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Abstract
Digital light processing (DLP) technology has significantly advanced various applications,
including 3D bioprinting, through its precision and speed in creating detailed structures. While
traditional DLP systems rely on light-emitting diodes (LEDs), their limited power spectral density,
high etendue, and spectral inefficiency constrain their performance in resolution, dynamic range,
printing time, and cell viability. This study proposes and evaluates a dual-laser DLP system to
overcome these limitations and enhance bioprinting performance. The proposed dual-laser system
resulted in a twofold increase in resolution and a twelvefold reduction in printing time compared
to the LED system. The system’s capability was evaluated by printing three distinct designs,
achieving a maximum percentage error of 1.16% and a minimum of 0.02% in accurately
reproducing complex structures. Further, the impact of exposure times (10–30 s) and light
intensities (0.044–0.11 mWmm−2) on the viability and morphology of 3T3 fibroblasts in GelMA
and GelMA-poly(ethylene glycol) diacrylate (PEGDA) hydrogels is assessed. The findings reveal a
clear relationship between longer exposure times and reduced cell viability. On day 7, samples
exposed for extended periods exhibited the lowest metabolic activity and cell density, with
differences of∼40% between treatments. However, all samples show recovery by day 7, with
GelMA samples exhibiting up to a sixfold increase in metabolic activity and GelMA-PEGDA
samples showing up to a twofold increase. In contrast, light intensity variations had a lesser effect,
with a maximum variation of 15% in cell viability. We introduced a segmented printing method to
mitigate over-crosslinking and enhance the dynamic range, utilizing an adaptive segmentation
control strategy. This method, demonstrated by printing a bronchial model with a 14.43x
compression ratio, improved resolution and maintained cell viability up to 90% for GelMA and
85% for GelMA-PEGDA during 7 d of culture. The proposed dual-laser system and adaptive
segmentation method were confirmed through successful prints with diverse bio-inks and complex
structures, underscoring its advantages over traditional LED systems in advancing 3D bioprinting.

1. Introduction

Digital light processing (DLP) technology has revo-
lutionized various fields such as 3D bioprinting [1,
2], projection systems [3], medical imaging [4], and
various advanced optical applications [5, 6] due to

its precision, versatility, and speed in creating intric-
ate structures. Especially, the integration of DLP into
3D bioprinting as light-driven technology has shown
significant promise for medical and bioengineering
applications, enabling the creation of complex bio-
logical structures with high precision and facilitating
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the use of a variety of bioinks. For example, Grigoryan
et al [7] developed a vascularized alveolar model
replicating intricate micro vessel networks, accur-
ately simulating blood flow and oxygen delivery in
response to cyclic alveolar motions. In another study,
a liver-on-a-chip platform was developed using DLP
bioprinting, incorporating perfusion-enabled chan-
nel systems for nutritional supply and containing
cell-laden tissue within GelMA bioink, with twelve
channels running from the model edges to a central
port [8].

The DLP printing process is essentially a photo-
chemical synthesismechanism, wherein a light source
serves as the primary energy input that is dynamically
controlled by digital micromirrors device (DMD), a
mechanical printing platform functions as the reac-
tion container, and photo-curable precursors act as
the reactive mixtures (see figure 1(a)). This mechan-
ism operates by projecting a light pattern onto a pho-
topolymer resin layer, causing the illuminated regions
to solidify while leaving the rest in a liquid state. The
core of this technology is the DMD, which consists of
an array of tiny mirrors that can tilt to reflect light
in a specific pattern [9]. By controlling the tilt of
each micromirror, the DLP system can dynamically
shape the light to match the desired cross-sectional
pattern of the 3D model being printed. As each layer
is exposed to the light, the resin hardens and the build
platformmoves incrementally to allow successive lay-
ers to be cured on top of each other, building up the
final 3D structure layer by layer. This layer-by-layer
construction enables the creation of highly detailed
and complex structures with fine-resolution [10, 11].
Using photo-curable resins, which polymerize when
exposed to specific wavelengths of light, ensures that
the printed structures are solid and stable. This pro-
cess is not only precise but also relatively fast, mak-
ing DLP a preferred method for applications requir-
ing high detail and accuracy, such as in the fields of
bioengineering and medical modeling [12, 13].

The quality and efficiency of DLP bioprinting are
influenced by several interrelated factors, including
the characteristics of the light source (wavelength,
intensity, and exposure time), the composition and
properties of the photoinitiators and resins, and the
specific printing parameters (layer thickness, resolu-
tion, and print speed). Among these factors, the selec-
tion and optimization of the light source play a crucial
role in fully harnessing the potential of the bioprint-
ing process. Traditionally, DLP systems have relied on
light-emitting diodes (LEDs) due to their availabil-
ity and cost-effectiveness. However, while LEDs have
facilitated significant advancements, there remain
areas for improvement. Specifically, they are limited
to low output power and power spectral density,
resulting in slower polymerization and correspond-
ingly longer build times [14]. Printing time is crucial
especially for bioprinting and cell viability because

extending it can lead to cellular stress or damage,
thereby compromising the integrity and functional-
ity of the printed biostructures [15]. Hence, reducing
build times is crucial to maintaining higher cell viab-
ility and ensuring the bio-printed structures retain
their intended biological functions. Additionally, the
capabilities of these systems are constrained by the
principle of étendue, creating an inherent trade-off
between brightness and contrast ratio [16]. High
étendue significantly impacts the printing process and
outcomes by reducing light intensity, dynamic range
of the system, and resolution. This constraint leads
to increased printing times and diminishes the res-
olution, precision, and structural integrity of prin-
ted biostructure by blurring fine details and com-
promising layer adhesion [17]. Consequently, the effi-
ciency and quality of the bioprinted structures are
adversely affected, potentially hindering their func-
tional and mechanical properties. Also, LEDs can
produce light with any color, but at a wide spectral
width of about 5%of the central wavelength, resulting
in lower absorption efficiency by the photoinitiators
[18]. This inefficiency means that a greater portion
of the emitted light is not effectively utilized for poly-
merization, leading to longer exposure times, reduced
curing efficiency, and increased risk of phototoxicity.

Laser sources can be employed to address these
constraints. They offer high output power and pre-
cise frequency that matches the absorption line of
photoinitiators [19, 20]. Hence, it allows for rapid
and efficient photopolymerization of bioinks, speed-
ing up the printing process and enabling the fabric-
ation of complex structures with greater precision
[14]. Moreover, the narrow spectral bandwidth of
lasers ensures precise wavelength emission, enhan-
cing the accuracy of photopolymerization and min-
imizing unintended exposure that could harm bio-
logical materials. Additionally, laser sources exhibit
favorable étendue characteristics, enabling the effi-
cient transfer of optical power while maintaining spa-
tial and angular distributions. Also, their small éten-
due minimizes the light divergence and blurring of
light, thereby enhancing both the resolution and the
dynamic range of the system [21]. More importantly,
the small size of a laser’s étendue allows for the easy
combination of multiple laser sources without any
light losses [16]. Therefore, the versatile capabilities
of laser sources, encompassing output power, étendue
characteristics, and spectral precision, render them
indispensable tools in various optical applications,
including advanced printing technologies and bio-
medical research.

In this work, we present a cutting-edge DLP
bioprinting technique designed to enable high-
resolution biofabrication of complex 3D organ struc-
tures with living cells. Our approach addresses the
challenges of printing intricate biological structures
with precision, particularly those involving dense,
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multilayered tissue architectures. The goal is to show
how to enhance print resolution and dynamic range
(Max printing area
Min Feature Size ), reduce exposure times while main-

taining throughput, as well as preserving a cell-
friendly printing process when working with bioma-
terials. The proposed system represents a significant
advancement in the field of 3D bioprinting, overcom-
ing the limitations of traditional LED-based systems
by offering superior resolution, dynamic range, and
printing speed. Another critical aspect of this laser-
based technique is the development of an adaptive
segmentationmethod to optimize the photopolymer-
ization process to address dynamic range challenges
that limit resolution in large biostructures. As part of
this work, we systematically compared the perform-
ance of our laser-based system with conventional
LED-based setups, demonstrating clear advantages in
print quality and operational efficiency.We also show
a dual-laser system for illumination implementation
that results in a reduction of speckle contrast by a
factor of 1/

