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Abstract

Resin 3D-printed molds are being increasingly favored for PDMS microfluidics across
many disciplines. However, resin diversity, as well as secret manufacturer formulations,
leads to a lack of standardization when using 3D printing for microscale applications. The
impact of physical resin properties, both in its monomeric concoction and polymerized
lattices at 100 µm or lower scales, needs quantification. We tested the performance of locally
available resin formulations, isolating the impact of resin pigments and how it impacted
the resin’s properties and performance. Lower resin viscosity improved feature fidelity
(edge filleting < 25 µm) and improved resolution limit for recessed features, while cured
polymer mechanical strength impacted the limit for positive mold features. We combined
our findings to fabricate quality negative and positive mold structures in the mold and
determined the best protocols associated with limitations during the fabrication of such
structures. The methodologies in this study are expected to be widely applicable across
various resin types and simplify the adoption of 3D printing protocols for specific feature
fabrication in microscale molds for PDMS devices.

Keywords: 3D printing; resin; microfluidics; microfabrication; SLA printer; resin viscosity;
PDMS; soft lithography; microfluidic mold

1. Introduction
Soft lithography microfluidics has been monumental in the development of intricate,

small-scale, high-throughput technologies. These include large-scale, low-medium cell cul-
ture [1,2], cell screening [3,4], cell manipulation [5,6], small animal manipulation [7,8], and
bio-robotics manipulation [9,10]. The first step in PDMS soft lithography is the fabrication
of a master mold. With recent advances in 3D printing technology [11], Stereolithographic
(SLA) and Vat Photopolymerization (VPP) have become a popular choice for microfluidic
mold fabrication in many institutions. The wide availability of 3D printers and resins in the
maker and hobbyist space has made this approach low-cost [12,13] and easily accessible,
enabling microfluidics research without expensive equipment or specialized skill sets.

Due to high market demands [14], numerous companies have presented resin formula-
tions for different applications. These resins are based on some combination of methacrylate
monomers with a photo initiator [15–18], along with additives such as plasticizers, pig-
ments, and photo absorbers. The pigment-related chemicals often have a dual role as photo
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absorbers [19] or UV scattering [20,21]. Manufacturers use models such as the Grunberg–
Nissan viscosity model [22] to target an intended viscosity [23] and safe cure temperature.
However, they rarely account for how these physical values affect the resin’s applicability
at the microscale. In microfluidic mold fabrication, even small dimensional deviations
that would be negligible in other applications can significantly alter device performance.
Careful resin selection is therefore critical.

Manufacturers advertise resins using buzzwords such as “8 K”, “10 K”, “Ultra”, and
“High Toughness”. However, these labels make it difficult to assess actual performance
limitations, particularly in microfluidics where print fidelity is critical. Resins have
been widely evaluated for flexural strength in dental [24–26] and orthodontic [27,28]
contexts [29–31], including in vivo study [32]. These findings, however, are not directly
applicable to microfluidic molds. Resin viscosity is another important consideration for
“bottom-up”-style 3D printers. Low viscosity reduces the viscous forces acting on the print
as it is lifted from the vat. Despite this, the broader impact of viscosity on print quality,
beyond lift forces, has not been systematically investigated.

Most current research in resin 3D printing for microfluidics focuses on the post-
processing [33–35]. This is because residual liquid resin can inhibit soft lithographic
curing [36,37] and reduce biocompatibility [38,39] in medical and biological applications.
However, printability and dimensional accuracy also deserve attention. Improper resin
selection or shifts in fabrication precision by just a few microns can compromise device
quality and reproducibility. Many factors affect print quality, including layer height,
exposure time, print orientation, light wavelength, photo initiator type, photo absorber type,
and the particle size of suspended components. Quantifying each factor independently
is difficult. However, it should be possible to predict resin behavior comparatively from
physical properties alone, helping users navigate marketing claims.

Despite the importance of resin selection for microscale applications, no prior work
has systematically linked resin viscosity and ultimate tensile strength to microscale fabrica-
tion performance in VPP-based microfluidic molds. Both parameters are either supplier-
reported or rapidly measurable in-lab, making them practical guides that require no
chemical characterization. In this study, we evaluated common microfluidic structures
at sub-1000 µm scales. We found that the minimum printable dimension for positive
features correlates with the tensile properties of the cured resin, while the limit for negative
(recessed) features and print sharpness correlate with resin viscosity. These two parameters
thus serve as accessible, chemistry-free guides for resin selection and a framework for
efficient adoption of 3D-printed microfluidic molds.

