered,
insight into the root cause can be obtained. At Iy = 5.7 mW c¢cm™ size dependence becomes
evident at wr =100 pm, coincident with the characteristic diffusion time of =1 s for Oz to diffuse
100 pm bidirectionally. If diffusion of PEGDA were dominating, size dependence would not be
expected to occur until features were smaller than 40 um. Likewise, at [y = 23 mW cm™ the
inflection from the 7. = 0.5 s plateau occurs at wr= 60 um, close to the characteristic diffusion
time of T = 0.4 s for Oz to diffusion. At the higher irradiances of 223 mW c¢m™ and 446 mW cm™,
critical times for gelation are =100 ms, and the effects of O> diffusion only just start to become
apparent at less the 20 um feature size. It should be noted that these calculations focus only on
lateral diffusion, and diffusion of species in the z-direction may also play a role. Generally, when
feature width of the projected light is decreased, there is a shorter time required for oxygen to
diffuse into the projected light area (based on shorter widths from the lateral boundaries to the
center of the feature). Thus, there is a greater inhibition time as feature width decreases, observed
here as an increase in Ec. When considering the combined size and irradiance dependence, it is
important to recognize that these observations hold at the instant of gelation, when Cq = 0. As the
voxel grows vertically, irradiance reduces due to light absorption, and size dependence could
appear later in the voxel formation, even if it was absent at the window. While purging the
sample with an inert gas such as nitrogen or argon could help confirm these oxygen inhibition
predictions, the OCT-projector system is currently not set up for such experiments. We also point
out that although size dependence was most dramatic at lower irradiances and largely
disappeared at higher irradiances, our lowest irradiance is higher than observed on many LCD-



based printers, and our second lowest irradiance is representative of typical DLP printers;
without greater access to higher powered printers, these effects cannot be ignored.
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Figure 2. Hydrogel photopolymer working cures exhibit size dependent properties, with significant
impacts to E. as feature width decreases. Representative image sequences of (A) 10.8 um, (B) 27 um, and
(C) and 108 um wide features at irradiance Ip = 23 mW cm?. Red dashed lines indicate resin-window
interface, scale bars represent 100 pm. D) D,, versus feature width for four different irradiances. Dashed
line indicates optical D, measured using UV/Vis. E) Corresponding E. versus feature width for the tested
irradiances. Arrows represent conditions that did not polymerize during the experimental observation,
resulting in E. greater than 300 mJ cm™. F) One-dimensional diffusion model compares the characteristic
time constants T of oxygen and PEGDA (shaded regions) to the critical exposure cure time (z.) for each
irradiance. Dashed lines indicate the plateau ¢, for each irradiance. Data represent mean =+ standard
deviation of at least six replicates. All data points for D, and E. are shown in Figure S5.

Lateral Feature Spacing Influences E. and Pattern Fidelity

In addition to investigating how feature size influences the working curve and
polymerization kinetics, we also investigated the influence of feature spacing at an irradiance of



23 mW cm™. Here, the photomask patterns had one of two possible widths (wr= 10.8 pm or wr =
108 um) with edge-to-edge feature spacing s ranging from 5.4 pum to 270 um (Figure 3A-C).
Importantly, E. decreased with decreasing st for both small and large wr. At large sy, a plateau E.
consistent with each feature width is observed. As the sf decreases, E. also decreases, with 10.8
um features showing a 4-fold reduction in E. (roughly 60 mJ cm™ to 15 mJ cm™). Larger, 108
um features were less affected by sr, with E. decreasing from roughly 15 mJ cm™ to 10 mJ cm™
(Figure 3D, Table S2). As srdecreased, smaller features appeared to behave more like large
features, with boundaries between features becoming less distinct (i.e. lateral
overpolymerization). In small wr features, E. differences were also observed between interior
features (bounded on both sides by other features) and exterior features (only bounded on one
side). Exterior features, while still influenced by decreased sr, had higher E. across all spacings,
indicating less dependence on neighboring features (Figure 3D, Table S2).