√
2, and a twofold increase in resolution

for the same source intensity. Additionally, we show
that for the same source intensity and feature size, the
printing time was reduced by a factor of 12. The sys-
tem’s capability to print complex structures was eval-
uated by printing three distinct designs and conduct-
ing registration analyses. These analyses revealed that
the system achieved a maximum percentage error of
1.16% and a minimum of 0.02% in accurately repro-
ducing these structures. Additionally, we assessed
how exposure times (10–30 s) and light intensities
(0.044–0.11 mW mm−2) in a laser-based bioprinter
affect the viability and morphology of 3T3 fibro-
blasts in GelMA and GelMA-poly(ethylene glycol)
diacrylate (PEGDA) hydrogels. Between 10 and 30 s
of crosslinking, cell viability decreases by approx-
imately 47.59% for GelMA and 32.60% for GelMA-
PEGDA. However, all samples show recovery by day
7, with GelMA samples exhibiting up to a sixfold
increase in metabolic activity and GelMA-PEGDA
samples showing up to a twofold increase. Cells in
the 10 second crosslinked samples recover faster than
those in the 20- and 30 s samples. In contrast, varying
light intensities had a lesser impact on cell viabil-
ity, showing a maximum variation of 15% across the
tested range. It is systematically demonstrated that
by increasing the light intensity, we can enhance the
system’s resolution and further decrease the cross-
linking time while maintaining the cell viability. To
address over-crosslinking in large, dense, intricate
models, we introduce an adaptive segmentation con-
trol method. This technique segments the photomask
into discrete regions and uses an on-off activation
strategy to manage the distribution and concentra-
tion of free radicals. By strategically alternating activ-
ation between segments, the method reduces over-
crosslinking and improves resolution. Demonstrated
by printing a bronchial model with a 100 µm gap
between branches at a 14.43x compression ratio to

anatomical size, this technique has shown improved
resolution and maintained cell viability up to 90%
for GelMA and 85% for GelMA-PEGDA constructs
across seven days. This segmentation method also
supports enhanced dynamic range, crucial for achiev-
ing high resolution and fidelity in complex prints.
Through this systematic and detailed comparative
study, we aim to establish the benefits and potential
applications of a laser-based DLP bioprinting system,
offering insights into its superiority over traditional
LED-based systems in terms of resolution, printing
speed, dynamic range, and material compatibility,
thereby advancing the field of 3D bioprinting.

2. Materials andmethods

2.1. Materials
PEGDA-700Mn 700 (26570-48-9) and quinoline yel-
low (QY) (8004-92-0) were purchased from Sigma
Aldrich, USA. Lithium phenyl-2,4,6- trimethyl-
benzoyl phosphinate (LAP) was purchased from
TETHON, USA. Dulbecco’s Modified Eagle Medium
(DMEM) media (11965-092), ANTI-ANTI (15240-
062), Trypsin-EDTA (25200-072) and fetal bovine
serum (A52094-01) were purchased from Gibco,
USA. Resazurin assay (AR002) was purchased from
R&D Systems, USA. NIH-3T3 fibroblasts were
purchased from ATCC, USA. LIVE/DEAD assay
(R37601) and Phaloidin ActinGreen 488 (R377110)
were purchased from Invitrogen, USA. The ultra-
violet (UV)-395 nm torch and lasers were pur-
chased from Darkbeam-Amazon. DLP Projector
(DLP Light Commander) was purchased from Texas
Instruments, USA. Lenses, iris, andmirrors were pur-
chased from Thorlabs.

2.2. GelMA synthesis
GelMA ∼90% Degree of substitution grade was syn-
thesized following our previous protocol [22] by dis-
solving type A gelatin from porcine skin at 10%
(w/v) in Dulbecco’s phosphate-buffered saline solu-
tion (DPBS) and stirring at 50 ◦C and 600 rpm for
1 h. Methacrylic anhydride was added dropwise with
a syringe pump (0.25 ml min−1) to the solution at
10% (v/v) and allowed to react for 1 h. The reaction
was stopped by adding 3× volumes of DPBS. Then
the solution was dialyzed against distilled water with
a cut-off dialysis membrane of 12 kDa for 7 d. The
dialyzed solution was frozen and lyophilized for 7 d
and then stored at 4 ◦C for further use [23].

2.3. Preparation of PEGDA ink
For the resolution and 3D model printing, a solu-
tion of 15% w/v of PEGDA-700 in distilled water was
mixed with 0.1% w/v QY and LAP 0.1% w/v. The
solution was heated at 60 ◦C and stirred at 700 rpm
over a hotplate for 1 h.
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2.4. Preparation of GelMA ink
Freeze-dried GelMA was dissolved at 7.5% w/v in
distilled water and mixed with QY 0.1% w/v and
LAP 0.1% w/v. The solution was heated at 60 ◦C
and stirred at 700 rpm over a hotplate for 1 h. The
GelMA solutions were sterilized via a syringe filter
using 0.22 µm polyether sulfone (PES) filters before
being used with cells.

2.5. Preparation of GelMA-PEGDA ink
A PEGDA prepolymer solution of 1%w/v of PEGDA-
700, 0.1%w/v of QY, and 0.1%w/v of LAP in distilled
water was prepared. The solution was heated at 60 ◦C
and stirred at 700 rpm for 1 h. The PEGDA solutions
were sterilized via a syringe filtering using 0.22 µm
PES.

The GelMA solution described in section 2.3 was
used for the formulation of the GelMA-PEGDA ink as
described as follows; A blend of 9:1 of sterile GelMA
7.5% and PEGDA 1% was mixed at 60 ◦C and stirred
at 700 rpm for 1 h.

2.6. DLP printing system with LED source
The system was built by customizing the projection
lens and illumination source of a commercial DLP
system (Texas Instruments, Dallas, TX). The original
visible light illumination module was replaced with
an LED UV source at a wavelength of 395 nm and
intensity of 0.02 mW mm−2 to illuminate the DMD
chips. The projection optics were modified by incor-
porating a 4-f optical system by using projection
lenses (Thorlabs, Newton, NJ) with 150 mm focal
length. The DMD chip (Texas Instruments, Dallas,
TX) in the system consists of 1024 × 768 individu-
ally controllable micromirrors, each with a size of
10.8 µm. The z-axis movement was facilitated by
a linear stage (Fuyu Motion, Sichuan, China) and
a digital stepper motor driver (Stepperonline, New
York, NY). The individual movements of the stage,
light source, and DMDmirrors were controlled using
an Arduino microcontroller.

2.7. DLP printing system with LASER source
The laser source systemwas constructed using custom
modifications to a commercial DLP system (Texas
Instruments, Dallas, TX). To enhance the perform-
ance, the original visible light illumination module
was substituted with two UV laser sources (Oxlasers,
Shanghai, China) operating at 405 nm. Unlike high-
power fiber-coupled lasers that require costly drivers
[24], our laser modules are cost-effective and oper-
ate with a simple 12 V DC power supply, eliminat-
ing the need for additional controllers while main-
taining stable illumination. Integration of these laser
sources is utilized by polarizing beamsplitter cube
(Thorlabs, Newton, NJ). To efficiently combine their
outputs, the polarization of the second laser is con-
trolled by incorporating a half-wave plate (Thorlabs,

Newton, NJ). The intensity of the lasers is dynamic-
ally adjusted using adjustable neutral density (ND)
filters (Lightdow, Shenzhen, China) which allow pre-
cise control over the output power/intensity levels of
the system. By using plano-convex lenses with a focal
length of 150 mm (Thorlabs, Newton, NJ), the pro-
jecting optics have been modified with the 4-f sys-
tem. The DMD chip (Texas Instruments, Dallas, TX)
with 1024 × 768 individually controllable micromir-
rors of 10.8 µm size is used for the mask projec-
tion. A linear stage (Fuyu Motion, Sichuan, China)
and a digital stepper motor driver (Stepperonline,
New York, NY) assisted the z-axis movement. Using
an Arduino microcontroller, we could control the
stage’s movements, lighting sources, and DMD mir-
rors individually.

2.8. Mask preparation
Predefined computer-aided design (CAD)models are
sliced into a layer-by-layer structure byMATLAB, res-
ulting in the generation of .bmp files. Subsequent cos-
mic edits are implemented using Adobe Illustrator
and batch files are created by e LOGIC application
software.

2.9. Printing resolution evaluation
A calibration structure consisting of an array of strips
with decreasing sizes and gaps has been printed to
evaluate the print resolution of the system. Image
analysis was used to assess the fidelity of printed struc-
tures after the recovery of the samples. Photographic
images of printed structures have been analyzed using
Toupview software (AmScope, USA) and compared
to the original design parameters.