2. Materials and Methods
2.1. Equipment and Materials

The resins that we tested for this paper were the SK High Toughness Grey (SK01U)
and the SK High Toughness White (SK02U), which are denoted as Grey and White resin,
respectively. Both are from the SK Honpo (Tokyo, Japan)High Toughness series. The
detailed formulation is not publicly disclosed by the manufacturer; the acrylate-based
assignment in this study was based on FTIR measurements (Nicolet Summit X, Thermo
Fisher, Waltham, MA, USA). As is characteristic of such proprietary formulations, the prod-
uct specification does not explicitly disclose the components or the dye ratios. Accordingly,
we do not assign a specific base composition solely from the manufacturer documentation;
instead, we interpret these resins as photopolymer materials with spectral features consis-
tent with an (meth)acrylate-based system, which have been widely used as main material
for microfluidic mold fabrication [40].
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White photopolymer resins employ inorganic scattering particles such as TiO2 to
achieve opacity [41]. The formulation of Grey photopolymer resins in commercial practice
typically involves adding a small amount of carbon black (approximately 1 wt% of the
pigment content) to a White TiO2-based base resin [42]. We hypothesized that the same
could be the case in the resins we tested. We also prepared a mixture at a ratio of 4:1 (White:
Grey) to determine if modifying resin properties through simple resin blending could be a
viable method for tuning performance when printing microfluidic molds. This mixture is
designated in the text as “Mixed Resin”.

All mold samples and specimens for tensile testing were 3D-printed using a Sonic
Mini 8K 3D printer (Phrozen, Hsinchu City, Taiwan). The pixel size of the screen is
22 µm × 22 µm, which represents the nominal XY pixel pitch of the LCD screen rather
than a guaranteed minimum printable feature size. Both the printer and the resins were
acquired from SK Honpo’s online store.

2.2. 3D Printer Screen Power Measurement

Our model of 3D printer uses a single LED module projected onto the screen through
a large Fresnel lens to illuminate the masks displayed. To understand the exact power
output from the 3D printer screen and ensure irradiance uniformity while printing our
samples, we recorded the flux from the screen using an Optical Power Meter (Thorlabs
PM400, Newton, NJ, USA) at 8 separate points (2 vertical × 4 horizontal) when the screen
was fully illuminated. Five measurements were taken and then averaged for each zone.

2.3. Overcuring Measurement: Sample Preparation

To test the performance of the resins in a microfluidic context, we designed three
molds using SolidWorks 2021 SP0.0 with squares, circles, and lines (Figure 1A–C), the
most common structures used in microfluidic devices. The structures were 200 µm deep
to assist in cross-sectional observation. The sizes of the structures started at 22 µm (width
and height for squares, radii for circles, and width for the lines) and increased by 22 µm to
550 µm, then by 44 µm to 792 µm, and finally to 880 and 990 µm (Figure 1A–C). The files
were sliced using Chitubox Pro 1.4.1.

 

Figure 1. Sample and specimen designs for resin testing. (A) Positive line structures, (B) positive
square microwell-type structures, and (C) positive circular microwell-type structures (all designed
as molds for PDMS microfluidic channels). (D) Subsize dumbbell-shaped tensile test specimen (all
dimensions are in mm).
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After printing, samples were sonicated in fresh isopropyl alcohol (IPA, 95%, Rock
Paint Co., Ltd., Osaka, Japan) for 180 s, then rinsed manually with additional IPA using a
wash bottle. After N2 blow-drying, samples were post-cured for 3 h in a UV chamber (SK
Honpo Secondary Hardener DIY Kit Plus, SKU: SLCURE1PLUS, 405 nm, 49 mW/cm2 at the
center of the chamber) and subsequently heated at 80 ◦C for 3 h on a hotplate. These steps
remove residual monomers, which otherwise inhibit platinum-catalyzed curing of silicone
elastomers, preventing PDMS molding. Since dimensional changes from post-processing
contribute to the final device geometry, all samples, including those not used for PDMS
molding, underwent the identical procedure before measurement.

Microstructure dimensions (channels, microposts, and microwells) were measured
using a Keyence VHX-7000 microscope(Osaka, Japan). Edge detection-based composite 3D
imaging was applied where necessary. The deviation of each printed dimension from its
design value was recorded.

