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Abstract

Digital light processing (DLP) 3D printing has become a powerful manufacturing tool for fast fabrication
of complex functional structures. The rapid progress in DLP printing has been linked to research on optical
design factors and ink selection. This critical review highlights the main challenges in DLP printing of
photopolymerizable inks. The kinetics equations of photopolymerization reaction in a DLP printer are
solved, and the dependence of curing depth on the process optical parameters and ink chemical properties
are explained. Developments in DLP platform design and ink selection are summarized, and the role of
monomer structure and molecular weight on DLP printing resolution are shown by experimental data. A
detail guideline is presented to help engineers and scientists to select inks and optical parameters for

fabricating functional structures toward multi-material and 4D printing applications.

Keywords: Digital light processing, 3D printing; photosensitive monomer; ink selection; resolution
improvement.



1. Introduction

Digital light processing (DLP) printing is a layer-wise two-dimensional (2D) crosslinking of photosensitive
inks per light exposure. DLP printing has found extensive applications in the rapid prototyping [1], tissue
engineering [2,3], and regenerative medicine [4]. The market value was around US $370M in 2020, with
an anticipated 25% compound annual growth rate between 2022 and 2026 [5]. The main applications today
include fabrication of medical devices and healthcare equipment [6], surgical guides for dentistry, wax
models for jewelry, sculptures for the aesthetics industry, and metamaterials for the soft robotics [7,8].
There is an increasing tone to use DLP printing for tissue engineering applications. Many endocrine
diseases such as diabetes represent failure in an organ system. Organ failure or loss of organ function is
becoming the number one cause of death worldwide [9]. Since organ shortage is an impending health care
crisis, DLP printing of the tissue or organ blocks is becoming a promising therapeutic option. Only diabetes
affect ever growing four hundreds of millions of people [9]. Biofabrication and transplantation of islets of
Langerhans is considered as an effective therapeutic procedure that enables insulin independence for
diabetic patients [10,11]. However, rapid fabrication of fully vascularized tissues and living organs with
current technologies is not yet achieved. Despite tremendous advancements [12], the research field is stalled
at fabrication of layers of live tissue that lack adequate variety of hollow constructs and capillaries compared
to the microenvironment of a natural tissue. In this ground, DLP overcomes the current challenges in fast
fabrication of tissue building blocks at a high fidelity [2] to target a long-lasting challenge to make three-
dimensional (3D) tissue scaffolds at a clinically relevant time scale [13]. The rate of DLP printing is much
higher than conventional additive manufacturing methods such as extrusion 3D printing [14,15].. In

extrusion 3D printing the shear forces can damage the cell membrane and reduce cell survival.

DLP printing occurs through light projection with two work principles. Liquid crystal displays (LCDs) and
digital micromirror devices (DMDs) are used to direct the light as squared voxel patterns onto an ink
material [4,16]. Examples of simple LCD- and DMD-based projectors are shown in Figure 1a and Figure
1b, respectively. The LCD works by transmissive planar light patterns, while DMD works by reflective
processing of digital patterns. The LCD projectors have found fewer applications in 3D printing because of
their inability to transmit high intensity and high energy (UV) lights through the liquid crystal material
[4,17,18]. As an alternative to LCD projectors, most recent endeavors in the research field are focused on
the exploitation of a DMD chip [19]. DMD is a micro-electromechanical semiconductor device designed
to reflect a patterned high-intensity UV light from a light emitting diode (LED) source onto a
photocrosslinkable hydrogel system to print high-fidelity structures [20].

In general, 3D printing technologies can be classified into contact-based and contactless methods. The

common contact-based methods consist of fused deposition modeling (FDM), extrusion, and inkjet



printing. FDM is an affordable method of 3D printing based on extruding a thermoplastic polymer around
melt temperature. Extrusion 3D printing has the versatility and affordability in making small to large
structures [16]. It is a low-cost technology that benefits from a relatively high fabrication speed [21] and
the control over the mechanical properties [22]. However, extrusion 3D printing has much worse
resolutions, ca. 100-1200 um, compared to inkjet 3D printing, ca. 10-50 um [23]. Inkjet 3D printers deposit
liquid-binding inks, benefiting from multiple reservoirs to be used for multi material direct writing [21].
The low speed and high shear forces [24], along with the possibility of needle clogging, limits the use of
this technology. Contactless methods consist of fabrication by stereo-lithography (SLA) and digital light
processing (DLP) 3D printing [25,26]. SLA is a solid freeform additive manufacturing [27,28], which uses
the light in LASER form to sweep the ink surface for crosslinking and fabricating structures. It has a
practical resolution of 40-150 pm [29]. DLP benefits from a much higher speed [30], an easy control over
the mechanical properties [22], and a superior scalable resolution down to 1 pm compared to other methods
[18]. The speed of fabrication is typically as high as 0.5 and 15 mm/s [18,31]. While being established for
rapid prototyping of polymeric structures, DLP printing has enabled creation of tissue-like structures with
microstructures and stiffness values similar to those of biological tissues [7]. The blood vessels shown in
Figure 1c represent the in vivo-like architectures in a real heart organ. Compared to other 3D printing
techniques, DLP printing is among the most promising technologies that may enable us to fabricate such a
complex organ with vessels ranging from 5-20 um (capillaries) to 2-3 cm (aorta) at a clinically relevant
resolution and speed. Figure 1d-i shows a DLP printed example of veins with multiple sizes using poly-
ethylene glycol diacrylate (PEGDA) ink. When adding other components to pure photosensitive monomers,
which mimics light scattering in the presence of any agents in the bioink (i.e., ink with cellular capacity),
leads to the clogging of the 3D printed vessels and failure of the vessel to transport fluids. The clogging
practically blocks the transfer of oxygen and nutrients by the DLP printed construct. This concern shows
the need for further investigations into the material selection, and a better understanding of light-material

interactions such as refraction, scattering, and absorption kinetics in DLP platforms.
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Figure 1. DLP 3D printing, a) a typical LCD-based platform as a transmissive method for 2D patterning of the light, b)
a typical DMD-based DLP platform as a reflective technology for 2D patterning of the light, ¢) An anatomical photograph
of a porcine heart showing the diversity in a natural biological organ (red represents the arterial blood supply and blue
represents the venous blood supply) obtained by corrosion casting [32], d) a successful production of an (i) fractal tree, (ii)
a hollow blood vessel with a pure non-scattering material (PEGDA, 1% w/v Irgacure 819 ), and zoom-in detail of vessel
opening, (iii) the same material including light scattering bead (glass beads of 4 um diameter, 1% w/v) resembling
scattering due to presence of live cells, leading to the formation of clogged blood vessels through DMD-DLP printing [33].

DLP printing is shifting the manufacturing paradigm by cutting down the build time. In contrast to the
conventional stereolithography (SLA), a DLP do not cure the ink with sweeping a guided laser but with a
projection of an entire layer at once. This digital projection necessitates different mechanisms for light-
material interaction which are rarely discussed in the literature. A deeper insight into molecular structure
of photopolymerizable inks and the kinetics of photopolymerization reaction is required to harness the

capacity of DLP printing for achieving high spatial resolutions and defined architectures toward



applications such as tissue and organ regeneration. A better understanding about governing equations helps

to reach high fabrication speeds to fulfill the growing demand for mass production..