The photopolymerization impacts of closely patterned features (termed the “proximity
effect”) has been studied in high resolution, 3D printing, typically micro vat photopolymerization
and two-photon polymerization systems.*’*° Both light bleeding from neighboring pixels and
oxygen diffusion have been shown to influence achievable feature resolution. While the results
from these experiments do not clearly differentiate between the two causes, they highlight the
importance of spatial interactions in hydrogel printing. Importantly, the width of neighboring
features also impacts the curing reaction and working curve parameters. Decreasing s with
alternating 10.8 um and 108 pum features resulted in a different response than when the feature
widths were matched (Figure S6). Compared to the previous matched patterns, E. of the 10.8
pum features in alternating patterns did not reach the plateau E. until larger spacings (roughly 150
um versus 75 um). These plateau values in sr for both matched and alternating features are
appreciably larger than the plateau values observed in wy, suggesting that adjacent depletion of
oxygen 1s a major consideration when engineering uniform voxel growth. Notably, for the
alternating small-large patterns, the large features gel sooner than the small features. Sequential
illumination of different features or optimization of projected light duty cycles in a layer may
provide a pathway to predictive voxel growth in masks with varying feature sizes and close
spacing.’®>! These st studies provide guidance on the length scales over which masks could be
partitioned in sequential illumination.
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Figure 3. Feature spacing significantly impacts E. at low irradiances. Representative image sequences of
10.8 um features spaced (A) sy=16.2 um, (B) s = 54 pm, and (C) s¢r= 162 um apart. Red dashed lines
indicate resin-window interface, scale bars represent 100 um. Colored arrows indicate Interior and
Exterior features, which correspond to the subsequent graph. D) E. of Interior and Exterior 10.8 pm and
108 um features at various feature spacings. Data represent mean =+ standard deviation of at least four
replicates.

Oxygen Inhibition Dead Zone is Dependent on Feature Width

3D printer window material is typically chosen to decrease surface adhesion between the
previous printed layer and the window. This design is especially relevant for hydrogel materials,
which have a significantly lower strength than plastic polymers and can be prone to failure if the
adhesive force between layers is less than the adhesive force to the window. Some window
materials rely on low surface energies, while others are oxygen permeable and leverage the
resulting oxygen inhibition dead zone to significantly reduce adhesion forces.’>>* Here, we
compared the size dependencies of working curves for three commonly used window materials
(PDMS 10:1, AF 2400, and nFEP-PFA) at a constant irradiance of 23 mW cm. Of the materials
tested, PDMS and AF 2400 are known to be oxygen permeable, which results in an oxygen
inhibition zone clearly observed using real time OCT (Figure 4A-B). On the other hand, Glass
and nFEP-PFA did not have a measurable dead zone, (Figure S7, Table S3). Interestingly, for
PDMS and AF 2400, the depth of the dead zone is dependent on feature size: as the wr decreases,
the oxygen dead zone depth increases (Figure 4C). This has significant impact on high
resolution printing wherein an assumed layer thickness may be entirely dead zone for small
features, even though large, easily observed features appear. When comparing the Jacobs fit
parameters to working curves between window materials, D, was relatively unchanged, with all
groups showing a trend of decreasing D, with decreasing wr (Figure 4D, Table S4). However, at
small wr, window material was significant in terms of E.. Compared to the Glass control, PDMS,
AF2400, and nFEP-PFA exhibited increased E¢ at small wr (< 30 um). Notably, the smallest



