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A B S T R A C T   

Since projection-based 3D bioprinting (PBP) could provide high resolution, it is well suited for printing delicate 
structures for tissue regeneration. However, the low crosslinking density and low photo-crosslinking rate of 
photocurable bioink make it difficult to print fine structures. Currently, an in-depth understanding of the is 
lacking. Here, a research framework is established for the analysis of printability during PBP. The gelatin 
methacryloyl (GelMA)-based bioink is used as an example, and the printability is systematically investigated. We 
analyze the photo-crosslinking reactions during the PBP process and summarize the specific requirements of 
bioinks for PBP. Two standard quantized models are established to evaluate 2D and 3D printing errors. Finally, 
the better strategies for bioprinting five typical structures, including solid organs, vascular structures, nerve 
conduits, thin-wall scaffolds, and micro needles, are presented.   

1. Introduction 

As a powerful cell assembly technology, 3-dimensional (3D) bio-
printing has been widely used in tissue repair [1–3], disease model 
establishment [4–6], drug screening [7–10], clinical treatments 
[11–15], and other applications. In recent years, vat photo-
polymerization (VP) [50,51], including stereo lithography (SLA), 
projection-based printing, two-photon polymerization (TPP), and other 
printing technologies has shown significant potential in 
bio-manufacturing. PBP, a VP method, has attracted increasing attention 
in biomedical fields due to its high resolution and rapid printing speed 
[16–18]. Complex structures can be fabricated rapidly using PBP, 
significantly increasing the printing precision and complexity of the 
printed products. Bioinks have excellent bio-performance in an aqueous 
environment, enabling the creation of a 3D cell environment [19–21]. 
However, due to their high water content and low crosslinking density, 
the manufacturing and operating process are complicated. Thus, it is 
necessary to reach a balance between bio-performance and operability 

during PBP. 
Printability refers to the printing accuracy and standardization of the 

printing process, including the material selection and parameter 
configuration. After years of investigation, the printability research of 
extrusion-based bioprinting (EBP) is relatively mature [21–25], whereas 
the printing behavior during PBP has rarely been addressed. The se-
lection of the bioink is the first step in printability research. Unlike EBP, 
PBP has unique requirements for printing materials to match the 
photo-crosslinking process. In addition to good fluidity, the bioinks used 
in PBP also require excellent photo-crosslinking properties to ensure fast 
curing and high fidelity. Once the composition of the bioink has been 
determined, the optimum parameters are defined within a certain range. 
In practical applications, the bioink composition should be adjustable 
according to the biomedical requirements, i.e., platelet-rich plasma 
(PRP) [26,27], drugs [28,29], and cells [30–34]. Therefore, it is difficult 
to develop a unified parameter window for printing. The printing quality 
is improved when a suitable printing window is configured. 

Here, we propose an experimental method to investigate the 
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printability of PBP using GelMA hydrogel as the base component of the 
bioink to configure the printing materials and adjust the parameters to 
achieve high-quality results. The framework of the printability analysis 
is divided into four parts, as shown in Fig. 1. First, the PBP printing 
process is analyzed, and the three requirements of the materials are 
determined as guidance for material selection. Next, the photo- 
crosslinking mechanism of GelMA is analyzed to understand the 
curing process. For the bioink assessment, we propose the use of the 
indices ΔG’ (the difference in the storage modulus G′ between the 
crosslinked and non-crosslinked states on the log scale) and ΔM (the 
difference between the storage modulus G′ and loss modulus G′′) derived 
from the rheological analysis to evaluate the printing performance and 
determine the optimum PBP printing parameters. Subsequently, the 
photo-crosslinking process during PBP is investigated to determine the 
effect of the printing parameters. The two-dimensional (2D) and 3D 
printing errors are analyzed systematically for parameter optimization. 
“Spokes” and “Winding stairs” models are proposed to evaluate the 
printing errors quantitatively. Five printing strategies are proposed for 
five typical structures used in clinical biomedical applications, 
providing guidance for model design and printing parameter selection 
using bioinks. 

2. Mechanism of projection-based 3D bioprinting 

The printing system of PBP is composed of three parts: the platform, 
ink tank, and projector, as shown in Fig. 2A. The designed digital models 
are sliced into layers by the printing software before printing. During the 
printing, the platform is submerged into the ink tank to a distance of a 
one-layer thickness from the bottom of the tank. The ink tank is filled 

with photocurable bioink, and the bottom of the ink tank consists of a 
transparent film that is light and oxygen permeable. The model slices are 
imported into the digital micro-mirror device (DMD) chip, and the 
emitted light is reflected by the DMD chip. A pattern is projected onto 
the bottom of the ink tank, and the bioink exposed to light is crosslinked, 
whereas the unexposed bioink remains liquid. Then the platform moves 
up by a distance of one layer to create the next layer. The process is 
repeated layer-by-layer to fabricate the 3D structure. 

The manufacturing process consists of repeated printing of single 
layers. Thus, it is important to assess what occurs during a one-layer 
printing loop. As shown in Fig. 2B, we find that three key steps occur 
during the one-layer printing loop. Step 1: the platform is in position, 
the light pattern is projected onto the bottom of the ink tank, and the 
bioink is crosslinked under light in seconds. Step 2: the printed structure 
retains its shape after the exposure stops. Step 3: the platform moves up 
with the attached printed structure, and the uncured bioink fills the gaps 
smoothly and instantaneously. 