To address these shortages, the core of this review is placed on ink selection and designs in DLP printing.
This review starts with summarizing significant technological advancements in improving DLP printing
platforms. The role of the ink chemistry and the monomer molecular structure in enhancing the
performance of DLP platforms are then explained. The kinetics equations of light absorption and
photopolymerization reaction in DLP printers are described, and their applications to control the curing
depth based on the processing parameters such as the light intensity and the exposure time are illustrated.
The discussions help material scientists and bioengineers select proper materials/inks and understand
fundamental design considerations for improving 3D printing resolution when using a DLP platform.
Other light-patterning technologies such as point-by-point light patterning in laser-induced forward
transfer method [34], layer-by-layer light patterning in LCD-based stereolithography, or volumetric light
patterning in multiphoton polymerization methods [35,36] are not discussed here as a focus to keep the
integrity of review, however their concepts are almost similar to DLP. In post-processing, combined
photopolymerization reaction kinetics and Euler-Bernoulli beam theory can be implemented to study
post-curing induced shape distortion of thin structures prepared by DLP [37]. Mechanical behavior of
printed samples during post-printing process is correlated with printing parameters (such as light exposure
time used for each layer, height of each layer, and light intensity), post-curing light intensity, and
thickness of the structure. Details of various methods for improving the quality of printed structures by

post printing approaches are discussed elsewhere [38].

2. Applications and Limitations of DLP printing

Here, we briefly summarize the applications and limitations of DLP printing which are extensively
discussed in previous review papers [4,39]. DLP fabrication speed can reach as high as 1000 mm?/s in a
volumetric scale [40] and show enhanced resolutions as precise as 1-10 pm. It is among the best
achievable fabrication speeds and resolutions in 3D printing industry. It makes DLP a proper candidate
for microtissue applications [4]. Fast creation of complex structures with micrometer-sized resolutions
allows fabrication of micro-vascularized tissue models to be used as vasculature or disease models. Two
major applications of these models are tissue fabrication for clinical transplantation, and fabrication of
tissue-engineered models to investigate disease pathologies, and pharmaceutical compound screening
[41]. DLP can be used for drug discovery, drug delivery, and screening in micro-tissue models of lung

[42], liver [43], bone [44], heart [45,46], spinal cord [47].



Due to the high speed of DLP printing, physicians can rapidly prepare 3D models of a patient
pathological organ. In the clinical treatment of a variety of acute diseases, such as myocardial infarction,
cerebral hemorrhage, and cerebral infarction the effective treatment window is only a few hours, requiring
the surgeons to prepare the patient surgical plan within a few minutes. Compared to other methods, using
DLP one can program a series of processing parameters such as exposure time, light intensity, and light
wavelength to build a 3D structure with a relatively high accuracy and adjustable physio-mechanical
properties [7]. DLP printed disease models are also useful for the teaching of clinical medicine, especially
the basic subjects of medical education such as anatomy. DLP can quickly print personalized dental
teaching models of sufficient dimensional accuracy so the students can get an intuitive impression of oral
malformation diseases [48]. Medical devices such as implants can be printed with DLP printers using
biodegradable [49] or non-degradable [50] materials towards in vivo applications. Implants are used to
replace or repair the injuries in vivo. DLP is capable of building implants to match with the injured part
and then guide the tissue regeneration at the interface. A fundamental challenge in producing tissues for
clinical use lays on the difficulty in producing functional vasculatures with biocompatible materials. The
diffusion limit of nutrient and waste transport in tissues is limited to around 250 um. Larger tissue
constructs critically need vascularization to maintain cell viability in clinical practices [40]. DLP printing
is in theory capable of producing highly vascularized constructs. However, there exist a few ink materials
which provide the required resolution and at the same time provide the favorable biocompatibility and
bioactivity for tissue regeneration. Conventional SLA and DLP printing require large volumes of photo-
polymerizable inks which increases the production costs. Another limitation is the need for costly
equipment, especially for particular optical designs. In next section, we review different DLP strategies

and their optical designs.

3. Design Models of DLP Platforms
3.1. Different DLP Printing Strategies

Depending on the ink formulation, different types of light projectors can be integrated into the design of a
DLP platform ranging from infrared [51] to ultraviolet light [2]. Wang et al. [52] developed one of the most
straightforward designs, using a commercial white light projector (~ 2500 lumen at visible wavelength
range) for light patterning and crosslinking a hydrogel layer with a low speed of around two minutes per
layer. Commercial light projectors generate vast amounts of energy which can heat the polymer vat to above
40°C in ~ 15 minutes [52]. More advanced DLP platforms use more optimal light sources besides optical

considerations.



Many advancements in optics design are devoted to improving DLP capabilities to print implantable
microtissue models. This has placed the research focus on hydrogel 3D printing for biomedical applications.
Figure 2a shows components of a DLP platform [43] designed for making injectable hydrogel constructs
with the incorporation of live cells for ocular stem cell transplantation. Their platform utilized a high-
intensity UV light source (365 nm at ~88 mW/cm?) together with several projection lenses to pass a
collimated array of light through a photomask provided by the DLP device. They transferred the patterned
light on top of a stationary printing stage. In this DLP platform, UV exposure at around 30 s was sufficient
to be formed at a single step of about 18 injectable gelatin methacrylate (GeIMA) based microscale
cylinders of ~ 500 um in diameter and ~ 500 um in height (layer thickness). Ma et al. [43] used a similar
platform. These custom-built optics and light sources enabled printing a thin layer of liver on a chip model
with around 30 pm resolution in several seconds. Zhu et al. [49] used an almost similar DLP platform but
replaced its light source with a near UV (405 nm) light source and added a moving stage in the z-direction.
The new design successfully constructed more complex 3D hollow constructs such as tubes and nerve
guidance conduits. A miniaturized DLP platform with a similar conceptual design enabled in vivo
fabrication of hydrogel constructs under a near-infrared light [51]. Owing to the high penetration depth of
the near-infrared light, the portable platform provided noninvasive treatments by fabrication of hydrogel
structures under an animal skin [51]. These studies lack the multi-material capacity, which is considered in

the following reports.

Grigoryan et al. [53] proposed a semiautomatic approach to change the material and manual washing of the
construct under print in a DLP platform. Figure 2b illustrates the components of a platform proposed by
Miri et al. [2]. They enabled fully computerized multi-material 3D printing in DLP platforms by adding a
microfluidic chip. The platform allows the rapid exchange between different polymer inks in the vat area
with computerized pneumatic controllers. A set of biconvex and planoconvex lenses and UV (380 nm) light
of 100 mW/cm? intensity on the vat area on a microfluidic chip were sufficient to print parallel lines.
Depending on the used optics and hydrogel system, these lines had a 25 pm resolution in 2D printing at
exposure times between 1 and 20 s per layer. This advancement demonstrated an ultrafast and fully
computerized DLP platform enabling 3D printing of multi-materials, co-culture of different cell lines, and
fabrication of tissue building blocks for regenerative medicine applications. Demonstration of the

scalability and resolution adjustment are other challenges in designing DLP platforms.

You et al. [54] introduced flashing photopolymerization to improve resolution in DLP platforms, in which
light was exposed in millisecond scale (flash) portions. The approach attenuated light scattering and
increased the crosslinking resolution. Xue et al. [55] controlled a scaffold’s thickness with less

sophistication through appropriate light power and exposure time selection. They showed that a predefined



thickness of PEGDA solution between a glass slide and a coverslip could be crosslinked by a 2D light
pattern projected through a plano-convex lens onto the solution (Figure 2d). UV light (365 nm) of intensity
as low as 2.7 mW/cm? at 2.6 s of exposure was enough to fabricate their structure with a tailored thickness.
The projection ratio and resolution of the light pattern were adjustable via the relative position of the plano-
convex lens placed between the DMD chip and the polymer vat. Results demonstrated that by changing
light input parameters and lens distances, one can reach good scalability and resolution adjustment. This

may require developments in the design of tunable optical tools.