feature width (10.8 pm) was unable to polymerize on PDMS, AF 2400, or nFEP-PFA during the
experimental time, resulting in a hypothetical E. greater than 300 mJ cm™ (Figure 4E, Table S4).
On the oxygen permeable materials PDMS and AF 2400, the 16.2 um feature was also unable to
polymerize during the experimental time. Overall, the presence of an additional oxygen-rich
boundary increases the size dependency of E¢, with smaller feature widths seeing a greater
increase in E. for oxygen permeable materials (PDMS and AF 2400). However, at large feature
sizes, working curve parameters were consistent across all materials. For larger feature sizes, ex
situ working curve measurements on glass substrates would be predictive of those observed on a
printer, given equivalent light sources. It should be noted that consistent with the methodology
described previously and to ensure reliable comparisons, cure depth is measured as the distance
from the resin-window interface to the top of the sample, even for conditions that displayed an
oxygen inhibition “dead zone”. This results in a similar extrapolated E. for oxygen permeable
and non-permeable windows, however, the radiant exposure necessary for the first signs of cure
to be observed were greater on oxygen permeable windows. This has increased importance for
hydrogel resins that require non-contact, optical methods for measuring cure depth, which may
be difficult to measure on a printer build plate.>* These results are important given the prevalence
of oxygen permeable materials in 3D printing for reducing adhesive forces to a window or
enabling continuous liquid interface printing. The observable depth increase of the oxygen
inhibition dead zone with decreasing feature widths could have significant impacts on high
resolution 3D printing and warrants further investigation into methods to adapt to this
phenomenon. One potential option is to increase the incident light irradiance. However, this may
counteract some advantages of oxygen permeable materials, as increasing light irradiance is a
common method to mitigate oxygen inhibition in photopolymerization reactions*® and decreased
dead zones with increasing light irradiance has been observed in the literature.’>>* Here, samples
polymerized at 446 mW cm™ on AF 2400 had limited E. size dependencies, but did not exhibit a
measurable dead zone (Figure S8).



Feature Width w; (pixels)

o

20 40 60 80 100 120

C 0 2 4 6 8 10 12 14 16 18 20 22
A 100 e et
— —m&— Glass
gso AF 2400
, = = —A— nFEP-PFA
] % PDMS 10:1
S 60+
©
=
B o 401
C
(e]
N
o 201
(4]
(]
o
E Easahs B & B & & B A
100 pm ] 0 . : : :

t=0.000s t=2135s t=4270s t=6.406s Feature Width w; (um)
Feature Width w; (pixels) Feature Width w; (pixels)
D 1600 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 2
—_————— T T B LB o
140 4 T >300 4 polymerize S E'I:azzoo
120 1 i/]r’! T —A— nFEP-PFA | T
= — PDMS 10:1
g .
. 100 c
2 80+ L 80+
o £
Q 60 - E 60 4
404 —&— Glass 404
AF 2400
20 —A— nFEP-PFA 204 o oo
PDMS 10:1 ===
0 T T T T T 0 T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Feature Width w; (um)

Feature Width w; (um)

Figure 4. OCT in situ imaging enables measurement of photopolymer working curves on various window
materials, which exhibit differences from glass slide controls. Representative image sequences of we= 27
pm (A) and wr = 54 um (B) features polymerized over AF 2400. Dashed lines indicate the resin-window
interface. Scale bars represent 100 um. C) Oxygen dead zone thickness increases as feature width
decreases. Comparisons of D, (D) and E. (E) of various feature widths on each material. Arrows represent
conditions that did not polymerize during the experimental observation, resulting in E. greater than 300
mJ cm™. Data represent mean + standard deviation of at least four replicates.

Dye Concentration Influences both D, and E.

Current approaches to high-resolution printing often make use of low D, resins. A low D,
resin can be achieved through increased dye/absorber concentrations and results in slower
growth of the polymer feature. In other words, small deviations in radiant exposure do not result
in large changes to cure depth. However, the addition of dye is not thought to significantly
influence the E. of a resin, as E¢ is an extrapolated parameter that describes a property at the
substrate-resin interface (i.e., where no light has been absorbed by the resin). Given the relevance
of low D,, resins to high-resolution printing, we measured working curves on three different
formulations of increasing tartrazine concentrations, a commonly used dye in hydrogel