2.10. Mask preparation for graded intensity
analyses
We have investigated the impact of light intensity
modulation on cell behavior by manipulating the
DMD to create graded intensity distributions. The
DMD area was divided into four equal rectangular
regions, each assigned a targeted power level. We cal-
culated the necessary number of mirrors to activate
(‘on’) and deactivate (‘off ’) for each region to achieve
the desired intensity levels. Subsequently, we gen-
erated masks by randomly distributing on/off mir-
ror states across the respective areas. Maintaining
constant exposure time, we printed four distinct
regions with varying total light intensities. The diffu-
sion effects facilitated the achievement of fully cross-
linked structures, thereby exploring the relationship
between controlled light-intensity gradients and cel-
lular responses in bioprinted constructs.

2.11. Cell culture
Mouse 3T3 fibroblast was used for this study. Cells
were cultured in an incubator at 37 ◦C under a 5%
CO2 atmosphere. DMEM supplemented with 10%

4



Biofabrication 17 (2025) 025026 C Babayigit et al

fetal bovine serum and 1% Anti-Anti was used as
standard cell culture media.

2.12. 3D bioprinting
For the 3D bioprinting experiments, GelMA and
GelMA-PEGDA inks were sterilized using a 0.22 µm
nylon syringe filter. 3T3 fibroblasts were then trypsin-
ized and dispersed by pipetting into the inks at a
concentration of 3 × 106 cells ml−1. The bioprint-
ing process was carried out inside a fume hood, with
an air heater used to maintain the process temper-
ature and prevent gelation. Rectangular structures of
1 × 7.4 mm were printed, consisting of seven layers,
each with a thickness of 250 µm.

2.13. Metabolic activity
The metabolic activity of the bioprinted structures
was determined using the Resazurin assay (Biotium,
USA). Briefly, 3D bioprinted constructs were covered
in DMEM culture medium with 10% v/v resazurin
reagent and incubated for 2 h at 37 ◦C. In a 96-
well plate, 100 µl of the medium was dispensed,
and the fluorescence was measured in a microplate
reader (Biotek Cytation 5, USA) at 530/570 nm excit-
ation and emission wavelengths. To facilitate the
comparison of the effects of exposure time or light

intensity on metabolic activity, samples were nor-
malized relative to the lowest exposure time or light
intensity measured (i.e. 10 s or 0.04 mW mm−2)
on day 1.

2.14. Cell density
The quantification of cell density as an indicator
of cell proliferation was evaluated using brightfield
images taken with the microscope and converted
to a 16-bit gray value format. The cell numbers
were counted excluding cellular debris and apop-
totic bodies using a cell counter plugin from Fiji
(NIH, USA).

To assess the effect of exposure time on the cell
density of independent samples, cell density was cal-
culated as follows:

Cell densityExposure time

=
# cells in the field of view of the microscope

area of the field of view of the microscope
).

(1)

For evaluating the effect of light intensity on
the cell density of a single structure with four
distinct regions having graded intensity distribu-
tions cell density was calculated using the formula:

Cell densitylight intensity =
# cells in the field of view of the independent region

# cells in counted in the entire structure
). (2)

2.15. Exposure time analysis
To evaluate the effect of exposure time on cell viab-
ility, three exposure times—10 s, 20 s, and 30 s
per layer—were tested under consistent experimental
conditions. A total of seven layers were printed for
each exposure time, with total printing times ranging
from 70 s (for 10 s per layer) to 210 s (for 30 s per
layer).

2.16. Fluorescent staining andmicroscopy
The biocompatibility of the laser bioprinting was
checked on days 1,3 and 7 using LIVE/DEAD
assay, Briefly, samples were washed three times with
phosphate-buffered saline (PBS) and treated with the
staining solution for 30 min at room temperature,
later staining solution was discarded, and the samples
were washed with PBS one more time. The assayed
samples were processed with a confocal fluorescence
microscope (Zeiss, LSM 980 with Airyscan 2/two-
photon laser). Maximum intensity projections for the
green channel (calcein) and the red channel (prop-
idium iodide) were used to calculate cell viability.
Image analysis was conducted using Fiji (NIH, USA).
Six images from two independent biological replicates

were analyzed. Cell viability is calculated with the fol-
lowing formula:

Cell viability%=
Number of cells alive

Total number of cells
× 100.

(3)

The aspect ratio of 3T3 fibroblasts embedded in
the bioinks was calculated by measuring the longer
side and the shorter side of the cells. Sixty cells were
randomly selected per day per condition for this ana-
lysis. The aspect ratio was determined by dividing the
longer side by the shorter side.

The cytoskeleton was evaluated using fluorescent
staining as follows; The cell-laden structures were
fully covered with 4% paraformaldehyde solution in
PBS for 30 min at room temperature to fix the cells.
Samples were later washed with PBS three times and
stained with Palloidin Alexa Fluor 488 (Fisher) for F-
actin filaments and 1 µg ml−1 of DAPI-PBS for cell
nuclei overnight. Later, samples were washed three
times with PBS and observed in an inverted confocal
microscope (Zeiss, LSM 980 with Airyscan 2/two-
Photon Laser) using the FITC andDAPI channels and
a 20X objective.
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2.17. Statistical analysis
Analysis of variance was performed as statistical ana-
lysis with SPSS 29 (IBM, USA). Differences with a p-
value< 0.05 were considered statistically significant.

3. Optical principles in laser-based DLP
printing

3.1. Image formationmechanism and resolution
DLP printing relies on projecting an image of each
cross-sectional layer of a 3D model onto a photo-
sensitive resin, causing it to solidify. The image form-
ation process in optical systems like DLP is funda-
mentally determined by the nature of light and its
interaction with the optical components. Here, two
primary types of illumination can be considered:
coherent (such as lasers) and incoherent light (such
as LEDs), each impacting the optical performance
in distinct ways. Exploring these illumination types
reveals critical differences in their optical behaviors,
influencing the resolution and overall quality of prin-
ted objects.

For incoherent light, the image formation is
described by the convolution of the object’s intensity
distribution with the system’s point spread function
(PSF) [25]:

Iimage (x,y) = Iobject (x,y)⊗PSF(x,y) . (4)

In contrast, image formation involves the convo-
lution of the object’s amplitude distribution with the
system’s coherent spread function (CSF) for coherent
light. The resultant complex amplitude image is then
squared to obtain the intensity distribution [26]:

Eimage (x,y) = Eobject (x,y)⊗CSF(x,y) (5)

Iimage (x,y) =
∣∣Eimage (x,y)

∣∣2. (6)

In other words, in the case of incoherent light, the
intensity is derived from the superposition of indi-
vidual waves with randomly varying phase relation-
ships. On the other hand, with coherent light, the
waves maintain a constant phase relationship, leading
to interference patterns that produce a complex amp-
litude, the square of which determines the intensity.
Due to its different mechanisms of image formation,
the optical transfer function (OTF) which defines
how spatial frequencies of an object are transmit-
ted through the system, varies significantly between
coherent and incoherent light sources.

The OTF is directly related to the system’s abil-
ity to reproduce the details of an object in an image,
influencing the overall resolution and image quality
[27]. For the coherent light sources, it is influenced
by the phase coherence of the light waves and is rep-
resented as:

OTFcoherent (u,v) =

¨
P(x,y)P(x− u,y− v)dxdy

(7)

where P(x,y) represents the pupil function of the
optical system and (u,v) are the spatial frequency
coordinates. In contrast, for incoherent light sources,
the OTF is primarily determined by the intensity
distribution of the light and lacks phase informa-
tion. The absence of phase coherence in incoherent
light results in a different form of the OTF, which
is expressed as the autocorrelation of the amplitude
transfer function:

OTFincoherent (u,v)

=

¨
|P(x,y) |2|P(x− u,y− v) |2dxdy. (8)

The absence of phase coherence in incoherent
light sources generally results in smoother and more
uniform image formation, thereby reducing interfer-
ence artifacts. However, this characteristic typically
leads to a lower resolution compared to coherent sys-
tems. On the other hand, coherent light systems can
achieve higher contrast at high spatial frequencies
due to constructive interference effects, enhancing the
sharpness and detail of the image [28].

3.2. Diffraction characteristics of coherent and
incoherent light
In DLP systems, where a DMD serves as the ima-
ging element, it effectively acts as a diffraction grating
due to the array of micromirrors that can selectively
reflect or block light [29]. This grating-like behavior
influences how light interacts and contributes to the
final image. To further comprehend how image form-
ation differs in DLP systems using coherent and inco-
herent light, it is essential to explore their diffraction
characteristics.