3. Bioink analysis 

Due to the subsequent biomedical applications, biocompatibility and 
functionality of bioink should be considered in the first step. Hydrogel- 
based bioink has excellent bio-performance. However, it is a brand-new 
material used in PBP. Therefore, it is necessary to investigate the photo- 
crosslinking mechanism of bioink before analyzing the printability. 
Furthermore, the control method of the photo-crosslinking reactions 
during PBP should be established to evaluate the performance of 3D 
bioprinting. 

Fig. 1. The framework for analyzing the printability during projection-based 3D bioprinting (PBP).  
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3.1. Requirements of bioinks 

As described in Section 2, the requirements of an ideal photocurable 
bioink are i) a high photo-crosslinking rate, ii) a high crosslinking 
density, and iii) high fluidity (Fig. 2B). In Step 1, the bioink requires a 
high crosslinking rate to achieve rapid curing (ideally in a few seconds) 
to reduce the printing time. During Step 2, it is necessary to maintain a 
high crosslinking density to obtain a good stiffness. In Step 3, high 
fluidity of the bioink is crucial to improve the printing efficiency and 
ensure that the uncured hydrogel bioinks can flow into the gaps and fill 
the spaces rapidly. 

3.2. Photo-crosslinking mechanism of photocurable bioinks 

The analysis of the photo-crosslinking mechanism of bioinks is the 
first step to optimize the printing accuracy of PBP. In this study, the 
bioink consists of a photocurable hydrogel (GelMA), a photoinitiator 
(lithium phenyl-2,4,6-trimethylbenzoylphosphinate, LAP), and a light 
absorber (tartrazine). Since this is a free radical photosensitive material 
system, the photo-crosslinking process of GelMA bioink can be divided 
into two reactions: (1) photophysical reaction and (2) chemical cross-
linking reaction [35,36]. These two reactions occur simultaneously. 

In the photophysical reaction, the photoinitiator LAP is excited 
from the ground state (LAP) to the excited state (free radical) when 
exposed to 405 nm light [37], as shown in Fig. 3. The production rate 
and the number of free radicals is controlled by the light intensity and 
exposure time, respectively. Simultaneously, in the chemical cross-
linking reaction, the free radicals attack the C––C double bonds on the 

GelMA molecule, bonding with one of the double bonds and leaving an 
unbonded electron. The molecular weight of GelMA increases when it 
meets another unbonded electron, forming a new bond. The GelMA 
molecules are crosslinked into the hydrogel state. 

3.3. Control of the photo-crosslinking reactions 

It is crucial to control the photo-crosslinking reactions during PBP, 
which is achieved using a univariate method. As shown in Fig. 3, the 
amount of GelMA is sufficient in the chemical crosslinking reaction, and 
the crosslinking rate and the crosslinking density of the GelMA network 
depend on the production rate and the number of free radicals. Since 
free radicals only exist in areas where the light can penetrate due to the 
short half-life of free radicals [38], the production rate and density of 
crosslinked GelMA networks can be controlled by adjusting the light 
intensity and exposure time where LAP is abundant in the photophysical 
reaction. 

The photo-crosslinking reactions should occur in an area of light 
exposure to ensure that the materials get crosslinked immediately and 
reach a density to maintain the shape. As shown in the flowchart in 
Fig. 4, the printing resolution depends on the photo-crosslinking rate 
and density, which are controlled by the production rate and the number 
of free radicals. Thus, adjusting the light intensity and exposure time 
directly control the crosslinking region. A light absorber is incorporated 
to change light intensity distribution to adjust the curing depth. In 
addition to parameter adjustments, the crosslinking density also de-
pends on the GelMA concentration and the substitution of GelMA, which 
is determined by the number of C––C double bonds. Here, the influence 

Fig. 2. The manufacturing mechanism of PBP. A) schematic diagram of the PBP system; B) three steps in a single loop during PBP and the three requirements of 
bioinks derived from the one-layer printing process. 

Fig. 3. Schematic diagram of the photo-crosslinking reactions. Photophysical reaction (1) and chemical crosslinking reaction (2) occurring in the photo- 
crosslinking process. 
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of the printing parameters (light intensity, exposure time) and bioink 
composition (GelMA concentration, light absorber concentration) are 
investigated to determine printability during PBP. Their influences are 
listed in Table S1. 

3.4. Relationships between rheological behavior and printability 

It is costly and time-consuming to optimize the parameters using 
only printing experiments. Thus, it is crucial to characterize printability 
before printing. A photorheological test was used to characterize the 
photo-crosslinking properties of the bioink; the results are shown in 
Fig. 5A. The storage modulus G′ and loss modulus G’’ are recorded as 
the bioink is crosslinked under light exposure. The storage modulus G′

expresses the capability to store elastic deformation energy of visco-
elastic materials, reflecting the stiffness of the material. The loss 
modulus G’’ describes the loss of energy during viscous deformation, 
reflecting the material’s viscosity [39–41]. The intersection of the G′ and 
G’’ curves is generally considered the gel point of the material. The time 
from the beginning of the exposure to the gel point is referred to as the 
gel time (GT). 