bioprinting applications due to its water solubility and cytocompatibility.>>> Using an incident
irradiance of 23 mW c¢m™, in situ working curves clearly demonstrate the differences in D,
which are roughly aligned with UV/Vis calculated D, for each resin (Figure SA, Table S5).
Notably, E. was dependent on dye concentration, with increased dye concentration resulting in
increased E¢, which is most significant at small wr (Figure SB, Table S5). For example, feature
widths below 30 um were unable to be polymerized during the experimental time for the lowest
Dy, resin (0.5 % tartrazine by mass). These results are unexpected given the assumption that dyes
will only influence a resin’s Dp, and are not thought to significantly influence Ec. At the larger
feature sizes, one explanation for this observation is that tartrazine can be degraded by radical
species®®’ and as such, could act as a radical scavenger in addition to its role as a light absorber.
This could explain the increase in E. of a similar magnitude to that of window materials PDMS
and AF, in which oxygen inhibition of radicals is present. While other dyes used in photopolymer
resins may not strongly interact with radicals and thus, be less sensitive to E. size dependencies,
future studies are needed to better understand these systems and describe the underlying
mechanisms. The implications of dye concentration on E. for high resolution printing are perhaps
more profound, indicating that while dye loading can improve z-fidelity, it will come at the
expense of minimum lateral feature size unless accounted for with larger exposure.
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Figure 5. Increasing tartrazine concentration influences both D, and E.. A) D, versus Feature Width for
hydrogel formulations of increasing tartrazine concentrations. Dashed lines indicate the optical D, of the
resin measured using UV/Vis for each formulation. B) E. versus Feature Width for hydrogel formulations
of increasing tartrazine concentrations. Open data points represent conditions that did not polymerize
during the experimental observation, resulting in E. greater than 300 mJ cm™. Data represent mean =+
standard deviation of at least four replicates. Note: Data for tartrazine 0.1 % by mass is same as the Glass
control in Figure 4.

Print Correction Using Size-Dependent Working Curve Data



Size dependence during photopolymerization presents a challenge to high-resolution 3D
printing of hydrogels. However, we can use the developed working curve relationships to begin
to correct for these differences. For example, using the extracted D, and E. for each feature width
and irradiance, an exposure time to reach a specific height can be calculated for a given wr
(Figure 6A). The adjusted exposure time can then be programmed with a projected mask pattern,
and a corrected print obtained. Here, we demonstrate this correction using two examples. First,
we used a bifurcating photomask pattern ranging from wr= 108 pum to wr=10.8 pm and
attempted to polymerize a single-layer to a consistent height of C4 = 100 pm using an irradiance
of Ip =23 mW cm™. Initially, the mask was projected using Eo = 138 mJ cm™ for all feature
widths (expected to polymerize the smallest feature to Cg = 100 um). Drastic differences in
heights are observed, as the larger wr feature had significant overcure. Next, the size dependent
working curve was used to inform the radiant exposure for different areas of the mask, with
larger features having less radiant exposure: Eo(108 um) =29 mJ cm?, Eo(54 um) =35 mJ cm?,
Eo(27 pm) =71 mJ cm?, E¢(10.4 pm) = 138 mJ cm™. Significantly improved consistency in Cq
is observed in the sample using this modified exposure scheme (Figure 6B). It should be noted
that the projector image stack was binary and was arranged such that all features finished
printing at the same time. While the corrected exposure sample was significantly more consistent
to the target 100 pm cure depth, some discrepancies were observed. Specifically, at the
bifurcation nodes, a larger cure depth was observed, and the smallest features exhibited decaying
cure depth as the free end of the feature was approached. These observations are likely due to
asymmetry of the lateral boundary (e.g., large-to-small or small-to-no feature transitions) and
resulting changes in availability of oxygen for diffusion. Finally, the diagonal line features had a
slightly decreased cure depth, although this is likely dominated by the lessened total irradiance of
a stair-stepped diagonal versus rectangular region, leading to a square root of two factor
reduction in effective width. In the second example, a multi-layer print was designed with the
final layer consisting of line patterns ranging from wr= 108 um down to wr=27 um. Layer
thicknesses were programmed to 50 pum, and irradiance was set to 20 mW cm™. Note that the
radiant exposures on the printer differ slightly from the projector due to the granularity of control
in the printer. There may also be some discrepancy due to the precise illumination pattern of the
larger printer pixels (27 pm/pixel) compared to the higher-resolution projector used for in-situ
OCT (5.4 pm/pixel). Initially, a naive approach was used to cure all features at Eo = 40 mJ cm™,
sufficient to cure the largest feature in an unbounded experiment to Cq = 125 pm deep and easily
bridge the 50 um layer gap. While large features successfully printed and attached to the part, wr
=54 um features polymerized but exhibited significant delamination, and wr =27 pm features
failed to print at all (Figure 6C, top). The result agreed well with the working curves wherein wr
=108 pm and wr =81 um features are predicted to bridge the 50 um layer, wr =54 um features
should minimally bridge the layer, and wr=27 um were predicted to fail to bridge the layer (i.e.
print failure). The informed print utilized corrected exposures to bridge the layer gap. Based on
the size dependent working curve, Eo(108 um) = 40 mJ cm™, Eo(81 pm) = 40 mJ cm™2, Eo(54
pum) = 60 mJ cm?, Ep(27 um) = 80 mJ cm™ were used. Here, all features successfully printed and
attached to the part (Figure 6C, bottom). Although OCT artifacts have not been ruled out, a
notable observation is that the features appear to detectably penetrate the previous layer(s) of the
part. The ability to detect cure-through non-destructively could further inform future