In coherent systems, light diffracts in a man-
ner where only two diffraction orders split some
energy away from the zero order. The angle of dif-
fraction is given by sin(α) = λ/ω, where λ is the
wavelength of the light and ω is the line width of
the grating [30]. As these two side diffraction orders
pass through the optical system’s pupil, they inter-
fere constructively with each other and the zero-order
beams at the image plane. This interference forms
a sinusoidal intensity distribution, which is modi-
fied only by the system magnification. As the grat-
ing frequency increases, the diffraction orders spread
wider. In contrast, diffracted incoherent light fills
the entire pupil. As the diffraction spread widens
with increasing frequency, a portion of the light still
passes through the pupil up to a frequency twice
higher than that for coherent light. As the signal
passing through becomes increasingly incomplete, its
contrast transfer steadily declines toward the high-
frequency cutoff since less and less information from
the object reaches the image. Since incoherent sources
exhibit a broader spread of spatial frequencies due to
their lack of coherence-related interference patterns,
filtering coherent sources to enhance image sharpness
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is relatively straightforward. The peculiar diffraction
behavior in coherent light systems allows for easier
manipulation and filtering to achieve higher image
quality.

3.3. Intensity-etendue trade-off
In the context of DLP printing, the etendue of light
sources plays a pivotal role in determining systemper-
formance. Etendue is a conserved quantity in optical
systems, representing the fundamental limit on how
much light can be efficiently collected and manip-
ulated in an optical system [31] as described by its
mathematical formulation:

G=

¨
(cosθ) dAdΩ (9)

whereG is the etendue, θ represents the angle between
the normal vector of the differential area dA and
the direction towards the center of the differential
solid angle dΩ. To efficiently capture light from a
given source, the etendue of the projector optics must
exceed that of the source; otherwise, light loss occurs
[32]. For a coherent beam, the solid angle Ω is min-
imal, leading to a small etendue value, which allows
for precise control and high-resolution patterning.
Conversely, incoherent light sources such as LEDs
exhibit higher etendue due to their broader emission
spectrum and lack of spatial coherence.

In DLP systems, the etendue is constrained
primarily by two factors: the angular range of the
micromirrors and the active area of the DMD [33].
The micromirrors rotate by ±θdmd, establishing a
half-angle illumination cone of θdmd, which directly
determines the system’s f -number and solid angle
[34]:

F/#=
1

2nsinθdmd
(10)

Ω= 2π (1− cosθdmd) . (11)

Therefore, considering the DMD module used in
our system, with a 12◦ tilt angle [35], this equates to
an effective f -number of 2.4 or a solid angle of 0.137
steradians. Coherent lights offer distinct advantages
in this scenario due to their minimal divergence and
strong spatial coherence, resulting in emission angles
significantly smaller than the broader solid angles
typical of LEDs, such as those emitting up to 2π
steradians depending on the optical system that is
mounted [32].

3.4. Speckle reduction
Speckle formation is common when using coherent
light sources, such as lasers. When a laser illumin-
ates an object, the roughness of the illuminated sur-
faces in the optical system causes the scattered light to
have components with different delays. As these com-
ponents propagate further, they interfere with each
other, producing a granular intensity pattern known

as speckle leading to non-uniform illumination and
potential defects in the printed object. Several meth-
ods can be employed to mitigate speckle by reducing
the temporal or spatial coherence of the laser, such
as using multi-polarization [36], multi-wavelength
[37], multi-angle illumination [38] techniques, or
incorporating an optical diffuser [39], a spatial light
modulator [40] or a Hadamard diffuser [41].

To address the possible speckle issue, we proposed
a dual-laser configuration in our system. This system
employs two lasers operating at the same wavelength,
combined using a polarization beam splitter. One of
the lasers passes through a half-wave (λ/2) waveplate
to align its polarization with the other, and variable
ND filters are used for both lasers to control their
intensities. This setup offers several advantages. By
combining two lasers with aligned polarizations, we
reduce the overall spatial coherence, which helps to
diminish coherent speckle formation. Additionally,
the lack of phase and frequency correlation between
the two laser sources eliminates temporal coherence,
effectively averaging out speckles over time. The λ/2
waveplate ensures that both laser beams contribute
equally, minimizing intensity fluctuations that could
lead to speckles. Most importantly, the dual-laser sys-
tem generates multiple independent speckle patterns.
It was shown that ifM-independent speckle patterns
are combined, the speckle contrast decreases by a
factor of 1/

√
M [28, 32, 42]. By combining the out-

puts of two lasers, we effectively double the number of
independent speckle patterns. According to the prin-
ciple of speckle contrast reduction, this reduces the
speckle contrast by a factor of 1/

√
2. In addition to

the advantages provided by the dual-laser configura-
tion, the diffusion effect during polymerization fur-
ther mitigates the impact of any remaining speckles
[43]. Thus, the polymerization process itself acts as
a natural speckle reduction mechanism, contributing
to smoother surfaces and higher fidelity in the printed
objects.

4. Results and discussion

4.1. The design approach and principle of
operation
To evaluate the performance variations resulting from
transitioning from an LED to a laser light source in
a DLP printing system, we have constructed a sys-
tem capable of operating with either light source
while maintaining all other system components con-
stant (see figure 1(b)). This approach ensures that
any observed performance differences can be dir-
ectly attributed to the change in illuminationmethod,
thereby providing a clear and controlled comparison
of the two light sources under similar operational
conditions.

As illustrated in figure 1(b), both configurations
direct the light sources, either a dual-laser system
emitting coherent light or an LED torch providing
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Figure 1. (a) Schematic representation of the printing process. (b) Schematic diagrams of the experimental setup (i) for the
system with LED and (ii) for the system with LASER.

broad-spectrum illumination—into the DLP system.
Within the DLP system, computer-controlled DMD
mirrors precisely modulate these light sources. This
modulation process generates the specific light pat-
terns necessary for the layer-by-layer construction of
the printed object. Aftermodulation by the DMD, the
light passes through a single aperture and is then dir-
ected to the 4f optical system. The single aperture in
the system spatially filters and shapes the light beam,
ensuring only the desired portion passes through,
thereby enhancing the resolution and uniformity of
the projected patterns. Then 4f system performs pre-
cise Fourier transforms of the light beam, enabling
spatial filtering at the Fourier plane to enhance the
clarity and resolution of the projected patterns. The
filtered light is then directed onto a resin reservoir
positioned on a linear stage. This stage moves along
the z-axis, precisely adjusting each layer’s position
relative to the curing light. The synchronization of
the linear stage movement with the modulation of
the DMD is achieved through an Arduino control-
ler, which controls the timing and sequence of opera-
tions. This synchronization ensures that each layer of
the object being printed is accurately positioned rel-
ative to the modulated light pattern. By maintaining
temporal alignment, the system maintains accurate
layer-by-layer fabrication of objects with high preci-
sion and fidelity, critical for producing complex geo-
metries and maintaining uniformity in the printed
objects.

For the illumination component of our system,
we have implemented two distinct configurations:
one utilizing an LED torch providing incoherent
illumination, as depicted in figure 1(b), and the
other employing a dual-laser system emitting coher-
ent light, both operating in the UV spectrum. To
establish the dual-laser system, two coherent UV
lasers at 405 nm were polarization multiplexed to
create a single, coherent light source, as illustrated
in figure 1(b). Here, each beam is precisely aligned
to ensure optimal beam overlapping and uniform

intensity distribution after the polarization beam
splitter, which allows us to merge their paths. To
achieve uniform polarization, a λ/2 plate is employed
to adjust the polarization state of one laser beam,
ensuring it matches the axis of the polarization beam
splitter. Additionally, variable ND filters were util-
ized for both lasers to precisely control the intensity
of each laser beam independently, allowing for pre-
cise control over the combined beam’s overall power.
This combined, coherent light was then directed into
theDMD for patternmodulation. The combined out-
put of two lasers not only reduces speckle but also
improves the overall light distribution, providing a
more reliable and consistent curing process.

4.2. Analysis of printing resolution and intensity
impact
In DLP bioprinting, achieving high printing resol-
ution is crucial for producing detailed and accur-
ate three-dimensional objects. The resolution of DLP
systems is influenced by various factors, including the
type of light source and its intensity. This section
explores the detailed analysis of printing resolution
in both UV-LED and dual-laser DLP systems while
examining how the intensity of the light source affects
the overall printing quality. By focusing on laser
sources alone, we investigate how varying intens-
ities impact the quality and precision of printed
objects. Through this analysis, we aim to elucidate
their impact on the quality and precision of printed
objects, providing insights into optimizing DLP pro-
cesses for diverse manufacturing applications.

