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Abstract

In the last decades, scaffold fabrication for tissue engineering has been a rising field. However, scaffolds are mainly produced via
material extrusion (ME) and are limited to 2D or simple 3D structures that hardly imitate the in vivo conditions, thus hindering the
efficiency of the structure to promote cellular proliferation and growth. Mask projection vat photopolymerization is a promising
technology to improve scaffold fabrication. This method has the full capability to produce complex 3D structures on the microscale,
offering the possibility to mimic the cell’s natural environment and promote cell proliferation. Moreover, the versatility of vat
photopolymerization (VPP) allows the manufacturing of scaffolds with a tuned surface topography to enhance cell adhesion. When
fabricating microfeatures, one of the main challenges of VPP is overcuring. Due to the Gaussian nature of light, the irradiance will not
be uniform throughout the mask, causing excessive crosslinking. This work shows a novel method that selectively switches off pixels
of the projected slices to homogenize the light-intensity density across the exposed area, thus allowing the fabrication of smaller

features with higher fidelity when compared with conventional VPP.

Vat Photopolymerization, Additive Manufacturing, Open Architecture, Adaptive Masking, Scaffold, Tissue Engineering

1. Introduction

The term tissue engineering was first used in the '90s when
Roberts Langer and his team started investigating the use of a
polymeric matrix (scaffold) as support to grow cells, since then,
tissue engineering has been a fast-evolving discipline involving
biology, material science, and engineering [1-4].

The fabrication of a scaffold with a 3D complex structure is of
utmost importance, as it needs to be able to resemble organic
anatomic shapes with both macro and micro feature sizes.
Macroscopic features provide surgical fixation points between
scaffolds and the human body while microscopic features serve
to create a porous network that will promote cellular
proliferation and growth [5].

Conventionally, scaffolds for tissue engineering were
produced using different technologies, among others gas
foaming [6-7], freezing drying [8-9], and sol-gel [10-11];
however, even though these techniques offer good ability in
creating structures with small porosities, they failed in
controlling pore structure and are inaccurate in fabricating
customized parts [12].

Thanks to the inherited geometrical freedom and the ability to
manufacture parts with high fidelity, additive manufacturing
(AM) is a very promising discipline to produce scaffolds. The use
of computer-aided-design (CAD) enables the design of scaffolds
with desired porosities, providing parts with tailored pores in
shape and size [13-14].

A widely used AM technique to produce scaffolds is material
extrusion (ME). This technology is widely available, affordable,
and simple to handle, nonetheless, ME does not offer sufficient
accuracy during manufacturing [15-16]. The replication fidelity
of ME is limited by nozzle size with a general dimension of 75 um
and by the poor ability to generate overhangs, a geometrical
feature widely present in scaffolds [17-18].

An alternative method to manufacture scaffold parts is Vat
Photopolymerization (VPP). VPP employs a structured
ultraviolet (UV) light to crosslink a liquid photopolymer (also
referred to as resin) into a tough structure. The parts are built in
a layer-by-layer manner where the area exposed to irradiance is
the cross-section of the produced part with a defined thickness
[19-20]. The main advantages of VPP for scaffold fabrication are
the tunability of the final viscoelastic properties and the process
scalability as it offers a wide range of resolution-to-build
envelope ratios [21]. VPP processes can fabricate features
ranging from 1 um to virtually any dimensions, depending on the
light source system, with a building envelope between 10 mm?
and 1 m2 [22]. Furthermore, it offers high design flexibility and
the possibility to fabricate complex structures in a single
process, thus allowing for a high degree of customization and
on-demand fabrication [23].

One of the challenges related to the VPP is the overcuring
effect. Overcuring can be defined as excessive polymerization of
the photosensitive resin due to inadequate chemical doping of
the photopolymer or excessive light dose during UV exposure
[24]. In light projection systems based on Digital Micromirror
Devices (DMDs), a fraction of light reflected by each mirror
overlaps the area corresponding to a neighboring mirror. Thus,
in areas with high concentrations of powered pixels, the
projected light reaches regions that lie beyond the targeted
pixels, thus leading to overcuring. Consequently, the resolution
of this fabrication technology is not limited solely by the pixel
size (defined by the micromirror size), but rather by the
overcuring ratio, which depends, among others, on the
projected mask.