optimization studies, particularly if coupled with evidence of delamination such as was observed
for the naive wr = 54 um features.
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Figure 6. Quantification of hydrogel size dependent working curve enables correction of cure depth
based on feature width. (A) Representative working curves of wy= 108 um, wr= 54 um, wr= 27 um, and
wr=10.4 um features demonstrate the different radiant exposures needed to reach a cure depth of 100 pm
(dashed red line). (B) Naive (left) and corrected (right) single-layer bifurcating structure demonstrating
height differences based on feature widths. Naive structure had a constant radiant exposure of £y = 138
mJ cm. The corrected structure had exposures calculated from the working curve of each feature width:
Eo(108 um) =29 mJ cm?, Eo(54 um) =35 mJ cm?, Eo(27 pm) = 71 mJ cm™, Eo(10.4 um) = 138 mJ cm?,
(C) 3D renderings and cross-sectional images of naive (top) and corrected (bottom) multi-layer 3D
printed structures with features of widths 4 pixels (wy= 108 um), 3 pixels (wr= 81 um), 2 pixels (wr= 54
um), and 1 pixel (we= 27 um). Naive print had a constant exposure of Ey = 40 mJ cm™ while the
corrected structure had irradiances based on the working curve of each feature width: Eo (108 um) = 40
mJ cm?, Ey(81 um) = 40 mJ cm™, Eo(54 um) = 60 mJ cm, Eo(27 um) = 80 mJ cm™,



Implications of size dependence in hydrogel printing

Given the complex architecture of native tissues, and the inherent connection between
form and function, ensuring design fidelity in high-resolution hydrogel printing is vital to
advance biomedical research. While this study focused on one polymer class (PEGDA), the
results are expected to be generalized to many hydrogel compositions, given that diffusional
properties of the resin are likely dominated by their high-water content. As vat polymerization
seeks to produce increasingly smaller features into increasingly larger parts, a fundamental
understanding of size dependence of voxel formation will gain more importance. The fact that E.
values can increase an order of magnitude or more in small features compared to large features
poses opportunities for both materials and process researchers. A critical challenge is that faithful
production of visibly resolved features does not ensure comparable fidelity of smaller or closer
spaced features. While the implications of size dependence on voxel scale geometric precision
are clear, the impacts on properties could also be important. For example, exposures that
inadvertently overcure large features could result in higher modulus and reduced species
diffusion. Likewise, undercured features could be undesirably weak in green strength, resulting
in failed prints. Precisely forming each voxel with a specified exposure to achieve a desired cure
depth will lead to higher performing, more reliable structures and devices. The fact that size
dependence can be mitigated at high irradiances should motivate efforts towards higher powered
light engines; however, tradeoffs such as the reduction in dead zone thickness and corresponding
increase in adhesive Stefan force must be carefully balanced.