To evaluate the resolution capabilities of the sys-
tems, we conducted a systematic procedure involving
printing test strips with varying widths. Figure 2(a)
presents a schematic representation of masks featur-
ing varying strip widths, which serve as test patterns
to assess the system’s ability to reproduce fine details.
Each mask configuration is precisely designed to test
specific width parameters critical for resolution eval-
uation. For each width category, we systematically
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Figure 2. The resolution analyses for both systems. (a) The schematic representation of the strip masks used for the analyses (b)
photo of the printed mask for the width, length, and height ranging from 500–1000 µm. Resolution analyses showing the
relationship between strip widths (µm) and corresponding exposure times (seconds) for (c) LED and (d) laser sources. (e) The
relationship between light source intensity (mWmm−2), printable strip width (µm), and corresponding exposure time (seconds)
for the laser source, demonstrates the system’s performance across varying intensity levels.

varied the exposure time of the sources. Figure 2(b)
displays photographs of the printed masks, showcas-
ing the actual results obtained from the DLP print-
ing process. This variation allowed us to determine
the minimum exposure time required to accurately
and consistently cure the resin for each strip width,
thereby establishing a direct correlation between
exposure time and achievable resolution.

In figures 2(c) and (d), we present the relation-
ship between printed width and the correspond-
ing required exposure time for both LED and laser
sources, each operating at the same light intensity of
0.0203 mW mm−2. The findings reveal distinct dif-
ferences in the achievable resolution and efficiency
between the two light sources. For the LED source, the
minimum achievable printed width is observed to be
65 µm, while the laser source achieves a finer resolu-
tion with a minimum width of 30 µm. Moreover, the
data highlights a substantial reduction in the required
exposure time when using the laser source compared

to LED. For instance, printing a width of 1000 µm
requires approximately 60 s with the LED source,
whereas the laser achieves the same width in just 5 s.
This finding underscores the superior efficiency and
precision of the laser source in DLP printing applica-
tions, enabling faster fabrication times and finer fea-
ture resolution.

As a next step, further exploration is conduc-
ted to assess the effects of varying light intensity on
DLP printing performance presented in figure 2(e).
We systematically varied the system’s light intensity
by incrementally adjusting adjustable neutral ND fil-
ters. As expected, increasing the light intensity cor-
responded to the capability to print smaller features,
demonstrating a direct relationship between intens-
ity and achievable resolution. For instance, increasing
the light intensity from 0.0203 to 0.0531 mW mm−2

enabled the printing of finer features, reducing
the minimum achievable strip width to 20 µm.
Concurrently, the required exposure time for printing
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Figure 3. (a) 3D model of the boat structure. (b) Photos of the printed boat structure. (c) 3D model of the arteriovenous fistula
structure. (d) Photos of the printed arteriovenous fistula structure. (e) 3D model of the bladder structure. (f) Schematic
representation of filling the hollow bladder with PBS/w red dye. (g) Photos of the printed bladder structure filled with the red PBS
solution. The scale bars are 1 mm.

also decreased significantly. Notably, while it took 10 s
to print a 300 µm-wide strip at 0.0203 mW mm−2,
this exposure time was reduced to 7 s, 4 s, and finally,
3 s as the intensity increased to 0.0265 mW mm−2,
0.0531 mW mm−2, and 0.1105 mW mm−2, respect-
ively. This finding underscores the direct relationship
between light intensity, feature resolution, and print-
ing efficiency in laser-based DLP systems. Higher
intensities not only enable the fabrication of finer
details but also expedite the overall printing pro-
cess, demonstrating the system’s capability to achieve
enhanced precision and productivity with optimal
light intensity management.

4.3. Evaluation of complex structure printing with
laser-based DLP system
To demonstrate the capability of our laser-based DLP
system in printing complex structures, we fabricated
three distinct models: a boat structure, an arteri-
ovenous fistula structure, and a bladder structure.
These models were chosen to represent a range of
geometric complexities and relevance to biomedical
applications. The procedure for printing these mod-
els involved several critical steps to ensure accur-
acy and fidelity. First, the 3D models of the boat,
arteriovenous fistula, and bladder structures were
designed. These digital models were then processed
and sliced into layers suitable for the DLP printing
process. Each layer was meticulously patterned using
computer-controlled DMD mirrors to ensure pre-
cise replication of the design. For these characteriz-
ations, PEGDA ink was used. We used an intensity of

0.1105 mWmm−2, which provides the highest resol-
ution and fastest crosslinking time. Depending on the
features of each model, the required exposure times
and the thickness of each layer were optimized to
ensure the best possible print quality. As illustrated
in figure 3, the first part shows the 3D CADmodels of
these structures, followed by photographs of the cor-
responding printed objects.

The boat structure serves as a benchmark for
assessing the system’s ability to produce detailed and
fine features, such as the hull and deck components
(see figures 3(a) and (b)). The total printing time for
the boat structure was 12 min, with the maximum
exposure time for one layer being 20 s and the min-
imum time being 10 s. As seen in figure 3(b), the
successful fabrication of the boat structure under-
scores the laser-based DLP system’s high resolu-
tion and accuracy, demonstrating its potential for
producing detailed and precise models. Also, the
accompanying table 1 provides a quantitative assess-
ment, presenting the design dimensions versus the
measured dimensions of the printed objects. Three
samples were measured for each pattern to evalu-
ate the system’s printing precision. There was a neg-
ligible deviation (0.05%–1.16%) between the meas-
ured and designed structural parameters, indicating
precise alignment and placement, which is attrib-
uted to tiny over-curing. However, the slight differ-
ences between the measured and designed widths
revealed that the proposed projection-based print-
ing technique has relatively acceptable accuracy and
resolution.
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Table 1. The dimension of the original boat, arteriovenous fistula, and bladder designs after projection and printed patterns (n= 6).

Parameters Design dimensions (mm) Measured dimensions (mm) Percentage error (%)

Boat Width W 7.613 7.601± 0.0066 0.15

Length L 14.697 14.868± 0.0253 1.16

Smokestak hst 2.000 2.021± 0.0035 1.05
Dst 1.910 1.910± 0.0055 n.a.

Side-window hsw 5.150 5.146± 0.0036 0.08
W sw 2.166 2.165± 0.0081 0.05

Front-window hfw 2.350 2.358± 0.0102 0.34
wfw 2.532 2.533± 0.0201 0.04

Behind box wbb 2.645 2.631± 0.0232 0.53
Lbb 1.751 1.749± 0.0063 0.11

Behind tube Dbt 1.433 1.436± 0.0278 0.21

Arteriovenous
fistula

Width W 14.928 14.921± 0.0106 0.05

Height H 14.475 14.484± 0.04 0.06

Fistula Df 5.789 5.788± 0.0560 0.02
tf 0.1745 0.1749± 0.0004 0.23

Vein Dv 5.956 5.954± 0.0963 0.03
tv 1.3154 1.3157± 0.0024 0.02

Artery Da 6.584 6.583± 0.0473 0.02
ta 1.1336 1.1338± 0.0036 0.02

Bladder Width W 7.903 7.902± 0.0397 0.02

Length L 10.261 10.251± 0.0164 0.10

Height H 9.650 9.668± 0.0325 0.19

Hole diameter D 2.071 2.076± 0.0480 0.24

As depicted in figures 3(c) and (d), the arteri-
ovenous fistula model, consisting of two hollow tubes
(vein and artery) that merge at a certain point (fis-
tula), was selected to showcase the system’s capabil-
ity to accurately replicate complex tubular structures.
This design illustrates the system’s precision in fab-
ricating geometries where multiple components join
seamlessly, demonstrating its potential for applica-
tions requiring intricate and interconnected struc-
tures. The total printing time for the arteriovenous
fistula structure was 12.5 min, with the maximum
exposure time for one layer being 18 s and the min-
imum time being 4 s. A detailed comparison between
the designed and printed dimensions, including the
width and height of the entire structure, as well as
the diameter and wall thickness of the fistula, vein,
and artery components, was conducted. The results
indicate a maximum percentage error of 0.23% and a
minimum of 0.02%, underscoring the system’s high
precision in fabricating complex models.

Lastly, the bladder structure exemplified the sys-
tem’s versatility in printing organ-like structures,
highlighting its potential in biomedical research and
regenerative medicine. The bladder model, printed
as a hollow structure with a precisely placed hole at
the top, was used to illustrate the system’s ability to

fabricate internal cavities and complex shapes. To val-
idate the hollowness, we injected red PBS solution
through the top hole, visually confirming the suc-
cessful creation of the internal cavity. This capabil-
ity is particularly important for applications requir-
ing the production of functional biomedical devices
and implants with internal channels or reservoirs.
The bladder structure was printed in a total time of
7 min, with the exposure time per layer ranging from
a maximum of 15 s to a minimum of 3 s. A compar-
ison between the designed and printed dimensions,
encompassing the width, length, and height of the
entire model, as well as the diameter of the hole is
provided in table 1. The results indicate a maximum
percentage error of 0.24% and a minimum of 0.02%.