Regehly et al. Field [27] recently introduced another advancement in designing specific optics and suitable
ink formulation for DLP platforms. They introduced Xolography, a recent state-of-the-art volumetric DLP
printer that demonstrates a high-volume generation rate and a resolution about ten times faster than
lithography. Integrating a benzophenone type Il photoinitiator into a spiropyran photoswitch, a dual color
photoinitiator (DCPI) system is developed for activation through simultaneous irradiation at two different
light wavelengths. A thin light sheet of a first wavelength (375 nm) excites a thin layer of photoinitiator
molecules from the initial dormant state to a latent state with a finite lifetime (approximately 6 s). To
provide a homogeneous light intensity in the soft sheet, the light is divided and irradiated by the bioink
volume from both sides of the material cuvette (Figure 2e-i). An orthogonally arranged DLP projector
generates light of a second wavelength (550 nm). It focuses the sectional images of the 3D model on being
manufactured into the plane of the thin light sheet. Those initiator molecules in the latent state absorb the
patterned light reflected by the DLP projector and cause the current layer to polymerize (Figure 2e-ii). The
desired object is continuously fabricated by projecting a sequence of images during synchronized
movement of the ink volume through the fixed optical setup. The term xolography is used since the crossing
(X) light beams generate the entire (holos) object using this printing process. The technology can be
expanded to produce microscopic and nanoscopic objects using optical systems with a higher numerical
aperture due to the irradiation with two light beams of different wavelengths at a fixed angle. This
volumetric two-color 3D printing is based on molecular photoswitches and does not require any nonlinear
chemical or physical processes. It is expected that Xolography will stimulate 3D printing research fields
from photoinitiator and material development to projection and light sheet technologies for rapid and
improved-resolution 3D printing in the near future. The approach's success is strongly dependent on the
development of materials that can be used in this system, enabling controllable gelation using a specific

dual-color photoinitiator system.

In summary, the main advantage of DLP printing is its high speed for fabricating complex structures. The
main challenges are (i) difficulty in combining different materials (multi-material printing) that can be

solved by using microfluidic setups, and (ii) difficulty in adjusting printing resolution that can be solved by



proper choice of optical hardware and light patterning techniques such as flashing photopolymerization to
reduce light scattering, and (iii) difficulty to develop proper ink materials and photoinitiator systems for
DLP platforms. This can be addressed by introduction of novel formulations composed of molecular
photoswitches and the light sheet technology. In the next section, we summarize the versatility in the design
of optics for different DLP platforms. Then we review the solution of kinetics equations for the
photopolymerization reaction. These equations will address phenomenological relationships between

governing design parameters in DLP platforms.
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Figure 2. The advancements in DLP platforms: a) Rapid printing of conjunctival stem cell micro constructs in 18
cylindrical shapes for subconjunctival ocular injection, [56], b) Microfluidics enabled multi-material maskless DLP 3D



printing [2]. ¢) Flashing photopolymerization 3D printing, i) Schematic diagram of the printer, ii, iv) 3D models of a micro
altar and micro apple, iii,v) SEM image of the printed models by flash photopolymerization with 100 pm layer thickness
[54], d) Projection-based 3D printing of cell patterning scaffolds with multiscale channels [55], ¢) Xolography linear
volumetric 3D printing, i) diagram of xolography and the thin light sheet intensity distribution, ii) Rendered illustration of
the printing zone and associated photoinduced reaction pathways of the DCPI, iii) Absorbance spectrum of DCPI under
dark conditions (grey) and 375 nm UV irradiation (blue), iv) photoswitch kinetics probed at 585 nm, v) the model, ink
under 3D printing and the fabricated part which is a spherical cage with free-floating ball [57].

3.2. Optical Design Parameters

Table 1 shows a variety of DLP platforms based on different optics, light source specifications, obtained
resolutions, and speeds. A wide range of wavelengths is successfully used in DLP platforms. The range
starts from the UV range (A = 320 to 400 nm), passes through the visible range (A = 400 to 700 nm), and
reaches up to near-infrared light (A = 800 to 1000 nm). By increasing the light wavelength, the lower energy
characteristic of the light and inadequate light absorption by the initiators can challenge the
photopolymerization reaction needed to print a robust structure. Generally, increasing the wavelength from
UV to infrared light decreases printing resolution (see Table 1). Separate from the wavelength, proper
setting of all other optical parameters such as collimation and polarization of the light is needed to achieve
a balance between resolution, light penetration depth, and speed of 3D printing. Selection of a proper
photoinitiator system, light intensity, and exposure time allows us to achieve a improved printing resolution
and printing speed. For instance, in Ru:SPS photoinitiator system, a light intensity as low as 0.23 mW/cm?
and 30 s exposure time can be used to achieve ~ 50 pm resolution at 10-100 um/s vertical speed in DLP
3D printing. If LAP is incorporated in the ink composition instead of Ru:SPS, a light intensity as large as
700 mW/cm? and 200 milliseconds exposure time can be used to fabricate features of ~ 15 um resolution
at 40 um/s vertical speed. The photoinitiator's molar absorptivity (or extinction coefficient, €) can describe
these observations. Photoinitiator Ru:SPS shows a high molar absorptivity (¢ = 14600 M-'cm™! at 450 nm)
approximately 300 folds higher than that of LAP (¢ = 50 M-'cm™ at 405 nm) [58]. Ru:SPS can be used for
photocrosslinking at much lower light intensities than LAP because a higher molar absorptivity leads to a

higher photo reactivity.

In cell printing, enhancing light energy by decreasing the wavelength can generally increase the printing
resolution at the expense of lower cell viability since high-energy UV light is a potential source of damage
in DNA, affecting the proliferation and fate of live cells. DLP is considered a contactless printing method,
showing reasonable cell viability at most platforms reviewed in Table 1. Contact-based 3D printing
methods such as extrusion printing apply shear forces to the bioink, potentially damaging the cell membrane
and decreasing viability. Contactless DLP printing has become a popular modality because of its higher

fabrication speed (100-1000 mm?®/s) and improved resolution (< 20 pm) compared to other printing



methods. Table 1 reveals that most currently developed platforms ignore the potential of grayscale 3D
printing. This capability can be incorporated into a DLP platform without increasing the hardware costs.
Grayscale 3D printing technique allows controlled gradient crosslinking in printed structures and can bold
4D printing capabilities. Conceptually, 4D printing means introducing programmable time-dependent
material properties to a final 3D printed product using a stimulus, for instance, upon exposure to different
wavelengths of light [59] or submerging it in a medium to trigger a programmed swelling response [7]. In
the last section, we categorized different types of 4D printing stimuli in DLP platforms as future trends

(Table 4).

In summary, enhancing the light energy by decreasing the wavelength can increase the printing resolution.
The role of photoinitiator content, molar absorptivity, light intensity, and exposure time on printing
resolution is more complex. The following section is devoted to introducing different types of light-material
interactions. We summarize the solution of kinetic equations for curing reaction to elucidate the non-linear
dependence of the curing depth on the photoinitiator content, its molar absorptivity, light intensity, and

exposure time during DLP printing.