The above discussion of size dependence suggests a broader investigation into more
complex lateral boundary conditions. For example, the digital projector enables a range of planar
geometries such as annuli, curves, and other arbitrary shapes to be explored. Furthermore, the
depth imaging capabilities of the OCT apparatus naturally lend themselves to studies of vertical
boundary conditions (e.g. printing into void space) which are more representative of multilayer
3D printing. Finally, the 3D imaging modality of the OCT as demonstrated in Figure 6 can also
be time-resolved to inform 3D multiphysics models of the printing process. It should be noted
that the method presented is reliant on inks that exhibit a large contrast change during gelation.
Here, that is achieved with the addition of alginate, which phase separates from the PEGDA
upon gelation. Because not all inks will deliver sufficient contrast for highspeed imaging, the
limits of both material and instrument optimization for maximum signal should be explored.

3. Conclusion

The curing kinetics of hydrogel bioinks, as revealed by in situ working curve
measurements, exhibited extreme dependence on exposure, formulation, and window conditions.
Unlike traditional working curves that are measured ex situ on millimeter-scale features, our
measurements employed optical coherence tomography to observe voxel formation and the
working curve in real time on features down to only 10.8 pm in width. At low irradiances typical
of LCD and DLP printers, Ec values increase an order of magnitude or more when feature width
is reduced from 108 pm to 10.8 um. Higher irradiances up to nearly 500 mW cm greatly



reduced this size sensitivity, but proved to be less photon-efficient, driving up the E. values for
larger features. The novel use of in situ OCT imaging enabled the observation of polymerization,
size dependence, and dead zone thickness when printing with oxygen permeable windows. The
size dependent working curves can be used as a model to ensure print fidelity regardless of
feature size, as demonstrated on both single- and multi-layer prints. Overall, size dependence
must be a consideration for future progress in high-resolution vat photopolymerization of
hydrogels.

4. Materials and Methods

Certain commercial equipment, instruments, or materials are identified in this paper to specify
the experimental procedure adequately. Such identification is not intended to imply
recommendation or endorsement by NIST.

4.1 Materials

Polyethylene glycol diacrylate (PEGDA, My = 700 Da), sodium alginate, and tartrazine were
purchased from Sigma Aldrich (St. Louis, MO, USA). The photoinitiator lithium phenyl-2.,4,6-
trimethylbenzoylphosphinate (LAP) was purchased from AmBeed, Inc. (Arlington Heights, IL,
USA). All chemicals were used as received.

4.2 Hydrogel Formulations

Water-based hydrogel formulations were used for all experimentation. The primary formulation
consisted of 10 % by mass PEGDA 700 in deionized water with 0.5 % by mass sodium alginate.
Alginate was added to the formulation to increase the phase separation (imaging contrast) of
polymerized structures and is necessary for fast, real-time imaging. Without alginate, the
sampling rate and averaging required to obtain resolved images of the hydrogel structures are on
the order of 1 Hz to 5 Hz rather than roughly 100 Hz in these experiments. Additionally, alginate
was chosen as it is a commonly used hydrogel material across a variety of biomedical
applications, often added to reach desired mechanical or biological properties.*®>? The hydrogel
formulation contained photoinitiator LAP at 0.5 % by mass and photoabsorber tartrazine at 0.1 %
by mass. For some experiments, the concentration of tartrazine was increased to 0.3 % by mass
or 0.5 % by mass. Formulations were stored protected from light prior to use.