It is crucial during PBP to separate the printed structure from the 
uncured bioink to achieve high printing resolution. A high stiffness of 
the printed structure and low viscosity of the uncured bioink are desir-
able for high-precision printing. We define “ΔG’“, as shown in Fig. 5A, as 
the difference in the G′ value of the crosslinked and uncrosslinked states 
on the log scale to express the rheological differences between the 
printed structure and the uncured hydrogel. As the exposure time in-
creases, the degree of crosslinking of the bioink increases until cross-
linked is complete; thus, the value of ΔG′ increases and eventually 
stabilizes. Since ΔG′ reflects the crosslinking density of the material, the 
time to reach this point is the crosslink time. Getting completely cross-
linked is time-wasting, after conducting numerous PBP tests with the 
GelMA, we believe that 75%–80% of the ΔG’ log value in the diagram is 
a suitable range to obtain the optimum crosslinking density during PBP. 
The corresponding exposure time range is referred to as the printable 
window, as shown in Fig. 5A. 

On the other hand, maintaining the printed shape requires higher 
elasticity than viscosity. The bigger the difference between G′ and G′′, 
the better the shape retention is. The index “ΔM” is defined as the dif-
ference between the G′ value and G’’ value on the log scale after full 
exposure during PBP. The value of ΔM gradually increases from the gel 
point, indicating that the GelMA molecules have crosslinked, and the 
degree of crosslinking is increasing under light exposure. A large value 
of ΔM means that the printed structure behaves more like an elastomer 
than a viscous one. ΔG’ and ΔM are rheological parameters that depend 
on the bioink. 

The results of the rheological test are shown in Fig. 5B–D. In Fig. 5B, 
the viscosity of different GelMA concentrations was tested. At concen-
trations below 10% w/v, the viscosity of GelMA was as low as that of 
commercial resin, and it had good fluidity. Reducing the viscosity of 
bioink is beneficial for improving the printing efficiency and increasing 
the deformation of the printed structures immersed into the bioinks. 

As the GelMA concentration increased from 5% to 10%–20%, the 
value of G′ increased, and the GT decreased from 80.1 s to 17.1 s 
(Fig. 5C). The crosslinking probability of the C––C double bonds of the 
GelMA molecules substantially increased, and the crosslinking density 
and efficiency increased. A high concentration of the GelMA bioink 
resulted in a high crosslinking density and high crosslinking rate, 
improving the PBP performance. In contrast, poly (ethylene glycol) 
diacrylate (PEGDA) was tested under the same condition. The G′ value of 
PEGDA was similar to GelMA, but the GT was much faster. Moreover, 
the G′ value of PEGDA increased rapidly, reaching the maximum at 40 s 
of exposure and remaining at that value, whereas the G’ value of the 
GelMA increased more slowly, requiring 180 s to reach the peak value. 
The crosslinking efficiency of PEGDA was much high than that of the 
GelMA; thus, the PEGDA had better printability than the pure GelMA. 

The light absorber tartrazine was added to control the light intensity 
in the GelMA system to improve printability. The rheological properties 
of the GelMA-based bioink with concentrations of 0%, 0.5%, and 1.0% 
w/v tartrazine were measured to evaluate the influence of the absorber, 
as shown in Fig. 5D. As the tartrazine concentration increased, the GT 
was prolonged, and the value of G’ decreased, indicating that the light 
absorber contributed to decreasing the crosslinking rate and cross-
linking density, adversely affecting the shape retention of the printed 
products. These results were consistent with the analysis of the photo- 
crosslinking mechanism. 

The larger the ΔG′ value, the higher the printing precision is due to 
the higher crosslinking density of the hydrogel. A higher ΔG′ allows for 
better separation of the cured parts from the uncured bioink and easier 
removal of the residual bioinks from the printed product. It is necessary 
to obtain a balance between viscidity and elasticity for ΔM. Increasing 
the GelMA concentration increases the crosslinking density and the 
elasticity of the material, whereas the viscidity increases much faster. 
Fig. 5Dii shows that the viscidity decreased, and the elasticity remained 
nearly unchanged as the light absorber concentration increased. How-
ever, if the light absorber concentration is too high, the crosslinking 
density decreases rapidly, leading to a decrease in ΔM. Numerous 
printing trials have shown that the value of ΔM should be in the range of 
1.5–2.0. Beyond this range, the elasticity is low, and the viscosity is high 
(making it difficult to separate the cured structure from the bioink). 
Below this range, the elasticity is low, and the velocity is much lower 
(difficulty in crosslinking). Thus, the crosslinking properties of GelMA 
can be determined from the rheological curves of G′ and G’’ rather than 
using printing trials to determine the printing ability. 

Therefore, the photorheological evaluation of the prepared GelMA 
bioink can be conducted before PBP to obtain the diagram of the G′ and 
G’’ curves. The higher the value of ΔG’, the higher the printing reso-
lution is. The parameter values can be approximated using the printable 
window in the graph, and the stiffness can be estimated from the value of 
ΔM. The viscosity of the bioink significantly affects the printing effi-
ciency. Low viscosity results in high fluidity, enabling the bioink to fill 
the gaps rapidly and avoid structural deformation. 