The present research takes advantage of such a phenomenon,
homogenizing the light intensity distribution in the printing
plane by selectively switching off pixels of the projected image.
More specifically, this paper focuses on improving the part
fidelity of a 90-degree grid scaffold fabricated via VPP.
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Due to the tangled nature of the selected geometry,
conventional process parameters adjustment has proven to be
insufficient to successfully fabricate the holes in the center of
the structure (henceforth referred to as pores). With the
proposed adapted masks, not only do the pores become visible,
but the fidelity of the fabricated grid is greatly improved.
Moreover, the study shows how this alternative masking
method allows for surface topography tuning, which could be
used to boost cells’ attachment to the scaffold.

2. Methodology

The scaffold design selected is a simple grid design with
vertical and horizontal lines of 98 um thickness, as seen in Figure
1, the scaffold has an overall dimension of 2.84x0.98x2.06 mm
in length, height, and width respectively. The grid is constituted
of four levels, starting with vertical lines on the top, the gap
between lines measures 98 pm.
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Figure 1. Renders of the designed scaffold. On the right, is the magnified
detail of the scaffold grid.

To investigate the effect of the projected mask on the
geometrical stability of the fabricated scaffold, five different
projection patterns were utilized (including control). The light
dosage excess is reduced by powering off entire rows of pixels.
The highest energy dosage is provided by the control (100%),
where all the pixels in the projected mask are set to an active
state, and the minimum is case D (33%), in which two rows of
pixels are switched off for every active row of pixel (see Figure
2). Case S is a special case where two patterns were projected
alternatively for every layer, with an average energy dosage of
26% with respect to the control case. Figure 2 depicts the five
masks used together with the reduction energy dosage with
respect to control.

Figure 2. The five projected masks utilized to fabricate the scaffold. Only
the vertical line mask is shown. The percentage indicates the energy
dosage compared to the control mask.

Table 1 summarizes the most important process parameters
used. Here, repositioning delay represents the waiting time
between the moment in which the build plate is lowered to the
defined position and the starting of light exposure. Longer
repositioning delay allows the liquid photopolymer to reach a
steady state, resulting in better replicating of the fabricated
parts.

Table 1 Process parameters for scaffold fabrication.

Process parameters Value
Layer Height 5um
Exposure time (Initial layers) 1.2s
Irradiance (Initial layers) 0.10 W/cm?
Exposure time 1.8s
Irradiance 0.11 W/cm?2
Repositioning delay 2s
Feed rate 2.5 mm/s

After fabrication, the samples were subjected to isopropanol
rinse in an ultrasonic bath for 5 minutes at 30°C with a frequency
of 80 kHz and then subjected to post-curing with 405 nm non-
structured UV light for 5 minutes at 30°C

The photosensitive resin used for the fabrication of the
scaffolds is BioScaffold3 from 3Dresyns. To achieve the best
performance in a mask projection VPP system with 385 nm
wavelength, the resin was tuned by adding 0.6 wt% of
photoinitiator (commercially available as FT1 from 3Dresyn) and
0.8 wt% of UV-blocker (available as LB1 from 3Dresyns). The
scaffolds were fabricated using the open architecture high-
resolution VPP systems developed at the Technical University of
Denmark. The setup is equipped with a Visitech LUXBEAM® LRS-
WQ-HY light engine with a DMD chip DLP9000 DMD™ UV. The
VPP open architecture has an interchangeable lens system, for
this application a lens x0.5 was utilized, resulting in a reduction
in pixel size to 3.77 um. The open platform utilizes a high-
precision linear stage from Physik Instrumente (Pl L-
511.03.5111), equipped with a DC motor and incremental linear
encoder. Moreover, the setup is furnished with a rectangular
shape self-peeling vat for a gentler detachment of the part from
the membrane during the fabrication process [25].

The geometrical assessment of the samples was performed
using the Olympus OLS 4000 LEXT laser confocal microscope and
the data were processed using the image analysis software
MountainMap®.

3. Results and discussion

In this study, the performance of four optimized masks (A, B,
C, and S) with a control sample was compared in terms of
reduction of overcuring and standard deviation. Figure 3 shows
how overcuring occurring in the control sample is more
perceptible toward the center of the scaffold, where the
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Figure 3. Five samples, one for each projected mask. The percentage
indicates the energy dosage compared to the control mask.

fabricated lines tend to get thicker, and the pores are no longer
visible.