4.3 In situ OCT instrument
4.3.1 Light Engine

To photopolymerize the hydrogel samples, a Luxbeam Rapid System projector (Visitech) was
situated under a movable stage and the OCT head (Figure 8A). The projector had a 1920 x 1080-



pixel resolution using a nominal 385 nm light output and a 0.5x lens, which resulted in pixel
ratio of 5.4 um. The projector was connected to the OCT computer via an analog input to ensure
accurate timing of light exposure was recorded. The projector photospectrum was characterized
using a spectrometer (Avantes, AvaSpec-ULS4096CL-EVO) showing a maximum emission at
384 nm with a full width half max of roughly 9 nm (Figure 8B). The irradiance of the projector
at each power level tested was calibrated using an integrating sphere photodiode power meter
(S142C, Thorlabs) and ranged from roughly 5 mW cm™ to 450 mW cm (Figure 8C).

Photomasks were generated as 1920 x 1080 bitmap images with a variety of feature patterns. All
in situ experiments were composed of 5 features with specified feature width wr and feature
spacing st (Figure 1A). For varying wr experiments, features of (2, 3, 4, 5, 6, 8, 10, 12, 14, 16,
18, and 20) pixels wide (a range of 10.8 um to 108 pm) were spaced 100 pixels (sf= 540 um)
apart to minimize the influence of feature-to-feature interactions. For feature spacing st
experiments, features 2 pixels and 20 pixels wide were spaced (1, 2, 3, 4, 5, 10, 15, 20, 30, and
50) pixels apart (a range of 5.4 pm to 270 um). Using the same spacing pattern, masks were also
made with alternating 2 pixel and 20 pixel wide features. The bifurcating sample mask consisted
of four feature width levels of (2, 5, 10, and 20) pixels.

4.3.2 Optical Coherence Tomography (OCT) Apparatus

OCT is a non-invasive imaging technique which uses near-infrared light to detect contrast from
differences in light scattering throughout a sample. Here, an OCT (Thorlabs Ganymede, 880 nm,
GANG632C1) system was used to obtain images of hydrogel samples during exposure to light.
OCT images were collected at 200 kHz without A-scan or B-scan averages to maximize temporal
resolution across the experimental field of view. The x-resolution of the scale was set to 1.5 um
per pixel. The z-scale of OCT images is dependent on the refractive index of the sample. As
such, the refractive index of the hydrogel resin and polymerized sample were calculated using a
reference height imaged through air (refractive index of 1.00) and water (refractive index of
1.33).3 The refractive index both the hydrogel resin and polymerized sample was determined to
be 1.35, giving a z-scale of 1.19 um per pixel. It should be noted that OCT is accurate and
comparable to other methods of measuring sample heights or thicknesses.®° In this study, the
accuracy of OCT was confirmed using an ex situ approach. Samples were polymerized with three
different exposure durations (S1, S2 and S3) on a glass slide and the cure depth measured using
only the resulting OCT contrast of the hydrogel. Tungsten beads (nominal diameter of 12 um,
Sigma Aldrich) were then added on top of the same samples to create a higher contrast outline
(Figure 8D-E). The cure depth measured using just the sample contrast had no significant
differences from the cure depth measured using tungsten beads as contrast agents, indicating the
in situ measurements of cure depth are accurate and that sample contrast is indicative of gelation
(Figure 8F).
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Figure 8. Characterization of experimental setup. A) Image depicting the alignment of the OCT and
projector including the focal plane jig, as well as the glass slide and silicone isolator to contain the resin
volume. B) Projector light spectrum centered around 384 nm. C) Calibration of arbitrary projector LED
power levels. D) Representative OCT image of measuring the cure depth of a sample using only sample
contrast. Green trace represents the automated detection of the sample, with the cure depth measured as
the average distance from the glass slide interface (red line) to the top of the sample. E) Representative
image of measuring the cure depth of a sample using tungsten beads as a contrast enhancing outline.
Green trace represents the tungsten beads. F) No significant difference is observed between the cure depth
measured using sample contrast versus tungsten beads for 3 different cure depths (S1, S2 and S3).