Fig. 4. Flowchart of the PBP control. The printing parameters and the bioink composition (in the red frame) influence the printing results.  
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Fig. 5. The requirements of bioinks determined by photorheological characterization. A) Schematic diagram of the analysis of the storage modulus (G′) and loss 
modulus (G’‘) in the photorheological module, “ΔG’” is the difference in the G′ value of the crosslinked and uncrosslinked states on the log scale, “ΔM” is the 
difference between the G′ value and G’’ value on the log scale after full exposure; B) viscosity comparison of different concentrations of GelMA and commercial resin; 
C) storage modulus and loss modulus of gelatin methacryloyl (GelMA) and poly (ethylene glycol) diacrylate (PEGDA); gel time (Ci), ΔM, and ΔG′ of the materials 
(Cii); D) storage modulus and loss modulus of GelMA with different tartrazine concentrations, gel time (Di), ΔM, and ΔG′ of tartrazine (Dii). 
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4. Printing analysis 

The essence of 3D bioprinting is to modulate the photo-crosslinking 
reactions with engineering methods. The reaction conditions are 
controlled by digital techniques. In this process, the relationship be-
tween the reaction conditions and the printing process should be 
analyzed to control the printing conditions and products. It is vital to 
analyze the photo-crosslinking process and the manufacturing errors 
during PBP. 

4.1. Photo-crosslinking control under patterned light 

During PBP, when the light is incident on the material, the cross-
linking reactions occur in areas exposed to the light, as shown in Fig. 6A. 
The patterned light projected in PBP is composed of millions of pixelated 
lights, which can be regarded as points of light. The photo-crosslinking 
control of patterned light is based on the photo-crosslinking control of 
the point lights. 

4.1.1. Photo-crosslinking control of a point of light 
The schematic in Fig. 6Ai-Aiii shows the light intensity in a material 

system under a point of light. The light intensity is expressed with 
different colors; red indicates high intensity, orange indicates medium 
intensity, and yellow means low intensity. As a point of light penetrates 
the bioink, the light intensity in Fig. 6Aii has a Gaussian distribution. 
The light intensity diminishes along the periphery from red to yellow. 
The crosslinking density decreases from the red region to the yellow 
region; the bioink in the red region has been crosslinked, whereas that in 
the yellow region has been crosslinking, but the density is too low to 
support the structure. As the exposure time increases, the curing region 
expands in the depth and width directions. 

The curing depth should be slightly larger than the layer thickness to 
ensure good bonding between printed layers. The crosslinking density of 
the interface between the printed layers needs to be in the red region to 
ensure reliable bonding. The curing depth can be adjusted precisely 
using the light attenuation theory in a colored material system [42–44]. 

4.1.2. Photo-crosslinking regulation under several points of light 
If all light points have the same intensity, the curing region is the 

same. When the bioink is exposed to a point of light, there is only one 
curing region, as shown in Fig. 6Bi. Exposing discrete points of light will 
lead to three identical curing regions (Fig. 6Bii), when these three points 
of light are far enough apart not to affect each other. However, when the 
points of light are in close proximity, the curing regions connect, 
expanding the curing depth (blue shaded area) rather than having 
discrete curing regions (red area), as shown in Fig. 6Biii [45,46]. We 
assume that the illumination of the light point is affected by others when 
the light points are close, leading to an increase in the curing depth. The 
degree of increase is directly related to the number of light points. We 
believe that this phenomenon substantially affects the printing results. 
During one-layer PBP, the bioink is exposed to a patterned light, and the 
curing depth depends on the shape of the light pattern. A non-uniform 
projected light pattern results in a non-uniform curing depth and 
broken structures (parts are over-cured while other parts are 
under-cured). 

The amplification mechanism is unclear, but it significantly affects 
the printing resolution. It is nearly impossible to print a granule with a 
point of light under limited optical resolution because the light energy of 
the light point is too low to cure the bioink. A single line consisting of 
several light points is also difficult to fabricate for the same reason. 
Although expanding the line width or increasing the light intensity will 
improve the results, the printing resolution is limited. 

4.2. Analysis of printing errors 

Printing errors refer to differences between the printed result and the 
design model and are inevitable during printing. Light scattering and 
over-curing in the depth direction are two main reasons for printing 
errors. It is vital to understand the reason for the printing errors to 
eliminate them and improve the printing precision. Since PBP is a layer- 
forming process, printing errors primarily occur in one layer, and the 
interface between the layers and are referred to as 2D and 3D printing 
errors, respectively. As mentioned above, the printing resolution can be 
controlled by the GelMA concentration, light absorber, and printing 
parameters (i.e., light intensity and exposure time). The same goes for 
the printing errors. Two standard models are designed to obtain quan-
titative measurements, and the influences of these factors are 
investigated. 

Fig. 6. Schematic diagram of the crosslinking processes under patterned light. Ai) & Aii) Photo-crosslinking regulation under a point of light; Aiii) Cured GelMA with 
different crosslinking densities; Bi) Schematic diagram of crosslinking under a single-point light; Bii) Schematic diagram of crosslinking under discrete multi-point 
lights; Biii) Schematic diagram of superimposed crosslinking under concentrated multi-point lights. 
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4.2.1. Analysis of 2D printing errors 
2D printing errors refer to excessive curing beyond the exposed 

areas, leading to poor printing resolution in each layer. These errors 
occur within one layer and are caused by light scattering. The schematic 
diagram of a 2D printing error is shown in Fig. 7Ai. The patterned light is 
projected on the bottom of the ink tank and is scattered in the plane 
direction due to the inhomogeneity of the cured GelMA. After being 
exposed to scattered light, the GelMA beyond the exposed areas is 
crosslinked, resulting in 2D printing errors. 