Table 1. Versatility of optics design in DLP printing platforms

Optics

ch isti DLP Chip Grayscale DLP Output
Initiator aracteristics . . _
A | t H*W pixels Cell Planar Resolution Vertical Speed Ref.
(nm) _ mW/cm?  (s) Viability (um) (um/s)
UCNP@ >80% in 7
LAP 980 - 15 1024% 768 No days 100 13 [51]
. 400- 1920 x 1080 60-85% in
Eosin Y 700 - 240 No 5 days 50 ~5 [62,60]
LAP 405 16 120 1280 x 800 No 50 - [53]
High
LAP 405 717 10 2560x% 1600 No viability in 10 400 [49]
11 weeks
6- High
LAP 405 22 1920 x 1080 No viability in 10 - [61]
120
14 days
1- >80% in 7
LAP 365 500 1050% 920 No days 10 5-100 [2]
20
30 days
LAP 365 88 15 - No 50 20 [62]
- % i
LAP 365 88 10 1024% 768 No 70%in 10 30-50 15-50 [43,56,63]
30 days
- oL i
LAP 365 11 45 1920 x 1200 No 423%(;)/,"5'” ~25 515 [64]
LAP 385 - 30 912x1140 No 50%- 90% 50 ~10 [65,66]
in 1 day
High
LAP 365 2.7-6 3 1920x1080 No viability in 20 ~ 250 [55]
2 days
. 400- 30- >98% in
Ru:SPS 700 0.23 50 954 x 480 No 14 days 50 10-100 [67]
LAP 980 - 15 No High >100 - [51]
LAP 380 700 0.2 - No - 15 40 [6]
Not
LAP 365 2.8-5.6 5 2560 x 1600 No applicable <10 20 [54]
520 Not
DCPI + 215 <1 3840 x 2160 No ) 20 140 [57]
applicable
375
BAPO 405 3-10 10 1920 x 1080 No N.Ot <100 8-12 1
applicable
Irga 819 380 18 30 1280 x 800 Yes N.Ot >50 3 7
applicable

* A: light wavelength; I: Intensity of light off the lens; t: light exposure time; NA: not applicable; "-": not enough data to report. UCNP@
LAP: up-conversion nanoparticle coated with LAP as photoinitiator; BAPO: bis-acylphosphine oxide; DCPI: dual color photoinitiator.

4. Light-Material Interactions

In the DLP 3D printing process, light refracts when it travels from the DLP source and reaches the ink
material which presents another refractive index (Figure 3a). The refractive index of the ink material
determines the speed of light propagation and phase. Reflection happens when the light is reflected on the
surface of the ink material because of the difference between the refractive index of the ink material and
air. Figure 3 shows the main parameters that should be considered when designing a DLP printing setup.

Scattering is an important phenomenon that affects the resolution.
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Figure 3. Light-material interactions: a) Diagram of basic concepts; b) Single photon absorption process; ¢) Sketch of
particle size effect on scattering; d) Diagram of the two primary methodologies to measure scattering in an ink material; E)
Effect of different photo absorbers (i.e., methylene blue, coccine, and tartrazine) on the printability of convex cone and
vertical channel; (i) Wavelength scan results of the photoinitiator (i.e., Diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide,
DPPO) and photo absorbers; f) Effect of tartrazine concentration on (i) Patency degree of the vertical channel with a
diameter of 1.5 mm, and (ii) The minimum printable diameter (Dmin) of the vertical channel with different diameters, and
typical sample with 0.25% tartrazine [68].

4.1. Scattering Types and Measurements

Scattering occurs due to loss of directionality of light and spread of light beam spot. This phenomenon

controls fair intensity distribution in the ink material. Light scattering can be defined according to the sizes



of particles/molecules/cells in the ink composition. Mie scattering occurs when particles are the same size
as the wavelength of light. Rayleigh scattering occurs when particles are much smaller than the wavelength
[69,70]. Figure 3d illustrates two techniques that can be used to measure light scattering in an ink material.
The first technique is turbidimetry, in which light scattering is determined by measuring the decrease in
intensity of the light beam after passing through the ink material. The second technique is nephelometry, in
which light scattering is determined by measuring light at an angle (usually 90°) away from the incident

light passing through the ink material (Figure 3d).
4.2. Scattering Inhibition Methods

Achieving improved resolutions in DLP 3D printed constructs with light scattering problems has remained
a technological challenge. To overcome resolution deterioration due to light scattering in hydrogel 3D
printing, You et al. [54] developed a DLP method called flashing photopolymerization (FPP). In contrast
to conventional DLP platforms where light is exposed continuously, in flashing polymerization light
exposure to the vat is applied in millisecond scale flash portions. Since the flash exposure, the prepolymer
negligibly scatters light; the polymerization takes place without penetrating continuous light into the
environment. This leads to the exposure pattern being less perturbed by light scattering. Figure 2¢ shows
the schematic diagram and resolution of prototypes constructed with this technique. Implementation of
machine learning approaches in 3D printing is another strategy successfully used in developing improved
resolution DLP printers. You etal. [33] have developed a sophisticated neural networks algorithm to control
light-material interactions to mitigate the scattering effects, especially in sharp corners of the models in a

DLP printer.

Another strategy to control the scattering effects is the addition of photo absorbers which work like light
attenuators by absorbing excess light, which improves the pattern fidelity. Several researchers have reported
some forms of light absorption or polymerization inhibition to reduce scattering, resulting in more accurate
features. Zissi et al. [71] theoretically and experimentally showed that cure width and cure depth could be
decreased using a photo absorber, and these effects were established as a function of the concentration of
the photo absorber in the ink solution. The quality of a 3D printed structure is related to the curing properties
of each layer. It is essential to acquire insight into the relationship between the photo absorber composition,
gelation kinetics for the layer formation, and its mechanical properties. Khairu et. al [72] used a photo
absorber (Sudan I) to effectively control UV penetration for fabricating 3D microstructures in UV micro
stereolithography. Yan Yang et. al [68] evaluated the impact of various photo absorbers (i.c., methylene
blue, coccine, and tartrazine) over the photocuring process and printing fidelity (printability of convex cone
and vertical channel). With the highest absorbance at 405 nm, tartrazine was the most effective photo

absorber in slowing down the photocuring reaction. As illustrated in Figure 3e-i, the height of the printed



cone (@ = 1.5 mm) was not different after adding methylene blue or coccine. By adding tartrazine, the
height of the cone decreased, which revealed that tartrazine was able to slow down light-induced
crosslinking reaction. The depth of the internal vertical channel (@ = 1.5 mm) increased after tatrazine was
added as a photo absorber, enabling minimization of light scattering into the channel. This slowed down
the overturning of the nonprinted area and allowed the printability of internal structures. This improvement
in printing accuracy of the inner channel was related to the absorption of light scattering into the channel
by tartrazine [68]. Grigoryan et al. demonstrated that adding tartrazine in PEGDA hydrogels can decrease
light scattering for improved-resolution fabrication of an alveolar model topology with a voxel resolution

of ~ 5 um with perusable open channels measuring as small as 300 pm in diameter [42].