2.4. Soft Lithography Molded Samples

The positive channel molds were used for soft lithography to create PDMS samples
with embedded channels. Base polymer and curing agent of Silpot 184 PDMS (Toray
Dow-Corning, Tokyo, Japan) were mixed at a ratio of 10:1, centrifuged and poured over
the molds. The mold was then placed under a vacuum of −0.7 MPa to ensure no air
bubble remained in it and the silicone covered all the features of the mold. The PDMS
was left on a hotplate at 80 ◦C till hard. The PDMS samples were then removed and cut
through the middle using a razor blade for observation of the channel cross sections under
the microscope.

2.5. Tensile Test Specimen Preparation

The physical properties of solids change with their dimensions. Since the structures
we are concerned with are generally very small, we opted to test subsize dumbbell-shaped
specimens (based on the ASTM E8 standard) of cured resin with a thickness of ~1 mm
(Figure 1D). The full length of the specimen was 101.6 mm and the width at the grip
and the reduced section was 9.53 and 6.35 mm, respectively. This geometry more closely
corresponds to the dimensions of microfluidic devices and aligns with the confines of the
equipment available in our lab (MCT-2150, load cell limit < 500 N, A&D Company, Ltd.,
Tokyo, Japan). The specimens were printed at 50 µm layer height with an exposure time of
3.25 s. The prints were then sonicated in fresh IPA for 120 s, dried with paper towels, and
cured in the secondary curing chamber for 3 h to mimic the same degree of conversion as
the molds. Any prints containing bubbles were rejected as they presented initiation points
for fracture formation.

2.6. Viscosity Measurement of Resins

Resin viscosity varies between samples due to colloidal heterogeneity; manufacturers
therefore provide a viscosity range rather than a definitive value. Some resins are also prone to
separation, and shaking prior to printing is recommended for even dispersion. Additionally,
photopolymerization releases heat [43], which may raise the temperature within the vat during
printing. To ascertain that the relative viscosity difference between resins was maintained
at elevated temperature, viscosity was measured at two temperatures: 23 ◦C (ambient room
temperature) and 50 ◦C (estimated in situ temperature during photopolymerization-induced
heating). Each resin was heated to the target temperature on a hotplate and evaluated using a
tuning fork vibro viscosimeter (A&D Company, Ltd., SV-10).
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3. Results
3.1. UV Power Output of the 3D-Printed Screen

Measurement of channel width in early print samples showed large deviation in
dimensional value between measurements over long distances. The variation in data
for 220 µm thick designed channel taken within 600 µm showed an average standard
deviation of 0.7%, whereas the deviation of measurements within a distance of 30 mm
showed a larger deviation of 2.8%. Microstructures on the smaller microwell molds are less
affected as the microstructures are more localized and not spread over a larger area like the
channels. This variance implied the uneven UV characteristics of the 3D printer impacted
the dimensional values of our test samples. The power distribution across the printer screen
was characterized before fabrication to ensure that dimensional differences between printed
samples reflected resin properties rather than inconsistent UV exposure. The average output
was 1.16 mW across the eight measured zones, but with a standard deviation of 0.29 (25%),
indicating significant non-uniformity (Figure 2F). The most powerful area was at the bottom
left, decreasing elliptically towards the edges. By placing all samples in the bottom left and
top center regions of the build plate, where variance dropped to 0.09 (7.8%), UV exposure
was kept sufficiently uniform to attribute any dimensional differences to the resin itself
rather than printer artifacts (Figure 2A–E).

Figure 2. Fabricated molds for observation of overcuring performance. (A) Channels (positive).
(B) Square microwells (positive). (C) Circular microwells (positive). (D) Cross section of PDMS cast
of (A). (E) Subsized tensile test specimen and corresponding dimensions. (F) Heatmap of UV power
distribution across the 3D printer screen surface. Dotted lines show the placement of the printed
molds during fabrication. This placement strategy tries to mitigate dimensional variation across
printed channels on the molds.