The data demonstrates a high degree of accur-
acy in the printed models, with minimal deviation
from the intended design specifications. These ana-
lyses underline the versatility and precision of the
laser-based DLP system in producing complex and
functional structures. The ability to accurately fab-
ricate such models is critical for advancing applica-
tions in medical device manufacturing, tissue engin-
eering, and other high-precision fields, demonstrat-
ing the laser-based DLP system’s potential to meet
diverse and demanding fabrication requirements.
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4.4. Segmented printing technique and system
dynamic range analyses
Achieving precise control over crosslinking is critical
in the DLP printing process to ensure high-quality
output and minimize defects. Over-crosslinking,
which results from excessive exposure to the light
source, can compromise the integrity and resolution
of printed structures. This phenomenon is influenced
by several key factors including light scattering, depth
of focus/penetration depth, and molecular diffusion
[44, 45].

Initially, the hydrogel used in our system is a
transparent liquid. Upon polymerization, however,
it becomes translucent, which can cause scatter-
ing of the light. This scattering effect can induce
non-uniform exposure, thereby potentially caus-
ing over-crosslinking in localized areas, which sub-
sequently impacts the overall resolution of the printed
structures [46]. Furthermore, light penetration and
polymerization within the hydrogel are constrained
to specific depths determined by the wavelength of
the light source and the material composition. This
limitation primarily affects the vertical resolution of
printed structures but can also disrupt their lateral
resolution. By incorporating light-absorbing agents
into the medium, the depth of cure can be not-
ably decreased, effectively regulating the extent of
polymerization [47]. This adjustment is critical for
mitigating excessive crosslinking in deeper layers,
which might otherwise introduce inconsistencies in
the structural integrity of the printed objects. Lastly,
free-radical photopolymerization comprises several
sequential stages: initiation, propagation, chain trans-
fer, and termination [48]. While free radicals are
initially generated solely within the region illumin-
ated by light, these radicals, along with propagating
polymer chains, have the potential to diffuse bey-
ond the intended areas of illumination. This diffu-
sion phenomenon results in undesired polymeriza-
tion extending beyond the targeted regions, thereby
contributing to over-crosslinking.

To overcome the adverse effects of over-
crosslinking, several innovative solutions have
been proposed in the literature. One approach
involves synthesizing a new photoinhibiting addit-
ive, curcumin–Na (Cur–Na), which has been shown
to reduce light penetration and mitigate scattering
[49]. By limiting the depth of light penetration, Cur–
Na effectively controls the polymerization process,
thereby enhancing the precision of printed struc-
tures. Another method substitutes the trapped resin
with a UV-blocking liquid to mitigate print-through
or unwanted polymerization [50]. This technique
not only improves vertical resolution but also main-
tains the clarity of fine details in the printed object.
Furthermore, light exposure delivered inmillisecond-
scale ‘flashes’ instead of continuous light exposure
has proven effective in controlling polymerization
[51]. Flashing exposure generates a large number of

free radicals that continue polymerizing and opaci-
fying the material in the dark. This method, with
exposure times of 10 ms and flashing intensities
as high as 120 W cm−2, allows for precise control
over the polymerization process, reducing the likeli-
hood of over-crosslinking and enhancing the overall
resolution of the printed structures. The first two
methods emphasize material optimization to achieve
controlled and uniform polymerization: synthesiz-
ing a novel photo-inhibiting additive to reduce light
penetration and scattering and substituting trapped
resin with a UV-blocking liquid to prevent print-
through and enhance vertical resolution. In contrast,
the final approach leverages the inherent proper-
ties of the free radical photopolymerization process
itself.

To address over-crosslinking due to molecu-
lar diffusion, we implemented a segmented print-
ing technique that also leverages the multi-stage
characteristics of free radical photopolymerization.
For this characterization, we used PEGDA ink to
ensure controlled polymerization andminimize over-
crosslinking effects. As a demonstration, we focused
on a trachea-bronchi model featuring intricate bron-
chial structures with narrow gaps. Initially, we seg-
mented the photomask into three main parts to con-
trol the diffusion of the activated photoinitiator. This
segmentation strategy was based on varying thick-
nesses across the model: thicker sections generate
higher total intensity and more free radicals, which
can diffuse and accumulate in thinner areas, leading
to over-crosslinking.

To mitigate this effect, we segmented and printed
these parts separately while superimposing the masks
to minimize diffusion between adjacent regions. We
further refined this segmentation by grouping the
bronchial branches into four clusters, positioning
diagonal parts together to increase distances between
potential crosslinking sites, and reducing diffusion
pathways. Additionally, we employed an on (1)- off
(0) segmentation strategy within each bundle of
bronchial branches, alternating the activation of adja-
cent branches to create spatial gaps and block dif-
fusion effects more effectively. This multi-layered
segmentation approach aimed to optimize polymer-
ization conditions by spatially separating illumin-
ated regions and minimizing the impact of diffusion
on structural fidelity and resolution in our prin-
ted trachea-bronchi model. The segmentation pro-
cess is outlined in figure 4(a), illustrating the divi-
sion of the mask into distinct sections to mitigate
over-crosslinking effects due to molecular diffusion.
Additionally, the printing workflow is detailed in
the flowchart provided in figure 4(b). Following the
segmentation approach to mitigate over-crosslinking
in the segmental bronchus model, we successfully
enhanced the printing quality but as can be seen in
figure 4(d) complete elimination of over-crosslinking
in narrow gaps remained challenging. Subsequently,
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Figure 4. (a) Schematic representation of segmented printing technique (i) division into three main parts (ii) grouping the
bronchi part into four main regions and diagonally separating the mask (iii) diving the mask into two by applying the on (1) -off
(0) strategy to the thin branches in the bundles (b) flow chart of the printing proses (c) 3D model of the trachea and bronchi
structure. (d) Photos of the printed trachea and bronchi structure with a compression ratio of 14.43x to the anatomical size. (e)
From the whole trachea and bronchi structure, two sub-branches are chosen and printed with a compression ratio of 4.36x to the
anatomical size, with the photos of the printed structures shown as insets. The scale bars are 1 mm.

we have conducted dynamic range analyses aimed at
optimizing the system’s compression ratio to poten-
tially reduce crosslinking effects. In this context,
dynamic range refers to the system’s ability to accur-
ately reproduce both fine details and larger features
across a broad range of contrast levels at a specified
magnification. This analytical approach explores the
impact of altering the system’s optical compression
settings, hypothesizing that increasing the gap dimen-
sions could mitigate over-crosslinking by enhancing
spatial separation between printed features, which
also shows the system printing limit regarding the
magnification. Due to limitations in the system’s
optical configuration, comprehensive magnification
of the entire structure was impractical without modi-
fications to lenses and mirrors. Instead, we adopted a
targeted approachwhere the target areas were system-
atically selected for analysis and incrementally adjus-
ted their structural parameters to identify an optimal
compression ratio that minimizes over-crosslinking
while preserving structural integrity. Here, compres-
sion ratio refers to the proportional scaling factor
applied to the dimensions of the printed structure

relative to its real anatomical size. By referencing
real anatomical dimensions, particularly focusing on
adult female tracheal measurements from established
literature [52], we assessed the fidelity of our print-
ing process. Comparing the printed structure size
depicted in figure 4(c) with these anatomical val-
ues revealed that our system’s compression ratio
was approximately 14.43x. Subsequently, to optimize
printing outcomes and mitigate issues such as over-
crosslinking that could potentially obstruct bronchial
pathways, we targeted specific regions, as highlighted
in figure 4(e) inset. Through systematic adjustment of
the compression ratio, we observed that reducing it to
4.36x enabled the successful printing of these struc-
tures without encountering over-crosslinking issues
that could potentially obstruct the gaps between
the bronchi. These findings show the critical role
of dynamic range management in DLP printing for
achieving high-quality, precise models. While our
system demonstrates proficiency in printing intric-
ate structures, optimizing dynamic range is essen-
tial for further enhancing printing outcomes. This
process can be effectively executed by adjusting the
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Figure 5. Comparison of the effects of exposure time on the cell viability of 3T3 fibroblasts embedded in GelMA and
GelMA-PEGDA inks. Metabolic activity of 3T3 fibroblasts and cell viability bar plots of (a)–(b) GelMA and (c)–(d)
GelMA-PEGDA inks. Representative brightfield and live/dead fluorescent micrographs showing 3T3 cell morphology and cell
survival embedded in (e)–(f) GelMA and (g)–(h) GelMA-PEGDA hydrogels. Cell density and aspect ratio of 3T3 fibroblasts
cultured within the (i)–(j) GelMA and (k)–(l) GelMA-PEGDA crosslinked hydrogels.

focal length within the 4f system and modifying the
dimensions of lenses and mirrors.