Adding inorganic gold nanoparticles, which are biocompatible for tissue bioprinting, has also been reported
as a viable strategy to attenuate light scattering. By controlling the diameter of the nanoparticle, the peak
absorbance can also be controlled [73]. The interaction between light and spherical nanoparticles can be
described using the Mie theory [74]. Mie theory calculations determine the theoretical absorption and
scattering cross sections, the sum of which is equal to the total extinction. This can be used to predict light

scattering during DLP printing.
4.3. Light Absorption Photo-Chemistry

Photopolymerization includes the reaction of monomers that creates large networks once irradiated with
UV light via the chemical absorption of photons. Absorption is regulated by Beer's law, mainly when using
monochromatic beams [31]. It correlates this absorption to the wavelength of the incident light. With I
being the intensity of the radiation that enters the ink material and / the power of the radiation that goes

across, the transmittance T is given by T= I/lo. Beer's law can be expressed as:

logqo (%) = abc (1)

Where b is the thickness of the box, ¢ is the concentration of the sample in the solution and a is the capacity
of the sample to absorb radiation. Beer-Lambert law can be simplified to A= abc, where 4 is the absorbance

and is expressed as:

A = abc =log;, (i) (2)

Beer's law says that the concentration and the absorbance are linearly proportional (for a constant thickness
and radiation wavelength). Consequently, the dispersion/scattering and absorption are conditioned by the
wavelength and the increase in the blue region of the electromagnetic spectrum compared to the red and

infrared regions. This absorption can be aroused by the reactant monomer or by a photoinitiator's



transference of absorbed energy. When photoinitiators are exposed to light, they generate free radicals
which react with monomers and oligomers and initiate the polymer chain reaction and growth.

Photoinitiators are vital elements for photocrosslinking in DLP printing [75].
4.4. Photopolymerization Kinetics

The equations derived in the Supplementary Material show the role of photoinitiator concentration, its
extinction coefficient, exposure time and light intensity on curing depth in a DLP printer. Figure 4 shows
that there exists an optimal photoinitiator concentration (a threshold concentration) in the ink formulation

to achieve the highest curing depth during printing each layer.

The optimal photoinitiator concentration nonlinearly decreases with increasing light intensity (Figure 4a
and Eq. S10) and increasing exposure time (Figure 4b and Eq. S10). Increasing light intensity beyond a
conventional range is limited by access to costly powerful LED/light sources. Increasing the exposure time
is easily accessible through programming the DMD chip. However, it decreases the speed of printing. In
layer-by-layer 3D fabrication, both the exposure time and the curing depth of each layer determine the
speed of 3D printer. Redundant intensity, exposure time, and photoinitiator concentration give raise to light
scattering, leading to overcuring and deteriorated resolution. More details are discussed in Supplementary
Material’s section about calculations of the optimal photoinitiator concentration in a DLP setup. In
summary, engineers have to consider the light-matter interaction equations including fabrication parameters
and ink material variables to control the printing quality when setting optimal conditions for a DLP
platform. Next section is devoted to providing a deeper insight about the chemical properties and molecular

structure of inks used in DLP platforms.
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concentration and (a) the light intensity at fixed exposure time, t=0.2 s, (b) the exposure time at fixed light intensity, I, = 50 e

in a DLP printing platform. The ink chemical properties (a and € parameters) obtained from Lee et al. [76].

5. Ink Selection
5.1. General Guidelines

Table 2 summarizes the main compositions used as an ink material to benchmark DLP platforms. PEGDA
of molecular weight between 250 and 700 Da at concentrations between 10 to 50 % v/v in water is a widely
used material to demonstrate the potential of a DLP platform for improved resolution printing. To test cell
printability, PEGDA cannot be of use since cells show not enough attachment to PEGDA scaffolds.
Alternative material for testing cell printability in a DLP platforms is GeIMA of concentration between 5
to 15 % w/v. GeIMA provides a lower printing resolution owing to a lower concentration of polymer
content, higher molecular weight of the polymer, and higher light scattering, compared to PEGDA. Due to
improved cell attachment to gelatin macromers, GelMA is more useful to conduct cell studies with DLP
platforms. Mixing PEGDA with GeIMA can lead to a balanced printing resolution and cell attachment. The
hydrogel constructs fabricated by these polymers are relatively brittle. Chitosan methacrylate (CHI-MA)
hydrogels in presence of LAP as a photoinitiator and blue light (405 nm) are attractive alternatives owing
to their enhanced mechanical properties, tailorable grafting degree, biocompatibility and biodegradability

[77].

Depending on the application, some studies incorporate other inks such as HAMA, SF-GMA, SF-PEG4A
PVA-MA, or BPADA-GMA-BA [2,7,43,56,58,62,63,67]. To achieve biocompatibility, it is necessary to
use cell friendly photoinitiator systems such as Ru:SPS or LAP [4]. Depending on the wavelength of the

light source, several dyes as shown in Table 2 can be incorporated into the bioink formulation for absorbing



the scattered light and increasing printing resolution. The largest and the smallest size of features already
printed by different DLP platforms are shown in Table 2. Most of DLP platforms are capable of printing
large features of centimeter size scale in one-time exposure. This is considered large enough for additive
manufacturing of industrial models and tissue building blocks. The smallest printable feature size fits in a
wide range between 10 pm and 500 pm, depending on both ink material composition and the particular

optic design used for the DLP platform.

In summary, PEGDA is helpful to test the resolution of printing 3D structures, while GeIMA and HAMA
are useful to test cell compatibility of the platform to print cell laden hydrogel constructs. These 3D printed
hydrogels mostly show brittleness and low mechanical properties. To test potentials of the platform to print
constructs of stronger mechanical properties CHI-MA, PVA-MA, SF-GMA and SF-PEG4A are candidate
biomaterials. PETA and BPADA-GMA-BA provide much higher mechanical properties at the cost of

losing biocompatibility in product.

Table 2. Common ink compositions for DLP printing

Ink Initiator Absorber Feature size Biocompatibility Ref.
GelMA (15%w/v) UCNP@LAP No Dye 150 um- 1 cm High [51]
CHI-MA (1 %wl/v) LAP No Dye 50 um- 1 cm High [78]
CMC-MA (2 %w/v) LAP No Dye 100 pm- 1 cm High [79]
SF-GMA (10-30 %w/v) LAP No Dye 100 um- 3 cm High [80]
SF-PEG4A (2 %wl/v) Eosin Y No Dye 500 um- 1 cm High [81]

PVA-MA (10 %w/v), PEGDA (40 %v/v) Ru:SPS Ponceau-Red 500 um-1 cm High [58,67]

GelMA (10 %w/v), PEGDA (10 %viv) EosinY A Food Dye 500 um-1 cm Medium [52,60]
PEGDA (25 %v/v)-GelMA (7.5 %w/v) LAP No Dye 100 um-5 cm High [49]
PEGDA (20 %w/v) LAP Tartrazine 100 um-3 cm High [61]

(Organic dye)

HAMA, GelMA (20 %w/v) LAP No Dye 200 um-6 mm High [65,66]
BPADA-GMA-BA (69:23:8) Irga819 Sudan | 200 um-6 mm NA [71
GelMA-PEGDA LAP A Food Dye 15 um-2 cm Low [6]

PEGDA (20 to 50 %v/v), GelMA (5%w/v) LAP No Dye 100 pm-2 mm Medium [54,55,64]
GelMA-PEGDA (10 %w/v), GelMA (2.5%w/v)-HA LAP A Food Dye 10 um-5 mm Medium [2,43,56,62,63]
(1 %wl/v), GelMA (10%w/v)-GMHA (1%w/v)

PETA (95 %w/v) DCPI No Dye 20 um-5 cm NA [57]

NA: not applicable; UCNP @ LAP: LAP coated on an Up-Conversion Nano Particle; GeIMA: gelatin methacrylate; CHI-MA: chitosan
methacrylate; CMC-MA: carboxymethyl cellulose methacrylate; SF-GMA: silk fibroin produced by a methacrylation process using
glycidyl methacrylate; HAMA: hyaluronic acid methacrylate; PVA-MA: poly-vinyl alcohol methacrylate; PEGDA: Polyethylene Glycol
Diacrylate; SF-PEG4A: silk fibroin (SF) incorporated 4-arm polyethylene glycol acrylate; BPADA: bisphenol A ethoxylate diacrylate;
GMA: glycidyl methacrylate; BA: n-butyl acrylate; PETA: pentaerythritol tetraacrylate.