3.2. Determination of Best Printing Parameters for Microscale Fabrication

Before comparing resin performance, it was necessary to establish printing parameters
that would allow microscale features to form reliably without introducing artifacts from
over- or under-exposure. Standard parameters recommended for general part fabrication
are not appropriate for microfluidic molds, and the reasons are fundamental to how VPP
printing works at small scales. Exposure time exerts a dual effect on the fabricating structure.
When exposure is too short, crosslinking of the monomers is insufficient to form a strong,
stable solid network. The resulting weak structure tends to erode under the mechanical
stresses of printing, causing cascading failures as subsequent layers are cured on top of
already-failed regions. On the other hand, excessive exposure allows UV light to bleed
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beyond the intended mask boundary (Figure 3A–C), curing resin in unintended areas and
causing overcuring. In extreme cases, this fills in negative structures entirely (Figure 3D–F)
or merges closely spaced features (Figure 3G–I), rendering the mold unusable. Optimizing
UV dosage to avoid both failure modes is essential in all VPP processes, but the challenge
is especially acute for microfluidic structures, where feature dimensions are orders of
magnitude smaller than in typical fabrication or hobbyist applications.

Figure 3. Analysis of light-bleed effects and optimization of exposure parameters for microfluidic
mold fabrication. (A) Schematic of additional material overcuring. (B) Perspective (imaging area
140.8 µm wide) and (C) side views of 3D composite imaging of overcuring. Blue dashed lines
correspond to the intended structure. Scale bars: 100 µm. (D) Schematic of resin fill-in of negative
structures. (E) Perspective (imaging area 91.2 µm wide) and (F) side views of 3D imaging of this
phenomenon. Blue dotted lines show the intended structure. Scale bars: 100 µm. (G) Schematic of
failure through feature merging. (H) Top-down image of the dimension numbering in sample molds
displaying this phenomenon. (I) 3D image showing that the space between the numbers 2 and 6 has
cured with additional resin, reducing print definition. (imaging area 144.8 µm wide) Blue dotted lines
show the intended structure in the absence of overcuring and feature merging. (J) Reduction in the
microstructure footprint when the mold is printed at an angle to the build plate. Masks generated by
the slicer software (Chitubox Pro) when the mold is placed (K) flat and (L) tilted relative to the build
plate. The tilted orientation (L) shows a reduction in mask size for the same (242 µm) micropost,
which could cause fabrication failures. Scale bars: 0.6 mm. Success/failure matrices for (M) positive
and (N) negative microstructures across all tested resins.

The severity of this challenge arises from the relationship between mask area and UV
dose. The total power delivered to the resin surface is given by:

P = I × A,

where P is the power of the UV light emitted from the screen, I is the intensity of the UV
projection lamp, and A is the area of the layer mask. Because microstructure masks are
generally only a few pixels wide, the total UV energy incident on the resin is drastically
reduced compared to bulk part fabrication. Features that would cure reliably at standard
exposure times may therefore fail to form when the mask area is small. This means that
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the exposure times required for reliable microstructure fabrication are substantially longer
than those used for general applications.

Print orientation presents a related problem. In standard SLA VPP practice, parts are
printed at an angle to the build plate to prevent semi-cured layers from sagging during the
print, which can cause delamination and uneven features along the z-axis. For microfluidic
molds, however, this approach is counterproductive. Tilting the mold causes the slicer
software to project each layer as a reduced cross-sectional plane, and the footprint of the
mold mask is reduced by the cosine of the tilt angle (Figure 3J–L). This further reduces the
already limited UV dose reaching the microscale features, and in some cases causes the
slicer to ignore features entirely when their projected footprint falls below the minimum
pixel size of the printer screen. Microfluidic molds must therefore always be printed flat
relative to the build plate.

To determine the minimum effective exposure for positive microstructures under
these constraints, channels 200 µm tall and 100 µm wide were fabricated using each test
resin. These were evaluated under a microscope for breaks or imperfections along their
length. Any failed section would produce a blocked channel in the final microfluidic device,
rendering it unusable. Three samples per resin were printed at 50 µm layer height at
exposure values ranging from 6.5 to 12.0 s, incremented by 0.5 s. Any break or imperfection
in the lines was classified as a failure. Prints with one or two failures out of three samples
were classified as partial failures, while cases where all three failed were classified as
complete failures.

All resins failed at short exposure times. The White resin showed partial successes
beginning at 8.5 s, with the failure rate decreasing as exposure increased. Starting at 11.5 s,
no failures were observed across any resin type or the mixture (Figure 3M). Channels were
complete and continuous without significant breaks or kinks. This value represents the
lowest effective exposure needed for reliable microstructure fabrication while minimizing
the risk of additional overcuring and was therefore adopted as the standard exposure time
for all positive microstructure fabrication throughout this study.