4.3.3 Experimental Setup and Workflow

To measure real time photopolymerization of the hydrogel samples, the OCT was placed over the
projector (Figure 1A). Hydrogel resins were polymerized onto glass slides functionalized with 3-
(trimethoxysilyl) propyl methacrylate (Automate Scientific; Berkeley, CA, USA). Resin was
contained using 400 pm thick silicone isolators (Grace Biolabs; Bend, OR) and a coverslip.
Alternatively, some experiments were conducted on oxygen permeable materials; here the glass
slide was replaced either with 10:1 base-to-curing agent ratio of PDMS (Sylgard 184), Teflon



amorphous fluoropolymer (AF 2400; Kodak, Rochester. NY), or perfluoroalkoxy film (nFEP-
PFA; Phrozen, Hsinchu City, Taiwan). Prior to imaging, the focal plane of the projector and OCT
were aligned to the printing interface. To do this, a custom jig was fabricated to tilt the glass slide
relative to the projector and OCT focal plane (Figure 8A). This enabled a larger range of stage
heights to be tested in a single exposure, reducing the time required to step through single focal
plane trials. Line patterns were then displayed on the projector, and the focal plane adjusted until
the sharpest feature was polymerized, roughly corresponding to the pixel scaling of the projector
(e.g., a 5-pixel wide mask should polymerize a feature with a width of 27 um). Once the optimal
focal plane was determined, the slide was moved to a level, horizontal orientation, and the
projector displayed line patterns of various widths and spacings while OCT images were
collected over the exposure. To ensure accurate timing data, “3D mode” was used to collect OCT
images, with the zero-size y-direction set to collect images over time.

OCT data was then analyzed using IMPPY 3D software in Python®! to determine cure depth for
different radiant exposure and construct working curves for the various pattern conditions.
Briefly, the last image in the OCT sequence was used to identify a bounding box around the
polymerized features. Image denoising, filtering, normalizing, and background subtraction
(background calculated from frames prior to light exposure) was then performed on the image
sequence. To determine the cure depths of the polymerized features, the average and standard
deviation of the baseline pixel value for each bounding box was determined (defined as frames
prior to light exposure). The baseline threshold was set to the average pixel value plus three
times the standard deviation. Next, the average pixel value of each row in the feature bounding
box was calculated. The last row of the bounding box that had an average pixel value greater
than baseline threshold for a given frame was set to be the height of the feature (Figure 1B).
Performing this calculation across the image sequence (rescaling the row numbers by the OCT z-
scale and frame numbers by the OCT timing and projector irradiance) gives a working curve
relationship of cure depth Cq versus radiant exposure Eo. Given possible noise in the OCT
imaging, a random sample consensus (RANSAC) regression®? was performed to exclude outliers
and fit the Jacobs model to the working curve data (Figure 1C).

4.4 Digital Light Processing 3D Printing

A DLP printer (ASIGA MAX X) with 385 nm nominal wavelength and 27 pm pixel resolution
was used to fabricate hydrogel structures. Bitmap photomask images for each 50 um layer were
generated for sequential exposure using an irradiance of 20 mW cm. The first three (burn in)
layers had a radiant exposure Eo = 160 mJ cm™ while sequential part layers were polymerized
with Eo = 80 mJ cm™. For the last layer with various feature sizes (wr= 108 pm to wr=27 pm)
the naive print had a constant Eo = 40 mJ cm? while the size dependent corrected print had
variable radiant exposures: Eo(108 pm) =40 mJ cm, Eo(81 um) = 40 mJ cm2, Eo(54 pm) = 60
mJ cm?, Eo(27 um) = 80 mJ cm™. Note that these radiant exposures are not explicitly equivalent
to the OCT working curves, based on the granularity of the settings for printer exposures.
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