In contrast to control, all the other masking strategies show a
more uniform line width across the scaffold as well as a visible
inner grid.

Figure 4 illustrates the average values of line width and pore
depth for the manufactured scaffold grid, with two bar charts
displaying a comparison between the dimensions of the four



optimized masks and the dimensions of the control samples.
Overcuring can be observed as the standard deviation for the
line width is up to 7.6 times higher in the control with respect to
a modified mask. Moreover, Figure 4 shows that all the
proposed masks lead to line widths closer to their nominal value
compared to the control mask. Results close to the nominal
value were achieved for samples A and B with an average energy
dosage of 66% and 60% with respect to the control sample.
Samples C and S showed line width below the nominal value,
indicating undercuring and thus the need for further process
parameter optimization.

The high degree of overcuring for the control samples resulted
in pore depths close to zero, as most pores of the control
scaffolds were completely clogged. In this regard, the study
demonstrates an effective way to increase the pore depth for
the fabricated scaffolds. However, only samples from case C
reached a pore depth close to the nominal dimension, while the
other samples tend to fall below the nominal value.

High standard deviations were detected, particularly for cases
A, B, and S; thus, indicating the existence of other factors
affecting the pore depth. A likely cause for the low pore depth
can be explained by considering the post-processing strategy.
After fabrication, the pores of the scaffolds are filled with
uncured resin which should be removed by cleaning with
isopropyl alcohol. Cleaning very small crevices, like the pore in
the scaffold, can be a challenging task. An incomplete cleaning
results in pores partially filled with uncured resin that is later
cured in the post-curing process, explaining the low pore depth
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Figure 4. Average line width (above) and average pore depth (below) of
the fabricated scaffolds. Dashed lines indicate the nominal value equal
to 98 pm.

observed in the fabricated parts. On the other hand, on average,
the samples for case C displayed lower line width. A reduction in
line width results in wider pores. An increase in the width of the
pores would ease the cleaning process, justifying the higher pore
depth exhibited by these samples.

Besides the geometrical compliance, the surface topography
was also investigated. Researchers showed that cell
proliferation can be improved by modifying the surface
topography [26]. This study investigated the possibility to use
mask adaptation to tailor the surface finishing of the fabricated

scaffolds.
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Figure 5. Height unevenness of the primary surface for the fabricated
samples.
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Figure 5 depicts the height unevenness of the surfaces for the
control samples and the scaffolds fabricated using the four
different projected patterns. Overall, all adapted masks show a
more uneven surface compared to the control sample. This
shows that the overcuring effect is not strong enough to fully
cure the neighboring unprojected areas from the adapted
masks. Consequently, different patterns lead to different levels
of surface unevenness.

In this regard, this method is proved to be a powerful tool to
manipulate the surface topography of the fabricated part in a
controlled manner, thus being able to fabricate parts with tuned
surface unevenness for specific cell types.

4. Conclusion

The study showed that reducing light dosage through mask
adaptation has a beneficial effect in mitigating overcuring. The
line widths of the adapted mask samples are closer to the
nominal value compared to the control masks, as well as the
pores are visible through the whole geometry. However, further
process optimization is required by evaluating different masking
strategies, modifying the process parameters, and exploring
alternative, moderate approaches to minimize the adverse
effects of post-processing, such as using harsh solvents.

Furthermore, the results revealed that the surface topography
can be tuned depending on the masks used. While low values
are generally desired for an excellent surface finish, there are
other applications, namely tissue engineering, where specific
surface unevenness intervals will boost the performance of the
fabricated part.

Overall, the optimization of the projected mask dimensions in
scaffold manufacturing for tissue generation showed promising
results in reducing overcuring, improving dimensional accuracy,
and offering control over surface topography. These findings
provide valuable insights for further advancements in the field



of scaffold fabrication, paving the way for enhanced tissue
engineering.

5. Future work

One research direction should be focused on refining the
process parameters to achieve a closer alignment with the
nominal values for line width and pore depth of the optimized
scaffolds. Additionally, alternative cleaning techniques and
strategies to prevent layer detachment should be investigated
to mitigate the potential deviations observed in the optimized
samples. Moreover, it will also be necessary to further
characterize how the different masks affect the surface
topography in depth (e.g., roughness and waviness). By
understanding how the different masks influence the different
surface texture parameters, it will be possible to tailor the
surface finish according to specific application requirements.
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