Negative microstructures presented the opposite challenge. Overcuring encroaches
on recessed features from the surrounding illuminated areas, progressively reducing their
effective dimensions. Lower exposure times, therefore, improve dimensional accuracy for
negative features. However, reducing exposure on the large flat surface of the mold base
introduces the risk of delamination. A parallel optimization study was conducted across all
resins, testing exposure values from 1.5 to 3.5 s in 0.5 s increments at 50 µm layer height. If
any of the three samples per condition showed delamination, the condition was classified
as a partial success; absence of delamination in all three samples was classified as a success.
Delamination was observed at exposures up to 2.0 s for all resins except the White resin.
At 2.5 s and above, no delamination was observed for any resin (Figure 3N). All negative
mold samples in this study were therefore printed at 2.5 s, balancing dimensional accuracy
with structural integrity of the mold base.

3.3. Fabrication Limits and Overcuring Performance for Positive Mold Features

The printed dimensions (Figure 4A–C) and percentage overcuring relative to the
designed dimensions (Figure 4D–F) were measured for each resin and structure type. The
central finding was that each resin displayed a distinct fabrication limit, the minimum
dimension that could be reliably printed for a given structure, and that these limits differed
substantially between resins despite their near-identical base chemistry.
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Figure 4. Accuracy performance of tested resins for positive mold features. (Inset) The schematic of
the type of mold feature fabricated. The designed vs. printed dimensions when printing (A) tall chan-
nels, (B) square microposts and (C) circular microposts. The rate of overcuring for subsequent design
dimensions for fabrication of (D) tall channels, (E) square microposts and (F) circular microposts.

The fabrication limits were strongly influenced by the structure geometry, for reasons
related to UV dose and mechanical stress. Channels showed the best (lowest) fabrication
limits of the three structure types, as their elongated mask geometry delivers a compara-
tively larger cumulative UV dose across the whole structure, and their wider cross-section
is less susceptible to shear stresses during printing. Square microposts had smaller, more
widely spaced masks and received less UV, resulting in a higher fabrication limit. Circular
micropost masks were smaller still than their square equivalents of the same nominal
dimension, yielding the worst fabrication limits of all three types. Below each resin’s fabri-
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cation limit, one of two failure modes was observed: either the weakly crosslinked resin
layers failed to adhere to the base and were washed away during cleaning, or the completed
microstructure fractured under the mechanical stresses of the fabrication process.

At the minimum fabricable dimension, all resins showed a larger-than-usual dis-
crepancy between designed and printed values (Figure 5), because the limited mask area
delivered insufficient UV flux to fully cure the intended geometry even when fabrication
was technically possible. Notably, the White resin, despite its tendency to overcure and its
poorer dimensional accuracy at larger scales, achieved better fidelity and lower fabrication
limits than the Grey resin at the smallest printable dimensions, as its overcuring tendency
partially compensated for the reduced UV dose. The White resin consistently printed 22 µm
designed channels (average printed width: 14.1 µm), while the smallest channel the Grey
resin could reliably produce was 66 µm (average: 35.3 µm). Similar trends were observed
for microposts: the Grey resin’s limits were 110 µm for square microposts (59.2 µm printed)
and 132 µm for circular microposts (72.8 µm printed), while the White resin achieved 66 µm
for both square (76.2 µm printed) and circular (65.8 µm printed) forms.

Figure 5. Fabrication limits for positive microstructures. Comparison of design dimensions ver-
sus actual printed dimensions for the smallest fabricable (A) positive channels (n = 6), (B) square
microposts (n = 4), and (C) circular microposts (n = 4) for each resin.

The White resin consistently overcured at larger scales while the Grey resin consistently
undercured, yet their roles reversed at the smallest printable dimensions. Since only the
pigment composition differs between the two resins, these large differences in fabrication
behavior must be attributed to the colorant components alone. This finding carries a
practical implication: switching to a differently pigmented resin within the same product
line may produce substantially different and unpredictable fabrication results without
prior evaluation.

To confirm that the observed behavioral differences were caused by the pigment
rather than some other uncontrolled variable, the Grey and White resins were blended
at a ratio of 4:1 (White:Grey) to produce the Mixed resin, and its fabrication performance
was evaluated. The Mixed resin printed 44 µm channels (45.9 µm printed), 110 µm square
microposts (87.2 µm printed), and 88 µm circular microposts (59.8 µm printed) performance
intermediate between the two parent resins, as expected from the mixing ratio. This result
confirms that resin fabrication behavior can be predictably tuned by blending resins of
known properties, provided their base composition is similar.
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3.4. Fabrication Limits and Overcuring Performance for Negative Mold Features