4.5. Effect of the use of the exposure time in the cell
viability
The photopolymerization of hydrogels is a crucial
step in the biofabrication process, where the expos-
ure time and the intensity of the light source are
the primary factors affecting cell viability [53]. The
exposure of cells to UV light may damage them either
by the direct interaction of the photons with the
cellular DNA or by generating the reactive oxygen
species (ROS), where these free radicals affect cell
membranes [22, 54, 55]. Since they correlated with
exposure time, we performed analyses to investigate
the impact of exposure duration in 3T3 fibroblasts
embedded in GelMA and GelMA-PEGDA bioinks.
The bioinks were photopolymerized by varying the
exposure time (10, 20, and 30 s). The effects of expos-
ure time on cell viability and proliferation were eval-
uated by measuring metabolic activity, cell viability,
observing the cell morphology, calculating the aspect
ratio of cells, and measuring cell density over time,
as shown in figure 5. To better illustrate the effect of
exposure time on metabolic activity, and based on
the assumption that samples exposed to lower light

intensitieswill experience less damage,we normalized
the metabolic activity of the samples using the meas-
urement of the samples crosslinked for 10 s on day 1
for each ink. As shown in figures 5(a) and (c), nor-
malized metabolic activity showed a more than 40%
reduction between samples crosslinked for 10 and 30 s
on day 1, indicating a decrease in cellular metabolic
function with increased crosslinking time. This trend
was observable on day 3 and confirmed on day 7when
for the two inks, samples exposed to light for dif-
ferent times showed statistically different metabolic
activities (p < 0.05). However, all three conditions
still support cell growth, albeit starting from differ-
ent baseline levels. Notably, GelMA bioinks exhibited
up to a sixfold increase in metabolic rate across the
different crosslinking times, whereas GelMA-PEGDA
samples showed a twofold increase.

To corroborate the effect of crosslinking time on
cell wellness, we evaluated the viability of 3T3 fibro-
blasts embedded in the hydrogels using a Live/Dead
assay and calculated cell viability within the same
time windows as the metabolic activity measure-
ments. On day 1, for GelMA ink, cell viability was
measured at 97.36 ± 1.23%, 94.25 ± 1.68%, and
83.21± 0.98% for samples crosslinked for 10, 20, and
30 s, respectively (figure 5(b)). For GelMA-PEGDA
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bioinks, initial cell survival was 93.11 ± 1.06%,
86.17± 1.72%, and 79.62± 2.18% for samples cross-
linked for 10, 20, and 30 s, respectively (figure 5(d)).
Notably, GelMA hydrogels exposed to 30 s of cross-
linking showed a statistically significant difference in
viability compared to samples crosslinked for 20 and
10 s (p < 0.05). These differences are maintained
during the 7 d of the experiment, where all samples
are statistically different (p < 0.05) from each other,
likely due to the inability of the surviving cells to pro-
liferate. Representative micrographs from the exper-
iment are shown in figures 5(f) and (h). The cell
viability analysis demonstrated a correlation between
exposure time and cell survival throughout the exper-
imental period, with higher crosslinking times negat-
ively affecting cell viability for both materials.

During the culture period, the morphology of the
embedded 3T3 cells was studied using phase-contrast
microscopy (figures 5(e) and (g)) and quantitat-
ively assessed from fluorescent micrographs through
aspect ratio measurements, as shown in the graphs
in figures 5(j) and (l). After 1 d of culture, cells
embedded in GelMA appeared more spread out
and exhibited a more elongated morphology than
fibroblasts embedded in GelMA-PEGDA, where cells
appeared more rounded. However, the same effect
was observed when the samples were exposed to
longer crosslinking times. On day 3, GelMA samples
crosslinked for 10 and 20 s exhibited the formation
of fibroblast networks, whereas, in GelMA-PEGDA,
this was only observable in the sample crosslinked
for 10 s. The quantitative measurements of the aspect
ratio of the cells (longest length/shortest length) show
that, for both bioinks and all conditions on day 1, the
aspect ratio was close to 1. However, samples cross-
linked for 10 s displayed an extended distribution in
the violin plot, attributed to the initial elongation of
fibroblasts, while some cells still retained a rounded
shape. This phenomenon was reversed after 7 d of
culture, where samples crosslinked for shorter peri-
ods exhibited a narrower distribution compared to
those crosslinked for extended periods. This change is
attributed to the increased difficulty cells experience
in elongating, with cells in longer crosslinked samples
retaining a more rounded shape. By the final day of
the experiment, GelMA bioinks achieved an aspect
ratio ranging between 5 and 3, while GelMA-PEGDA
bioinks showed a distribution between 3.5 and 2.
Nonetheless, the fibroblasts’ elongation was observed
in all GelMA samples, while the cells in GelMA-
PEGDA appeared more rounded and clustered. The
observed morphological differences can be attrib-
uted to variations in hydrogel stiffness, which are
associated with crosslinking density and influenced
by differing exposure times. Increased stiffness is
known to influence key aspects of cell behavior, such
as adhesion, spreading, and cytoskeletal organiza-
tion, which helps explain these observed changes
[56, 57]. Additionally, mechanotransduction plays a

crucial role in activating metabolic pathways [58],
affecting processes like glucose consumption [59],
mitochondrial activity [60], and ATP production
[61]. In the context of 3D bioprinting, optimizing
hydrogel stiffness is essential for supporting cellu-
lar functions effectively. Fine-tuning hydrogel prop-
erties along with the printing protocol are necessary
to identify the optimal balance that promotes both
cellular elongation and proliferation.

The number of 3T3 cells was characterized
over time to calculate cell density (total number
of cells per mm2) in GelMA and GelMA-PEGDA
hydrogels, using image analysis (figures 5(i) and
(k)) [62]. The cell density of 3T3 cells embed-
ded in GelMA on day 1 was 242.79 ± 31.69,
185.87 ± 31.64, and 124.82 ± 9.40 cells mm−2 for
exposure times of 10, 20, and 30 s, respectively. All
samples are statistically different over time (p< 0.05).
Conversely, the 3T3 cell density in GelMA-PEGDA
on day 1 was 199.59 ± 19.98, 194.10 ± 10.73, and
130.31 ± 17.40 cells mm−2 for exposure times of
10, 20, and 30 s, respectively. In this material, the
samples exposed for 30 s are statistically different
from those exposed for shorter times. On the last day
of the experiment, there is a significant difference in
cell density as a function of exposure time for both
GelMA and GelMA-PEGDA. The over-crosslinking
caused by longer exposure times likely induced early
apoptosis, restricting cell spreading and promoting
detachment from the bioprinted constructs [63]. It
is important to note that cellular debris and apop-
totic bodies were excluded from the cell counts; thus,
the observed reduction in cell density on day 1 is
primarily attributed to cell death resulting from light
exposure. The differences in metabolic activity and
cell density across samples correlate with exposure
time, indicating that longer light exposure negatively
impacts cell viability and overall health, resulting in
reduced cell viability.

4.6. Effect of the light intensity on cell viability
The threshold intensity in 3D bioprinting is the min-
imum power per unit area of light required to ini-
tiate the crosslink of a bioink. Higher laser intensit-
ies enhance the photopolymerization rate, leading to
more solid structures and improved printing resolu-
tion until a certain point. Beyond this point, excess-
ive light intensities may result in over-crosslinking.
Overexposing bioinks to high light intensities may
damage the cells, impacting long-term cell viabil-
ity. To test the effect of light intensity on cellu-
lar responses in bioprinted constructs, we use the
DMD chip to create graded intensity distributions.
By keeping the exposure time constant, we printed
a single structure with four distinct regions having
graded intensity distributions of 0.044, 0.057, 0.077,
and 0.11 mW mm−2, labeled as regions 1, 2, 3,
and 4, respectively. After printing, the sections were
separated and cultured individually for cell viability
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Figure 6. Comparison of the effect of light intensity on the cell viability of 3T3 fibroblasts embedded in GelMA and
GelMA-PEGDA inks. (a), (c) Normalized metabolic activity of 3T3 fibroblasts that measured on days 1, 3, and 7 in the four
different regions. Cell viability bar plots for (b) GelMA and (d) GelMA-PEGA bioinks. Representative brightfield and Live/Dead
micrographs of the 3T3 cells embedded in the hydrogels of the four different regions exposed to different light intensities of
(e)–(f) GelMa and (g)–(f) GelMA-PEGDA. Cell density and aspect ratio of 3T3 fibroblasts cultured within (i)–(j) GelMA and
(k)–(l) GelMA-PEGDA crosslinked hydrogels.

experiments (figures 6 and S1). Similar to the previ-
ous section, the effect of light intensity on 3T3 cells
embedded in GelMA and GelMA-PEGDA is presen-
ted in figures 6(a) and (c). The metabolic activity of
each region was normalized to the metabolic activity
measured in the sample exposed to 0.04 mWmm−2,
assuming that lower light intensity resulted in less
damage.