The degree of light scattering is affected by the hydrogel molecule 
size, the degree of crystallinity, and the phase separation [47–49]. Light 
scattering is inevitable and cannot be avoided, but we can decrease the 
influence by adding a light absorber to the bioink. The intensity of 
scattered light depends on the intensity of incident light but is much 

lower. Photopolymerization occurs only when the light energy reaches a 
threshold value. Thus, it is efficient to improve the printing resolution by 
reducing the intensity of scattered light below the threshold value with a 
light absorber. It is worth mentioning is that the addition of a light 
absorber reduces the intensity of the scattered light as well as the in-
tensity of incident light, leading to the decrease in the crosslinking rate 
and density. Besides, different GelMA concentrations produce different 
curing results according to the analysis of the photo-crosslinking 
mechanism. A high concentration of GelMA improves the mechanical 
strength of the printed structure but also increases the degree of exces-
sive curing. 

An in-plane model with a “spoke structure” was proposed to evaluate 
the printing results quantitatively and optimize the printing parameters 
(Fig. 7Aii). Since hydrogel structures are weak and soft and can be 

Fig. 7. Schematic diagram of the 2D printing analysis. Ai) schematic diagram of the 2D printing error caused by light scattering; Aii) the “spokes” model for 
measuring the 2D printing error (“p” is calculated by measuring “D”, which is the diameter of the circle of the cross points; “n” is the number of lines, and “h” is the 
line width.); Aiii) images of the printed spokes and the equation; Bi) the printing resolution of 10% GelMA and 0.5% tartrazine at different light intensities controlled 
by PWM (30, 40, and 50) for increasing the exposure time; Bii) the printing resolution of 10% GelMA and 0.5% tartrazine at different line widths (0.15, 0.25, and 
0.50 mm) for increasing the exposure time; Biii) the printing resolution of different GelMA concentrations (7.5%, 10%, and 15%) and 0.5% tartrazine for increasing 
the exposure time; Biv) the printing resolution of 10% GelMA for different tartrazine concentrations (0, 0.5%, and 1.0%) for increasing the exposure time. 
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deformed by contact, the printed patterns are observed and recorded 
with a microscope. Due to the influence of light and shadow under a 
microscope, the widths of the lines are difficult to measure. However, in 
the spoke structure, the lines touch each other at one end and radiate 
outward at the other end, and the widths expand after exposure printing, 
increasing the diameter of the circle at the intersection of the lines. To 
normalize the printing results, the parameter “p” is defined as the 
printing resolution in the X–Y plane, i.e., the distance between the 
printed lines and the designed lines, as shown in Fig. 7Aii. Thus, the 

resolution “p” can be calculated as follows: D⋅tan
(

π
n

)
− h

cos
(

π
n

). The 

printing results are displayed in Fig. 7Aiii. 
The influences of the light intensity, GelMA concentration, and light 

absorber concentration are investigated systematically; the results are 
shown in Fig. 7Bi-Biv. The exposure time is the most commonly used 
parameter to adjust the printing results and is used to fine-tune the 
printing precision. The light intensity is controlled by pulse-width 
modulation (PWM) in this research, and the values of PWM 30, 40, 50 
correspond to the intensities of 3, 4, and 5 mW cm− 2, respectively. The 
effect of the light intensity of the printing results are shown in Fig. 7Bi. 
Increasing the light intensity enhances the resolution “p” and decreases 
the printing precision. The effects of the light intensity are more pro-
nounced during long exposures (60 s) than short exposures (20 s). This 
result shows that GelMA was not completely crosslinked during the 
short exposure time, regardless of the strong light intensity. Thus, we 
can obtain high printing resolution with strong light intensity and a 
short exposure time. Moreover, a very low concentration of GelMA 
causes crosslinking failure, whereas a high concentration results in 
printing errors, as shown in Fig. 7Biii. A high concentration of GelMA 
results in a precise structure due to the tightly crosslinked network. 
Generally, the concentration of GelMA depends on the biological or 
mechanical requirements of specific applications. As shown in Fig. 7Biv, 
the effects of the tartrazine are significant. We did not obtain the results 
of the printed samples with no tartrazine, but the printing resolution was 
effectively controlled by adding 0.5% and 1.0% of the light absorber. 
There is no significant difference between a tartrazine concentration of 
0.5% and 1.0%; the likely reason is that a 10% GelMA concentration 
provides sufficient crosslinking density. Adding a light absorber is not 
suggested for bioinks with a GelMA concentration below 7.5% w/v. 

Besides, as mentioned above, the degree of light scattering is affected 
by the line width. Spoke structures with line widths of 0.15 mm, 0.25 
mm, and 0.5 mm were printed under the same conditions with the same 
bioink. As depicted in Fig. 7Bii, the printing resolution is significantly 
higher at 0.5 mm than at 0.15 mm and 0.25 mm, and the spoke struc-
tures cannot be printed at 10 s exposure due to insufficient curing. The 
results show that a large printing area requires a low crosslinking degree 
with low light intensity or a short exposure time, whereas an ultrafine 

pattern (a filament or tiny point) requires a high light intensity with a 
short exposure time to ensure sufficient printing resolution. A summary 
of the influences of these parameters and the reasons are listed in 
Table 1. Table S2 shows examples of printed surgical dressing and a face 
mask using the described print parameters. 

4.2.2. Analysis of 3D printing errors 
3D printing errors refer to errors or inaccuracies in the vertical di-

rection. These are caused by overcuring of the bioink in the depth di-
rection. It is necessary to adjust the curing depth slightly higher than the 
layer thickness to ensure good bonding between the layers in PBP, but 
too much over-curing leads to 3D printing errors, decreasing the surface 
quality. 