Negative mold features presented a fundamentally different and more challenging
situation than positive features. Near-UV light (395–405 nm), used in entry-level 3D printers,
scatters significantly more than the deep UV (~270 nm) used in photolithography. This
scattering causes illuminated mask regions to influence adjacent dark areas, and the effect
is especially severe for negative features, where the unlit recessed areas are surrounded by
illuminated regions. UV bleed from the surrounding areas cures resin within the recession
over successive layer exposures, progressively filling it in. As a result, high exposure times
encroach on negative features far more adversely than on positive ones, making negative
features inherently more difficult to fabricate accurately with hobbyist-grade printers.
Overcuring and fabrication limits for recessed features were therefore evaluated separately
for mold channels, square microwells, and circular microwells, which correspond to raised
walls, square microposts, and circular microposts in the final PDMS device, respectively.

Microscope observation confirmed this increased difficulty (Figure 6A–C). Counter-
intuitively, the Grey resin, which undercured positive features, outperformed the White
resin for negative features. The minimum fabricable negative feature sizes for the Grey
resin were 220 µm (163.7 µm printed), 374 µm (299.9 µm printed), and 396 µm (314.0 µm
printed) for channels, square microwells, and circular microwells, respectively. The White
resin performed worse, consistent with its greater overcuring tendency: limits were 374 µm
(289.9 µm printed), 484 µm (382.7 µm printed), and 528 µm (377.0 µm printed). The Mixed
resin fell between the two, with limits of 352 µm (245.3 µm printed), 462 µm (299.6 µm
printed), and 462 µm (283.4 µm printed) (Figure 7).

Overcuring behavior for negative structures followed the same pattern as for positive
structures (Figure 6D–F): the Grey resin showed the least overcuring, with printed negative
structures close to but smaller than the designed dimensions, as expected. Both the White
and Mixed resins showed substantial overencroachment throughout the tested size range,
with printed dimensions considerably smaller than designed.

The reason the Grey resin excels at negative features while the White excels at positive
features remains unclear, but the data consistently implicate the pigment as the governing
variable. The Mixed resin’s behavior was again intermediate but asymmetric: its fabri-
cation limits were closer to those of the White resin, consistent with its 4:1 White:Grey
composition, while its overcuring behavior fell between the two parent resins, reflecting
stronger influence from the Grey component than its mixing ratio alone would suggest. This
asymmetry once again illustrates how small changes in resin formulation can produce dis-
proportionate and non-trivially predictable effects on microscale fabrication performance,
and underscores the importance of empirical evaluation when switching resins.

3.5. Impact of Resin Mechanical Strength on Mold Performance

The fabrication limits observed for positive features in Section 3.3 suggest that mechan-
ical strength plays a key role in determining how small a structure can be reliably printed:
stronger resins should allow smaller features to survive the stresses of fabrication. Tensile
testing confirmed this hypothesis and revealed that the three resins, despite differing only
in pigment composition, exhibited markedly different mechanical properties.

Ten specimens from each resin were tested under tensile load until failure. Most
samples failed without fracture, and the stress–strain curves varied from sample to sample.
Despite this variability, the averaged curves revealed clear and consistent distinctions
between the resins (Figure 8A), confirming that even small differences in pigment compo-
sition can significantly affect the mechanical properties of the cured polymer. The White
resin had the highest UTS at 40.15 MPa, the Grey the lowest at 28.94 MPa, and the Mixed
resin fell between at 36.06 MPa, a systematic gradient of approximately 28% between the
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extremes (Figure 8B). This monotonic trend is consistent with a pigment-driven effect
on photopolymerization: the absorptive Grey pigment competes with the photo initiator
for UV energy, reducing crosslink density and thereby lowering both UTS and Young’s
modulus. Young’s modulus followed the same order: 0.99 GPa (Grey), 1.16 GPa (Mixed),
and 1.28 GPa (White), again reflecting significant property shifts driven by pigment alone
(Figure 8C).

Figure 6. The accuracy performance of tested resins for negative mold features. (Inset) The schematic
of the type of mold features fabricated. The designed vs. printed dimensions when printing
(A) recessed channels, (B) square microwells and (C) circular microwells. The rate of overcur-
ing for subsequent design dimensions for fabrication of (D) recessed channels, (E) square microwells
and (F) circular microwells.
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Figure 7. Fabrication limits for negative microstructures. Comparison of design dimensions versus
actual printed dimensions for the smallest fabricable (A) negative channels (n = 4), (B) square
microwells (n = 4), and (C) circular microwells (n = 4) for each resin.