5.2. Classification of Ink Molecular Structures

A DLP printing ink is mainly composed of a mixture of monomers including functional groups (mostly
acrylate or vinyl), a light sensitive initiator and, when needed, a photo absorber. Correct choice of fillers in

the photocurable ink formulation allows to tailor functional properties for the printed constructs. Molecular



structures of main monomers used as a DLP printing ink are classified and illustrated in Table 3. Most of
DLP printrs make use of inks comprised of a sort of acrylate functional group in their molecular structure.
Other ink formulations which implement thiol or thiol-acrylate based vitrimers mostly need toxic
photoinitiators, their applications are excluded here and discussed elsewhere [82,83]. In ink molecular
structure, acrylate functional groups can show up as either a repeating side group (i.e., pendant) or as an

end-group (i.e., termination).
5.2.1. Pendant Formulations

Examples of monomers with acrylate pendant groups, are gelatin methacrylate [51], chitosan methacrylate
[78], carboxymethyl cellulose methacrylate [79], hyaluronic acid methacrylate [65,66,84], poly-vinyl
alcohol methacrylate [44], and silk fibroin produced by a methacrylation process using glycidyl
methacrylate [80]. Majority of these inks show good water solubility, low toxicity, and biocompatibility.
Their monomer molecular weight is in a wide range between 18’000 Da and 300’000 Da, while the obtained
resolution during DLP printing is almost non relevant to the monomer molecular weight (Figure Se).
Increasing the substitution of acrylate as a side group on the backbone of the monomer (i.e., conversion

ratio) can increase DLP printing resolution.
5.2.2. Termination Formulations

Examples of monomers which use acrylate as a terminal group include polyethylene glycol diacrylate [61],
bisphenol A ethoxylate diacrylate [7], diurethane dimethacrylate [57], and silk fibroin incorporated 4-arm
polyethylene glycol acrylate [81]. Here, small size monomers such as pentaerythritol tetraacrylate [57],
hydroxyethyl methacrylate [57], dimethyl acrylamide [1], trimethylolpropane triacrylate [1], isobornyl
acrylate and acryloylmorpholine [85] can also be implemented. These monomers together with a proper
photoinitiator [4] are successfully used as an ink in DLP platforms. Increasing the monomer molecular
weight decreases the density of acrylate per volume of the ink which reduces the resolution of DLP. For
instance, in PEGDA where acrylate is used as termination it is expected that decreasing the molecular
weight of PEG increases the acrylate density and increases DLP printing resolution. We showed this
phenomenon in a macroscopic scale in Figure 5c-i for PEGDA 6000 Da (impaired resolution) and Figure
Sc-ii for PEGDA 700 Da (improved resolution) where similar photoinitiator content and exposure time is

applied to print both samples at 12.5% w/v polymer content.

Table 3. Molecular structure of DLP printing inks

Water
Solubility

Ink Molecular Structure Monomer Feature Size Ref.
Mw (Da)
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¢-’: not enough data reported with a DLP platform comparable to other studies; Mw: molecular weight; UDMA:
diurethane dimethacrylate; HEMA: 2-hydroxyethylmethacrylate; DMA: dimethyl acrylamide; TMPTA:
trimethylolpropane triacrylate; IBOA: isobornyl acrylate; ACMO: 4-acryloylmorpholine.

5.3. Role of Monomer Molecular Weight

There is no systematic study, which reveals the role of monomer molecular weight on printing resolution
in DLP platforms. Printing resolution depends on both the design of optics and the characteristics of the ink
material. As a rough estimation for almost similar DLP platforms, in Figure 5e we tried to plot the
resolution (i.e., the minimum width of lines printed with DLP) versus the average monomer molecular
weight based on both data summarized in Table 3 and our own measurements on PEGDA samples with
different molecular weights. We used a ‘parallel lines’ photomask with varying width from 1 pixel to 30
pixels keeping the distance between white lines same as the line width (see Figure 5d-i). We used a custom-
built DLP platform to print PEGDA (20 wt.%) with different molecular weights (575, 700, 4000 and 6000
Da). For instance, Figure Sd-ii show two printed patterns obtained by optical microscopy. Figure 5d-iii
shows the result obtained by fluorescent microscopy where the resolution of printing (narrowest printable
line) is clearly obtained. Results of experiments on PEGDA of diverse molecular weight are provided as
supplementary data (Table S1). These experiments together with the data in Table 3 are used to illustrate

Figure 5e. This figure implies that if acrylate is used as termination, the minimum printable feature size is



increased proportional to the average of monomers molecular weight. Indeed, by increasing the molecular
weight the relative density of acrylate groups compared to uncrosslinkable polymer content will decrease.
More importantly, by increasing the molecular weight the light scattering increases due to presence of larger
macromolecules which enhances Rayleigh scattering and decreases the resolution of printing. Figure 5f
illustrates the results of dynamic light scattering (DLS) performed on uncrosslinked PEGDA. The results
clearly show that increasing the molecular weight forms larger nanometer size particles with higher
population (i.e., intensity) which consequently enhances the light scattering. Note that Figure 5f is devoted
to particle sizes much smaller than the DLS laser light wavelength, ca. 200 nm. Here, increasing the particle
size by increasing the molecular weight enhances the Rayleigh scattering and decreases the printing
resolution. Table 3 showed that in majority of cases if monomer molecular weight is above approximately
20’000 Da, acrylate is used as a pendant in ink formulation. Figure 5e implies that in this situation the
minimum printable feature size is irrelevant to the monomer molecular weight. Figure Sg summarizes this
information by providing a decision tree to assist enhancing DLP printing resolution based on the ink

molecular structure.
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Figure 5. Role of molecular structure on obtained resolution during DLP printing; a) used photomask for DLP printing
of PEGDA,; b) printed structures achieved from (i) PEGDA 6000 Da and (ii) PEGDA 700 Da (3 mM Ru:SPS), scale bar
5 mm; c) same patterns after removing background in grayscale mode; d) parallel lines photomask (i), obtained pattern
under optical microscopy (ii), obtained pattern under fluorescent microscopy when Comarin 6 is used (iii) and the
demonstration of estimated resolution based on the thinnest printable line, scale bar 1 mm; e) variations of the minimum
printable feature size obtained from different formulations shown in Table 3 and the authors measurements on PEGDA
samples; f) particle size obtained by DLS for uncrosslinked PEGDA samples of different molecular weights where size of
particles are much smaller than the laser wavelength, ca. 200 nm; g) decision tree to help improving resolution of DLP
printing based on the ink molecular structure.

5.4. Role of Ink Viscosity

It is worth noting that the viscosity and solubility of some inks in the solvent significantly change by
increasing their monomer molecular weight. For instance, by increasing the molecular weight of hyaluronic
acid from 100°000 Da to 1°000°000 Da, the viscosity of HAMA at a fixed polymer content remarkably

increases. To use the ink in a DLP platform, one should adjust the ink viscosity by decreasing polymer



content (or increasing the solvent). This in turn decreases the acrylate density per volume of the ink and

can reversely attenuate DLP printing resolution.