The control of the curing depth of each layer is crucial to prevent 3D 
printing errors. As shown in Fig. 8Ai, the light pattern is projected on the 
bottom of the tank, and the intensity of light decreases with the depth. 
The bioink is crosslinked in areas exposed to the light, and the cross-
linking density of GelMA decreases as the light intensity decreases. A 
high crosslinking density is required at the interface of the printed 
structure and the printing layer to ensure bonding between layers. Due 
to the low solid content of the bioink, the crosslinking density is typi-
cally not sufficient, resulting in the collapse and deformation of the 
printed structure. Thus, we have to increase the concentration of the 
bioink or enhance the exposure conditions (light intensity and exposure 
time) to increase the crosslinking density, which inevitably increases the 
curing depth. The printing parameters (light intensity and exposure 
time) and the concentration of GelMA and tartrazine are investigated 
systematically in this research to improve the printing performance and 
reduce curing errors. It has been shown that adding a light absorber such 
as tartrazine is effective in ensuring an accurate curing depth [44]. 

Beams or lateral structures have been proposed to investigate the 
effects of different parameters on the curing depth [43]. Since hydrogel 
bioinks are soft and deformable, significant errors may occur during 
measurements due to contact, water loss, or air exposure. Here, we 
proposed a “winding stair” structure as a standard model to measure the 
curing depth quantitatively, as shown in Fig. 8Aii. In the “winding stair” 
structure, a rotating slope was designed to form the over-curing region; 
the printed thickness of the winding stair structure was larger than the 
designed thickness. A schematic diagram of the side view of the winding 
stair is depicted in Fig. 8Aiii. The structure was sliced into layers, and 
“Dc” is the curing depth. The dashed line denotes the outline of the 
printed winding stair. The intersection plane of the printed slope and the 
subface is a fan-shaped pattern with the angle “α”, as shown in the 
section view P–P of Fig. 8Aiii. Thus, the measurement error is reduced 
significantly by transforming the depth into the angle “α”. The curing 
depth “Dc” is calculated as Dc = L⋅ α

2π − t, where “L” is the rise of the 
winding stair (see Fig 8Aiii). 

The influence of the printing parameters and concentrations on the 

Table 1 
The influence factors of 2D printing errors. 
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curing depth for different exposure times are shown in Fig. 8Bi-Biv. The 
exposure time is regarded as an adjustable parameter to control the 
printing results. As shown in Fig. 8Bi, the effect of the light intensity on 
the curing depth is greater than that of the 2D resolution, and changing 
the light intensity and exposure time have a large effect on the curing 
depth. The GelMA concentration significantly affects the 3D structure. A 
low concentration provides fewer GelMA monomers, resulting in a weak 
crosslinking network. The results in Fig. 8Biii show that a 7.5% con-
centration of GelMA is not suitable for 3D structures. There are signifi-
cant differences in the curing depth for different GelMA concentrations. 
The tartrazine concentration has a strong effect on the curing depth. As 
shown in Fig. 8Biv, the curing depth is extremely large when no tar-
trazine is added, even for a short exposure. On the other hand, when 
1.0% w/v of the light absorber is added, the curing depth stabilizes near 
250 μm, regardless of the exposure time. The thickness is a crucial 
parameter for printing 3D structures and has to match the curing depth. 
For instance, a curing depth of 200 μm results in high printing quality for 
a thickness of 100 μm but significant printing errors for 50 μm thickness. 
The curing depth accumulates larger when printing occurs layer by 
layer, significantly increasing the 3D printing error, as depicted in Fig. 
8Bii. A summary of the influences of these parameters and the reasons 
are listed in Table 2. Table S3 shows two examples of microneedles and a 
nerve conduit printed using the described parameter configuration. 

For further improvements in the printing accuracy, we have to in-
crease our understanding of points of light and improve the hydrogel 
properties to achieve a high crosslinking density, a high crosslinking 
rate, and excellent bio-performance. 

4.3. The printing strategies of PBP 

High-quality conventional structures, such as cylinders, cubes, and 
other geometrical structures can be easily printed. However, most bio-
printed 3D structures have a complex curved surface (e.g., ear, nose, and 
heart) or specific features (e.g., microchannels) required for biomedical 
applications. Some require a custom design. The manufacturing of these 
structures remains a significant challenge. PBP is a potential technique 
to print these structures, but a standardized printing protocol is lacking. 
We focus on structures commonly used in biomedical applications and 
divide them into five basic types based on the slice shape used in PBP. 
Five printing strategies are proposed for the five structures, as shown in 
Table 3. The features and applications of these structures are analyzed to 
determine the bioink composition, and the printing difficulties are 
pointed to select the appropriate printing parameters. An approximate 
range of the printing parameter values is suggested for printing trials. 
We hope that these printing strategies will help to promote the use of 
PBP technology. 

4.3.1. Printing strategies for solid structures 
Solid structures have no internal cavities and are the easiest struc-

tures to fabricate using PBP. The slice shapes are relatively uniform. The 

most common printing error is related to the internal shrinkage of the 
cured bioink. Therefore, a strategy to reduce internal shrinkage is to 
ensure low photo-crosslinking density to maintain the shape of the 
produce. Low light intensity or short exposure time and a low monomer 
concentration are suitable for printing solid structures, such as cell- 
laden printing. 