Figure 8. Tensile properties of the resins: (A) The stress–strain curves of the tested resins; (B) the bar
graph of the average ultimate strength of each resin type; (C) the bar graph of Young’s modulus of
the resins. Lower value means more elasticity.

These mechanical differences directly explain the fabrication limit data in Section 3.3.
Higher UTS allows for finer positive features to withstand the mechanical stresses of
printing without fracturing or detaching from the base, resulting in a lower fabrication
limit. The high UTS of the White resin enables fabrication of features approaching the
theoretical pixel resolution of the printer, while the lower UTS of the Grey resin results in
a correspondingly higher fabrication limit. For applications requiring the finest positive
features, selecting a resin with high UTS is therefore the primary criterion. Although
differences in mechanical properties were observed among the tested resins, all three
exhibited sufficient strength for practical microfluidic mold fabrication.
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3.6. Impact of Resin Viscosity on Mold Performance

While UTS governs the fabrication limits of positive features, resin viscosity emerged
as the key parameter controlling both the fabrication limits of negative features and the
sharpness of printed edges, two aspects of print quality that UTS alone cannot explain.
The average viscosities of Grey, Mixed, and White resins at 23 ◦C were 184.4, 196.6, and
204.0 mPa·s, respectively. Viscosity was also measured at 50 ◦C (estimated in situ tempera-
ture during photopolymerization-induced heating) to confirm that the relative ranking was
preserved at elevated temperature; values dropped to 32.58, 39.67, and 57.8 mPa·s, respec-
tively, maintaining the same order (Figure 9D). All printing experiments were conducted at
ambient temperature; vat temperature was not used as a controlled variable. This order
does not correlate with the overcuring or dimensional accuracy results for positive features,
confirming that viscosity does not directly influence positive mold fabrication.

Figure 9. Influence of resin viscosity on the cross-sectional morphology of microchannels.
(A–C) Cross-sectional micrographs of PDMS channels cast from molds printed with (A) White,
(B) Mixed, and (C) Grey resins, showing the relationship between resin viscosity, interlayer line
visibility, and corner fillet radius. Scale bars: 100 µm. (D) Measured viscosity of each resin at 23 ◦C
and 50 ◦C. (E) Fillet radii at the upper and lower channel corners for each resin.

Viscosity directly explains the superior performance of the Grey resin for negative
mold features. The highly viscous White resin performs far worse than the low viscosity
Grey resin across all geometries. More viscous resins are retained more strongly within
small recesses by capillary pressure and drain more slowly before curing, effectively
reducing the apparent opening of recessed features and worsening their fabrication limits.
This effect is particularly pronounced in microwell geometries, where the high aspect
ratio of the small holes amplifies capillary drag. The Mixed resin showed an intermediate
viscosity between its two parent components, once again confirming that blending similar
resins can predictably tune this property. Thus, lower resin viscosities improve negative
feature fabrication limits.

The influence of viscosity on print quality was further examined through cross-
sectional microscopy of PDMS channels cast from the printed molds. At the scales involved
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in microfluidic fabrication, the interlayer gaps created during layer-by-layer printing are
narrow enough to generate capillary forces. More viscous resins are drawn into these
gaps and drain more slowly, allowing them to cure in place and produce smoother, more
rounded channel walls. Less viscous resins drain readily, leaving the interlayer steps ex-
posed in the final cast. This effect was clearly visible in the micrographs: channels cast from
the White resin molds showed smooth, featureless walls with no visible interlayer lines
(Figure 9A), while those from the Mixed resin showed faint interlayer structure (Figure 9B),
and those from the Grey resin displayed clearly defined interlayer lines (Figure 9C).

Corner fillet radii, measured at both the top and bottom of the channel cross-sections,
provided a quantitative measure of this rounding effect. At corners away from the mold
surface, average fillet values were 35.0 µm (White), 34.4 µm (Mixed), and 19.5 µm (Grey).
At the mold-surface corners, values were 22.4 µm (White), 20.9 µm (Mixed), and 14.8 µm
(Grey) (Figure 9E). The mold-surface values are particularly significant in practice: if
adjacent positive mold features are placed too closely together, the filleted bases could
merge, eliminating the gap between features and corrupting the mold geometry. High
viscosity could also lead to more rounded channel openings, which could be undesirable if
the sharp structure is important to the applicability of the device.