In summary, different DLP printing inks were categorized in this section considering the molecular
structure of their monomers. In high molecular weight inks, acrylate or vinyl groups were mostly attached
as a side group, pendant, to the backbone of molecular structure. Here, the density of acrylate groups
remains constant by increasing the molecular weight; thus, no significant change was observed in obtained
resolution during DLP printing. These formulations included GeIMA, HAMA, CHI-MA, CMC-MA, SF-
GMA, and PVA-MA. In low molecular weight inks, acrylate or vinyl groups mainly were attached as an
end group, termination, to the backbone of molecular structure. Here, with increasing the molecular weight,
the relative density of acrylate groups was reduced while light scattering was enhanced. Therefore,
increasing molecular weight could decrease the printing resolution or increase DLP's minimum printable
feature size. The next section represents future trends in DLP printing, including emerging techniques for

multi-material and 4D fabrication.

6. Future Directions
6.1. Inks Enabling 4D Printing Mechanisms

One of the current trends in fabrication is creating dynamic constructs with time-dependent properties.
According to the 4D printing concept [84,86], a 3D printed structure undergoes time-dependent self-
transformation in shape, properties, or functionality when exposed to predetermined stimuli such as light
[87], heat [7,88], magnetic field, or electrical field [89], humidity [90], and changes in pH [84,91]. Table 4
summarizes the inks used for 4D printing, mainly in DLP platforms. Different mechanisms governing on
4D stimulation of DLP printed products are shown in Table 4, which can be classified into two main tools.
One tool consists of thermally activated microstructural transformation. The thermally activated change can
be due to the shape memory behavior of the DLP printed material [7,88,89] or due to microstructural
evolution in a DLP printed polymer foam [92]. The next mechanism consists of humidity-activated
transformation, including non-reversible shape transformation [84,90,91] or reversible color transformation
[87] due to water content variations in the environment. It is advantageous if the polymer can demonstrate
the reversibility of the 4D transformation, which is practically provided by physical/chemical crosslinking
and a reversible stimulus. 4D printing is still in its infancy, and few ink formulations are recognized till
now with potential reversible 4D applications in DLP platforms [87]. Implementing molecular motors or

photoswitches such as azobenzene and arylazopyrazole [93] in the ink molecular structure is a promising



future direction in 4D DLP printing because they provide tunable, time-dependent and reversible properties

[94] to the printed samples after 3D printing.

4D printing typically intends to include significant shape transformations from the initially printed
geometry to the final activated stage. To fabricate a complex structure, one should consider nonlinear
mechanical modeling at large deformations to predict the final shape from the as-printed form of the system.
Most polymers often exhibit nonlinear, visco-hyperelastic behavior. Functionality transformation is
generally a time-dependent, transient process. Consequently, it is more challenging to define or quantify
resolution in 4D printing than conventional 3D DLP printing. In hydrogel systems, 4D DLP printing is
possible either through the capability of the ink for gradient crosslinking (to exploit the humidity-activated
mechanism) or through an engineered gradient distribution of (nano-)particles during printing (to introduce
a thermally activated tool). Till now, few ink formulations have been known to show good capability for

gradient crosslinking at the molecular level toward the 4D printing [84,90,91].

Table 4. Inks developed for 4D printing with DLP platforms
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of Desktop microstructure ! Microstructure evolution [92]
™ PO automotive
Metal ™] transformation Heat
BPADA- .
GMA-BA Heating up to 60 C for Polymer actuator 7]

shape transformation

(69:23:8) 0
PEGDA- Heating with electrical
HEMA*
field Polymer actuator ) , [89]
(1 :3) f h t f i Joule heating Joule heating
+CNT or shape transformation —_— —_—

0s 20¢

120s
Temporary shape Shape recovery Permanent shape




4D material *N!R stimulus for shape recoveryl
Deforming at T>Tg

BDGE-
PGBAPE Heating with near- Untouched cells Microgrooves
-DC infrared (NIR) light for Heart patch g 4 [88]
(3.4:0.69: shape transformation |
0.66) - cel'f[’:gdgl?ei;itc:ig’a NIR stimulus
.\\:J i 7‘; ;l
o Curved tissue Aligned cells
Cell deposition on a layer Shape transformation
. . . of gradient crosslinking
Humidity and pH for Capillary and blood vessel tissue [84,90
HAMA . .
shape transformation (with cells) ) 9]
ChLCE * Humidity for color Smart colored devices [87]

transformation

* PHEMA: poly-hydroxy-ethyl-methacrylate; CNT: carbon nanotube; BDGE: bisphenol A di-glycidyl ether;
PGBAPE: poly(propylene glycol) bis(2-aminopropyl) ether; DC: decylamine; ChLCE: (water-sensitive)
cholesteric liquid crystal elastomer.

6.2. Inks for Multi-Material Fabrication

Regarding the need for composite structures for biomanufacturing, recent efforts have been made to use
advanced 3D printing to create complex, multi-component, micro-tissue models with a controlled cell-
ECM-vasculature complex. DLP printing method benefits from a good speed and easy control over the
mechanical properties of bioinks and a superior practical resolution down to ~ 10 pm compared to other
methods. The X-Y resolution can approach around ~ 10 um [2] (while ~ 1 pm for non-cellular inks), and
the fabrication speed is typically between 0.5 and 10 mm/s (reaching 100 mm/s for non-cellular inks).
Ultraviolet and infrared wavelengths are promisingly used for the rapid fabrication of tissue constructs by
the DLP method. Applying other wavelengths, such as the green light, is less studied in the literature. Thus,
DLP methods seem to be an ideal fit for the rapid fabrication of multi-material microtissues. In this
direction, the main issues are the compatibility of different bioinks used to material exchange and how the
interactions can impact their optical properties. A combination of standard inks introduced in Table 2 may
be utilized for multi-material DLP printing, provided all components can be dissolved in similar solvents.
Table 3 provides information on the water solubility of typical monomers used in DLP ink formulations to

check this condition. The tables would help to select a proper set of bioinks for multi-material fabrication.



7. Conclusions

This review covered (i) challenges in using different materials for multi-material printing, to be solved
using microfluidic and dual-color photocrosslinking; (ii) challenges in improving resolution, to be solved
by proper choice of inks, optical hardware, flashing photopolymerization, and others; and (iii) challenges
in formulating inks and photoinitiator systems, to be addressed by light sheet technology and photoswitch
systems. A detailed guideline was presented to help engineers in fabricating functional structures at
improved resolutions. Light-material interactions such as refraction, scattering, and absorption phenomena
were discussed for optimizing the fabrication process. The size of scattering particles and photon scattering
were used to explain how to measure the quality of the DLP process. The roles of light wavelength,
intensity, exposure time, and ink chemistry such as photoinitiator content, its molar absorptivity, and
molecular structure of the ink monomer were explained on the curing depth or the effective resolution.
Analysis of previous reports showed that decreasing the light wavelength improves the resolution in DLP

platforms (see Table 1).

The photocrosslinking in DLP printers was modeled by theoretical optics to discover the correlation
between the curing depth and the set of light parameters: exposure time, light intensity, and photoinitiator
content. The phenomenological relationships revealed the nonlinear dependence of the photocuring depth
on the process parameters and ink photochemistry. A photoinitiator threshold exists in the ink formulation,
which allows achieving the highest curing depth in layer-by-layer printing [95]. Increasing light intensity
beyond a conventional range increases fabrication costs, while improving the exposure time decreases
printing speed, a hallmark of DLP printing. In layer-by-layer printing, the exposure time and the curing
depth control the rate of fabrication. Redundant intensity, exposure time, and photoinitiator concentration
raises light scattering, leading to overcuring and deteriorated resolution. Thus, engineers have to consider

the light-matter interaction equations and fabrication parameters to control the printing quality.