4.3.2. Printing strategies for vascular structures 
Vascular structures have complex internal channels. The slices of 

vascular structures commonly have holes or microchannels, and the 
non-exposure area is smaller than the exposure area. When printing 
vascular structures, it is desirable to achieve a balance between main-
taining the patency of channels and the integrity of the final product. 
Due to the combined effects of light intensity and light scattering, 
vascular structures are easily blocked and challenging to print. There-
fore, the printing strategies must be adapted to the structural features of 
the channels. A high light absorber concentration is required to prevent 
over-curing due to light scattering and maintain the patency of channels. 
Besides, high light intensity and a short exposure time are adopted to 
ensure crosslinking of the GelMA hydrogel. This strategy results in a 
small curing depth; thus, thin layers are required. 

4.3.3. Printing strategies for conduit structures 
The conduit structures are tubular with perforated holes, and the 

height is typically larger than the cross-section. The slices are uniform, 
with no lateral features. The most common difficulty of printing conduit 
structures successfully is that the perforated holes are filled easily by the 
material. The GelMA hydrogel is trapped in the perforated holes due to 
the capillary action in the consecutive printing of the layers. Without the 
circulation of the GelMA bioink, the molecular weight of the GelMA 
hydrogel will increase over time. The best strategy to prevent this 
problem is to decrease the light intensity and the exposure time; thus, 
low light intensity and large layer thickness are required. A high GelMA 
concentration is used to ensure a high crosslinking rate, and a low 
concentration of the light absorber tartrazine is used to improve the 
curing depth and match the layer thickness. 

In addition, the slice shape also affects the printing results. Due to the 
superimposed pixel lights, the light intensity is non-uniform in different 
slice areas, resulting in a non-uniform curing depth in the layer, with 
overexposure in some areas and underexposure in others. As a result, a 
low light intensity may lead to defects in the printed structure, as shown 
in Fig. S1. Thus, the cross-sectional shape of the conduit structure has to 
be designed carefully. The exposed areas and the holes should be uni-
formly distributed. 

4.3.4. Printing strategies for thin-walled structures 
Thin-walled structures, such as porous scaffolds, are relatively deli-

cate. The exposed area is much smaller than the non-exposed areas are in 
the slice, leading to an insufficient exposure dose, which is the main 
reason for the printing failure of this type of structure. Thus, the best 

Table 2 
The influence factors of 3D printing errors. 
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strategy is the overexposure of each layer to ensure shape retention by 
increasing the crosslinking density. High exposure doses are applied 
when printing thin-walled structures to achieve an appropriate cross-
linking rate because structural damage may be caused by 
underexposure. 

Another problem is the printing resolution of thin-walled structures, 
including the printing resolution of the structure and the resolution of 
the internal pores, i.e., the minimum size of the thin walls and internal 
pores is critical. The printing resolution is closely related to the photo-
curing characteristics of the material. The ideal photocuring material 
can perfectly reproduce the size and resolution of the designed model. 
However, due to the low photocuring rate and low optical crosslinking 
density of current hydrogel materials, such as GelMA, thin-walled 
structures must be fabricated by minimizing over-curing, which inevi-
tably reduces the printing resolution. The pores of thin-walled structures 
are typically interconnected, which is conducive to the circulation of 
bio-ink, minimizing blockages. 

4.3.5. Printing strategies for microcolumn structures 
Microcolumn structures and thin-walled structures have similar 

characteristics. The exposure areas are small and discrete, the arrays and 
columns may be in close proximity, and the microcolumns generally 
have low height. The printing strategies of microcolumn structures are 
different from those of thin-walled structures because over-exposure 
occurs at high exposure doses, leading to excess curing between the 
columns. A large curing depth is required to prevent printing defects due 
to light scattering; thus, a low light absorber concentration (high light 
intensity or a long exposure time) is necessary. A high GelMA concen-
tration is needed for fabricating microneedles due to the required high 
crosslinking density. Microcolumn structures are typically microarrays 
used to analyze cell behavior and microneedles for drug delivery and 
signal detection. 

The printing parameters and GelMA hydrogel concentrations suit-
able for the five types of structures are listed in Table S4. 

Porous structures that mimic the shape of scaffold models were 
designed to verify the applicability of the proposed printing strategies. 
The slices of these structures included a grid pattern (conduit structure) 

Table 3 
Suggested printing strategies for five types of structures used for specific applications. 
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and small square arrays (microcolumn structure). The following printing 
strategies were used: 15% GelMA concentration, 0.5% tartrazine con-
centration, a light intensity of 5 mW cm− 2 (PWM 50), with 30 s for the 
conduit structure and 50 s for the microcolumn structure. The printed 
results are displayed in Fig. 9. The structures exhibit no defects and have 
fine perforated pores. 

5. Characterizations of printed hydrogel scaffolds 

Human Umbilical Vein Endothelial Cells labeled with a Green 
Fluorescent Protein (GFP-HUVECs), purchased from Suzhou Intelligent 
Manufacturing Research Institute (Suzhou, China), were seeded on the 
porous GelMA scaffolds to verify the biocompatibility of the printed 
structures. As shown in Fig. 10A, after 1, 4, 7, and 10 days of cultivation, 
the cells adhered to the scaffolds and spread on the surface of the porous 

scaffolds over time. After 10 d, the entire scaffold was covered by the 
HUVECs. Furthermore, we seeded the HUVECs on scaffolds with and 
without fine pores. The optical density (OD) value obtained from the 
CCK-8 kit is shown in Fig. 10B, indicating that the porous structure 
accelerated the proliferation rate of HUVECs. Our results demonstrate 
that the printed porous GelMA hydrogel scaffolds have excellent 
biocompatibility for culturing cells in-vitro. We observed in Fig. 10Cii 
that the growth of the HUVECs occurs in a specific direction, which can 
be attributed to the small grooves on the surface of the printed struc-
tures. The excellent bio-performance of these complex scaffolds with 
fine pores indicates a significant potential of the method for stem cell 
proliferation. 