The metabolic activity for the GelMA bioink,
measurements on day 1 shows that region 1, exposed
to the lowest light intensity, has slightly higher meta-
bolic activity than the other three regions (p< 0.005).
This trend is also observed on days 3 and 7, with the
metabolic activity of regions 2, 3, and 4 not being stat-
istically different from each other on any of the days
measured. Similarly, in the GelMA-PEGDA bioink,
the metabolic activity in region 1 remained distinct
from that in regions 2, 3, and 4 on days 1, 3, and
7. In both bioinks, metabolic activity increased in
all regions over time, suggesting cell proliferation.
Notably, the growth ratio from day 1 to day 7 was
consistent across all regions, exhibiting an approx-
imately 1.5-fold increase in metabolic activity. When

analyzing cell viability (figures 6(b) and (d)), both
materials exhibited stable cell viability, maintaining
levels above 90% throughout the seven-day culture
period. This indicates that while variations in light
intensity may influence metabolic activity to some
extent, they do not have a direct impact on cell
survival.

The effect of light intensity on cell morphology
was documented using phase contrast and fluorescent
micrographs of 3T3 cells embedded in GelMA and
GelMA-PEGDA, exposed to different light intensit-
ies. The micrographs of the GelMA bioinks show that
cells in regions 1, 2, and 3 exhibit a more spread
and elongated morphology than those in region 4,
where the cells appear more rounded (figures 6(e)–
(h)). Similarly, cells in the GelMA-PEGDA hydrogels
displayed modest elongation across all four sections
on day 1. Figures 6(j) and (l) presents the quantitat-
ive measurements of the aspect ratio on day 1, reveal-
ing that all treatments had cell populationswith ratios
between 1 and 2, indicating a mix of round cells and
cells beginning to elongate. The distribution range of
aspect ratios in the four regions decreased as light
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Figure 7. Bioprinting of bronchial-like structures via segmentation technique. (a) Live/dead assay of 3D bioprinted branches with
GelMA and GelMA-PEGDA at days 1, 3, and 7 (scale bar= 100 µm). (b) Cell viability of bioprinted structures (p< 0.05). (c)
F-actin/DAPI staining of fibroblast embedded in the 3D bioprinted structures with GelMA and GelMA-PEGDA at days 1, 3, and 7
(Scale bar= 100 µm).

intensity increased, likely due to variations inmaterial
stiffness. For GelMA inks, no significant differences
were observed between treatments on days 1 and 3.
In contrast, for GelMA-PEGDA, statistical differences
in aspect ratio were noted between groups 1 and 4
(p< 0.05). Over time, the differences in cell morpho-
logy due to light intensity diminished, with the cells
forming networks. These differences in morphology
between GelMA and GelMA-PEGDA may be associ-
atedwith the lower disponibility of RGDpeptides and
the polymer network’s density, as well the stiffness
of these materials may influence cell mechanosensing
and proliferation [2, 64–67].

Cell density was analyzed by counting the num-
ber of 3T3 cells within the entire structure, which
comprised four distinct regions, and then normaliz-
ing the average cell count in each region. This ana-
lysis was performed for both GelMA and GelMA-
PEGDA bioinks. On day 1, GelMA showed similar
cell densities across all regions, indicating a homo-
geneous distribution of cells (figure 6(i)). This trend
continued on day 3, with an overall threefold increase
in cell density compared to day 1. By day 7, sig-
nificant statistical differences in cell density were
observed between region 1 and regions 2, 3, and 4,
reflecting a pattern similar to that seen in the meta-
bolic activity assay. For the GelMA-PEGDA samples
(figure 6(k)), no significant differences in cell dens-
ity were noted between regions on day 1. However, by
day 7, statistically significant differences in cell dens-
ity between region 1 and region 4 became apparent,
mirroring the trend observed in the GelMA samples.
Although there were slight differences in metabolic
activity and cell density between region 1 and regions
2, 3, and 4, all samples remained viable and prolif-
erated throughout the experimental period. Notably,
the differences were primarily confined to region 1,
while the other three regions exhibited similar beha-
vior. This contrasts with the exposure time exper-
iments, where significant differences were observed
across all three exposure times. These findings align
with the results of Bhanvadia et al, where regions
exposed to shorter crosslinking times demonstrated
higher cell viability [49], confirming our observation

that exposure time has a greater impact on cell viab-
ility than laser intensity.

4.7. Bioprinting of bronchial-like structures via
segmentation technique
The previous characterization suggests that a short
exposure time with higher intensity is more cell-
friendly than a longer exposure time with lower
energy. When combined with the segmentation pro-
cess, this approach could facilitate the bioprinting of
structures with higher cell viability. In our biofab-
rication process using laser-based DLP, we utilized
an intensity of 0.1105 mW mm−2, which enables
higher resolution and faster crosslinking but also sup-
ports better cell viability. With our robust biofabric-
ation process using laser-based DLP, we tested the
bioprinting of a bronchial branch using the seg-
mentation technique with both bioinks (GelMA and
GelMAPEGDA) (figure 7). The live-dead assay shows
an increase in the number of cells and sustained
cell viability of up to 90% for GelMA and up to
85% for GelMA PEGDA bioprinted constructs across
seven days with statistical differences between bioinks
(p < 0.05) (figures 7(a) and (b)). Nonetheless, the
fluorescent micrographs reveal the fibroblast mor-
phology within the bioink matrix. These results were
confirmed by using the phalloidin staining, where, on
day 7, it is observable that the GelMA sample displays
cytoskeletal development and spreading, indicating
possible cell migration and growth. In contrast, the
GelMA-PEGDA sample shows less spreading, sug-
gesting that the incorporation of GelMAmay bemore
supportive of cell migration and structural organiza-
tion (figure 7(c)).

5. Conclusion

This study presents a comprehensive analysis of
the transition from LED-based to laser-based light
sources in DLP bioprinting systems, highlighting the
advantages of laser systems in enhancing resolu-
tion, reducing printing time, and improving dynamic
range. By leveraging the higher power, spectral
precision, and favorable étendue characteristics of
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laser sources, the proposed dual-laser DLP system has
been shown to address the inherent limitations of
LED systems. Specifically, the system delivered a two-
fold increase in resolution and a twelvefold reduc-
tion in printing time, significantly enhancing the effi-
ciency and quality of printed biostructures. Our find-
ings emphasize the critical impact of exposure time
and laser intensity on cell viability. Shorter expos-
ure times at higher laser intensities proved to be
more cell-friendly, resulting in better recovery, higher
metabolic activity, and cell viability over time, with
higher aspect ratios and cell density. The effect of
these parameters stems from two key aspects: first,
the toxicity of light exposure to cells, where prolonged
exposure has been reported to induce DNA muta-
tions and ROS production; and second, the density
of the hydrogel cross-linking network, which influ-
ences hydrogel stiffness and structural integrity. Both
aspects have been reported to directly affect cell pro-
liferation andmetabolic pathways. These aspects were
carefully balanced using the adaptive segmentation
control method, which minimized over-crosslinking
while maintaining the resolution required for com-
plex structures. This method enabled the bioprinting
of intricate, anatomically relevant structures, such as
the bronchi model with a 14.43x compression ratio,
demonstratingminimal error and sustained cell viab-
ility. The enhanced capabilities of the laser system,
combined with the innovative segmentation tech-
nique, open new possibilities for the bioprinting of
complex and intricate structures with high precision
and biological relevance. The improvements in res-
olution, dynamic range, and printing speed, com-
bined with enhanced material compatibility and cell-
friendly processes, position the dual-laserDLP system
as a promising technology for advancing the field of
3D bioprinting. This work not only advances the field
of 3D bioprinting but also sets a foundation for future
developments in biofabrication technologies, paving
the way for more sophisticated and efficient biomed-
ical applications.
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