We used experimental data to elucidate the role of monomer molecular weight on the resolution of DLP
printing. In low molecular weight inks, acrylate groups were mainly attached as an end group to the
backbone of molecular structure. With increasing the molecular weight, the relative density of acrylate
groups reduced while light scattering was enhanced. By increasing molecular weight, the printing resolution
was decreased. In high molecular weight inks, acrylate groups were attached as a side group, and the
printing resolution was independent of the molecular weight as the density of acrylate groups remained
constant by increasing the molecular weight; thus, no significant change was observed in obtained solution

during DLP printing. General guidelines about ink material selection were given to achieve an improved



resolution (Figure 5). At last, future trends in DLP printers for 4D and multi-material fabrication were
discussed (Table 4). The discussions help material scientists and engineers select the proper combination

of materials, photoinitiators, and optical parameters to improve 3D printing resolution in a DLP setup.
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DLP printing mechanism comprises single photon absorption, which means that the photopolymerization
process in DLP platforms initiates from a linear single photon absorption [96]. In this case, the energy of
the UV photon, E,, is equal to or superior to the ink material bandgap E,. The law that governs this process
is:

C

Ep=hv=h: (S1)

This means high-energy photons and short wavelengths (~ 365 nm) are preferred to initiate DLP printing.
One photon absorption with E;, > E, promotes the electron to travel from the valence band to the conduction
band. This process modifies the chemical bond prompting the polymerization process, which ultimately
becomes responsible for crosslinking the ink material. DLP platforms mostly use a noncoherent light
source. As the light intensity rises, usually by using coherent laser sources, nonlinear absorption can take
place. The UV (Auv) photosensitive ink material can also be photopolymerized by infrared (IR) wavelength
of nearly double wavelength (Ar=2 Auv) [13]. Each initiator system which usually absorbs a UV photon
(395 nm), can absorb two near IR photons (790 nm) simultaneously and provide a free radical when the
spatial density of the near IR photons is strong enough. The resultant radicals then will cut the double bonds
of carbons in the acrylic groups and successively create new radicals to proceed with the

photopolymerization reaction [13].

It is then required to precisely determining the depth of curing (layer height), the printing speed, and the
dimensions of the final cured structure. A standard design equation defines the thickness of a light-cured

material in stereolithography by:
Emax
Cq = Dpln (Z222) (S2)

where Cq is the depth of curing (um), D, is the depth of light penetration (um), Emax is the maximum
irradiation of light per area (mJ/cm?) at the vat surface, and Ec is the threshold value of energy required for
gelation of the liquid ink (mJ/cm?). As E,..« approaches E,, the gelation point is reached, the monomers are

polymerized, and the ink solidifies [67,76,95].

Following Jacobs [95] who solved kinetics equations for laser-based stereolithography and ignored
diffraction and scattering, here we explain the same theoretical model for photocuring in a DLP printer. To
this aim, we furnish those equations based on the light intensity and the exposure time, which technically
can be programmed in DLP software. We explain how the ink chemistry, such as photoinitiator

concentration and extinction coefficient, and the processing parameters, such as intensity and exposure



time, affect the curing depth. The curing depth is an important parameter that affects the designed speed of

3D printing. The kinetics equations for photopolymerization reaction state that [97]:

(S3)

where Ry, is the polymerization rate, [M] is the monomer concentration, [M] is the radical chain
concentration, and ky, is the kinetic rate constant for propagation. Considering the intensity decay at the
mirror edges, we use a simplified assumption that each mirror has a Gaussian distribution of intensity
reflection. Assuming steady-state conditions (where the rate of initiation of free radicals, R;, equals their

termination by polymerization), one obtains [95]:

M]= |55 (S4)

where k. is the kinetic rate constant for termination reaction. For the photoinitiator, the following
equation governs the initiation rate, R;, and the photonic flux or, equivalently the incident light intensity at

depth z, I, [97].
R; = 2¢e, [P1]1, (S5)

Here, ¢ is the quantum yield of the photoinitiator, €, is the molar extinction coefficient (monophotonic
absorption) of the photoinitiator at wavelength A, and [PI] is the molar concentration of the photoinitiator.
Practically, most of the incident light passes straight through the ink, and photoinitiators absorb few
amounts of photons. The light is not absorbed homogeneously throughout the ink layer. Beer-Lambert law

states that light intensity decreases exponentially with the penetration depth:
I, = e zelPll (S6)

where, I; is the maximum intensity of the incident light at the vat surface. Substituting Eq. S4-S6 and into

Eq. S3 allows to obtain:

_dM]

] pex[PI]Ige 2Pl
dt

ke (S7)

~ R, = k,[M
Separating variables and integrating the equation by assuming time independency of the constants gives:

o [PI]e2eAlP1] (S8)

Iot2



Key 1n(m)2

where a? = 2 e[cr] denotes to the photochemical characteristics of the ink formulation, and the term
b
[[MM] ]0 is simply the degree of polymerization which corresponds to the extent of polymerization, p, by [EVIM] ]0 =

ﬁ. At the gelation point, p = p, which is the critical threshold for converting the ink into gel and thus it

can be used to calculate the limit of the curing depth, z.[95]. Solving Eq. S8 for z. gives:

1 [P1]I,t?
Ze = [PI]eln( a? ) (59

Considering a? = 4.2 X 107° Ms®5cm®° for the monomer and €= 23’000 M~'cm™! for the
photoinitiator at 325 nm from Lee et al. [76], 3D curves and relevant 2D contour plots shown in Figure 4
are obtained. Eq. S9 clearly shows the relation of curing depth to the photoinitiator concentration, its molar
extinction, the light intensity, and the exposure time as independent processing parameters during DLP

printing. To calculate the optimal cure depth, we set zero the derivative of z.with respect to [PI]:

dz, _ 1 [PI]I,t? 1 __2.718a?
appr] - [PI]Zeln( a? ) e = 0 [PHoptimar = Iot? (510)

and the maximum curing depth at the threshold [PI] is achieved as a function of light intensity and exposure

_ Ipt?
optimal ~ 2.718ex?’

time by zc|[py The maximum energy exposure per unit area, denoted by E ., in

stereolithography literature, can be obtained by [95]:

Emax = (“5%) lot (S11)

N,y is Avogadro number. When Eq. S11 is replaced in Eq. S9, we have:

_ 2 VI[Pl Emax
Z, = mkln( o ) (S12)
hCNaV‘/IO . . . . . . o
where = — . Is a constant incorporating DLP processing and optical parameters while « is a

previously introduced constant containing only the photochemical parameters of the ink. With making
correspondence between this equation and the empirical standard equation (Eq. S2), and recognizing C4 as
Z¢, an obvious logarithmic dependence of the cure depth to the maximum energy dosage per area, E,.«, iS
observed. As summarized in Eq. S13, the penetration depth Dy, is inversely dependent on the photoinitiator
concentration and extinction coefficient. The empirically derived E. parameter is inversely dependent on
the photoinitiator concentration to the one-half power as well as both the processing/optics and the
photochemical characteristics of the ink formulation:

2 _ o

» = e B = Jen (19



Supplementary Data

Table S1. Measured values for resolution in crosslinked PEGDA samples of different molecular weights (20% w/v in
water) at different light intensities between 20-100 % using a custom-built DLP platform (A= 385nm, I= 5.2W/cm?, working
distance= 212 mm). Average Resolution values for five light intensities are used to draw Figure 5-e.

Molecular weights (Da)

Light Intensity 575 700 4000 6000
20% 196.2 187.3 315.1 396.1
40% 211.3 244.2 3214 398.6
60% 222.7 245.5 306.3 359.4
80% 225.3 245.5 330.3 348.0
100% 220.2 250.6 307.5 318.9

Average Resolution [um] 215.1 234.6 316.1 364.2
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