Fig. 8. Schematic diagram of the 3D printing analysis Ai) schematic diagram of the printing error caused by light penetration; Aii) the axonometric diagram of the 
“winding stairs” model to measure the 3D printing error; Aiii) the schematic diagram of the unfolded winding stairs for the analysis; Bi) the printing resolution at 
different light intensities for PWM 30, 40, and 50 (corresponding to 3, 4, and 5 mW cm− 2) for increasing exposure times; Bii) the printing resolution at different line 
widths (50, 100, and 150 μm) for increasing exposure times; Biii) the printing resolution of different GelMA concentrations (7.5%, 10%, and 15% wt) for increasing 
exposure times; Biv) the printing resolution of 10% GelMA hydrogel for different tartrazine concentrations (0, 0.5%, and 1.0% wt). 
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Fig. 9. The printed GelMA structures fabricated with the proposed printing strategies. Ai) printed solid structure (nose); Aii) printed vascular structure (angiogenesis 
model); Aiii) printed thin-walled structure (porous lattice scaffold); Aiv) printed microcolumn structure (microneedle); Av) printed composite structure (porous 
bone) fabricated by combining the printing strategies of the conduit structure and the microcolumn structure. 

Fig. 10. Biocompatibility of the printed porous scaffolds. (A) Top view of cell growth on scaffolds on (i) day 1, (ii) day 4, (iii) day 7, and (iv) day 10. Side view of cell 
growth on scaffolds on (v) day 1, (vi) day 4, (vii) day 7 and (viii) day 10. (B) Cell proliferation rate on days 1, 4, 7, 10 displayed with the optical density (OD) value. 
(C) Confocal image of HUVECs on the porous scaffolds (the image on the right shows a magnification of the selected area). 
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6. Discussion 

Printability of bioinks is an abstract concept in 3D printing that de-
scribes the precision level of the manufacturing process. A clear standard 
for printability is currently lacking. This research analyzed the PBP 
process to determine the bioink composition and establish a relationship 
between the material performance and printability. Standard 2D and 3D 
models were established to evaluate the printing results. Common 
biomedical models were divided into five structural types to facilitate 
practical applications, and the printing strategies of the structure were 
determined. GelMA based bioink was investigated, and excellent results 
were obtained. We did not focus on other types of materials, i.e., hyal-
uronic acid (HA) or alginate. 

PBP is an interdisciplinary technology that involves optics, material 
properties, photo-crosslinking reaction kinetics, and engineering pa-
rameters. This study on printability based on engineering science has 
some limitations. Improving the optical precision requires high- 
precision printing equipment, which was not discussed in this paper. 
The improvement of the bioink characteristics is crucial to increase the 
printing success rate and printing accuracy. Existing bioink is mostly for 
special functions (mechanical toughness, excellent biological perfor-
mance, etc.). Very few studies focused on printing performance opti-
mization because there are few printing materials and a lack of guidance 
for the optimization requirements. The bioink requirements discussed in 
this paper focused only on improving the printing precision. The re-
quirements for cell-laden printing and drug-carrying bioinks require 
further study. 

Two standard models for evaluating the printing accuracy were 
proposed in this work. These models can be used to evaluate the printing 
feasibility of new materials and determine the range of the printing 
parameters. However, specific analysis and optimization are still needed 
for the precise printing of concrete structures. Moreover, five basic 
model structures were proposed, and the parameter selection for the 
GelMA bioink was given. Although the parameter values depend on the 
type of bioink, the analysis of the structural characteristics can be used 
for other applications. The printability analysis conducted in this study 
has limitations but it provides a framework for future research, with 
suggestions for specific topics that require analysis. 

7. Conclusion 

In this study, we summarized the printing strategies of PBP for 
fabricating various types of structures using GelMA hydrogel with high 
fidelity, high precision, and adjustable size. The material requirements 
for PBP were deduced by analyzing the printing process. The limitations 
of the GelMA hydrogel material system were summarized by investi-
gating the photo-crosslinking reactions, highlighting the printing diffi-
culties of PBP using soft GelMA hydrogels. The influences of the printing 
parameters and the GelMA and tartrazine concentrations were system-
atically investigated to increase the printing precision for practical ap-
plications. Five printing strategies were proposed for five basic 
structures commonly used in biomedical applications. The printing 
strategies were verified by printing custom-designed porous scaffolds 
using a pure GelMA hydrogel; the products exhibited high accuracy and 
good shape retention. Finally, the biocompatibility of the printed GelMA 
scaffolds was verified by seeding HUVECs on the surface of the printed 
structures. The HUVECs were well attached and spread uniformly on the 
outer and inner surfaces of the pores, demonstrating a high proliferation 
rate and excellent cell morphology. We believe that the proposed 
printing strategies for increasing the printability of GelMA hydrogels 
represent a practical method for fabricating custom hydrogel structures 
for tissue engineering and organ regeneration research. The PBP has 
significant potential for future biomedical applications for non-contact 
fabrication and the assessment of hypocellular damage, especially 
with the continued development of hydrogel materials. 
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