Overall, the Grey resin, with the lowest viscosity and lowest overcuring tendency,
produced the sharpest, most precisely defined prints. The White and Mixed resins, with
higher viscosity and greater overcuring, produced more rounded channel profiles. These
results establish clear guidance for resin selection: when sharp feature edges and fine
negative structures are required, a low-viscosity resin is preferred; when smooth channel
walls are desired without post-processing of the mold, a more viscous resin is the better
choice. As viscosity can vary significantly with particle settling, thorough mixing of the
resin before use is strongly recommended for consistent results.

4. Discussion
This study set out to determine whether two readily accessible physical parameters,

resin viscosity and ultimate tensile strength, could serve as practical guides for resin
selection in VPP-based microfluidic mold fabrication, without requiring knowledge of
the resin’s chemical composition. The results confirmed this framework and revealed
that pigment alone, present at less than 1 wt%, was sufficient to drive differences in both
physical properties and microscale fabrication performance.

The key correlations established were as follows. Higher UTS in the cured polymer
enabled the fabrication of finer positive mold features, as stronger structures withstand
the mechanical stresses of printing without fracturing. Lower resin viscosity, on the other
hand, improved both the fabrication limits of negative mold features and the sharpness of
printed edges by reducing capillary retention of resin within recessed areas and interlayer
gaps. These two parameters thus map onto two distinct aspects of mold quality, and resin
selection should be guided accordingly: high UTS for fine positive features, low viscosity
for fine negative features and sharp edges.

The finding that viscosity and UTS can be monotonically tuned through simple blend-
ing of resins within the same product line is practically significant. It means that a single
optimized resin need not exist. A blend can be formulated to balance competing require-
ments [22,23]. The Mixed resin (4:1 White:Grey) consistently showed intermediate behavior
across all measured parameters, validating the predictability of this approach.

The pigment-driven mechanism underlying these property differences was also clari-
fied. TiO2 particles in the White resin increase viscosity as a particulate filler and promote
overcuring through UV scattering [20,21,41]. In the Grey resin, carbon black absorbs UV
and competes with the photoinitiator, reducing crosslink density [19] and thus lowering
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both UTS and Young’s modulus, while the reduced TiO2 content accounts for the lower
viscosity. The behavior of all three resins, including the Mixed resin, is fully consistent with
this mechanism.

Beyond resin selection, this study also identified best practices for microstructure
fabrication. Exposure times far exceeding manufacturer recommendations (11.5 s for
positive, 2.5 s for negative microstructures at ~100 µm scale) were required for reliable
feature formation. Optimization for print structures is crucial in micro-mold fabrication [33].
Printing flat relative to the build plate was essential to preserve the mask footprint and
UV dose at the microscale. Prior understanding of post-processing protocols for resin
molds [34,35] is a key advantage for rapid fabrication in PDMS microfluidics [36,37]. The
guidelines established here should be broadly applicable across resin types and printer
models, providing a practical starting point that reduces the number of optimization
iterations required when setting up a new fabrication workflow.

5. Conclusions
This study demonstrated two accessible physical parameters, resin viscosity and

ultimate tensile strength, which can serve as reliable guides for resin selection in VPP-
based microfluidic mold fabrication, without requiring knowledge of the resin’s chemical
composition. The positive mold fabrication limit correlated with UTS of the cured resin,
while the negative mold fabrication limit and cross-sectional print sharpness correlated with
resin viscosity. Resins differing only in pigment composition (~1 wt%) showed differences
in both parameters, confirming that even minor formulation changes can substantially affect
microscale performance. Blending resins within the same product line was demonstrated
as a predictable and effective strategy for tuning these properties when a single resin
cannot satisfy all fabrication requirements. Practical guidelines for exposure time (11.5 s
for positive, 2.5 s for negative microstructures) and print orientation were also established,
providing a starting framework applicable to acrylate-based resins sharing similar pigment
strategies, though validation with additional commercial products remains a topic for
future work. These findings offer a methodology for demystifying proprietary “black box”
resins and accelerating the adoption of SLA-VPP 3D printing in microfluidic research.
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Abbreviations
The following abbreviations are used in this manuscript:

3D 3 dimensional
SLA Stereolithographic
VPP Vat Photopolymerization
PDMS Polydimethylsiloxane
UV Ultraviolet
LED Light Emitting Diode
IPA Isopropyl Alcohol
ASTM American Society for Testing and Materials
UTS Ultimate Tensile Strength
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