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Abstract: Three-dimensional (3D) printing technology provides advanced technical support for designing personalized bone 
tissue engineering scaffold. In this study, two porous diffusing models, namely, average and layered perforated cylindrical 
scaffolds, were designed for bone tissue engineering scaffold. The designed models were fabricated by liquid crystal display 
mask stereolithography printing. Structural design and finite element mechanical analysis were conducted. 45S5 bioglass was 
selected as the raw material for preparing the printing inks for bone tissue engineering scaffolds. By adjusting the viscosity 
and temperature of the slurry, the maximum proportion of 45S5 bioglass (40 wt%) was added into the photosensitive resin for 
preparing 3D printing slurry. Our results indicated that an optimized sintering condition includes the debinding rate (0.5°C/
min), and temperature raising rate (5°C/min) and sintering temperature (1100°C) were proposed to sinter 45S5 bioceramic 
scaffolds. The amorphous 45S5 bioglass showed good crystallization after sintering, and the scaffold porous structure showed 
good integrity. Micropores were observed in the struts which interconnected with each other. Moreover, the porosities were 
tested as 57% and 45% with a uniform pore distribution. The shrinkage rate was about 10% during sintering process due to 
binder burning and crystallization shrinkage. The compressive strength of the sintered scaffold was 0.71 ± 0.048 MPa and 2.13 
± 0.054 MPa, respectively, which are consistent with the finite element mechanical analysis simulation results. In conclusion, 
the layered perforated 45S5 bioglass scaffold shows good mechanical properties and porosity, indicating that it could be a 
promising candidate for bone tissue engineering.
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1. Introduction
Three-dimensional (3D) printing technology shows 
a great potential for biomedical applications[1,2], 
such as bone tissue engineering[3,4], especially in 
customized implants and bone scaffolds[5-7]. Although 

bone has a good self-regeneration ability, large bone 
defects cannot repair by themselves; in this case, the 
reconstruction of bone scaffolds is necessary to help 
with the bone repair and rebuilding. Artificial bone 
scaffold has three basic characteristics: porosity, pore 
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interconnection, and mechanical properties[8,9]. In recent 
years, various artificial bone scaffold materials, such as 
metal[10], bioceramic[11,12], polymer[13], and other kinds 
of composites[14,15], have undergone rapid development 
and been successfully used as bone substitutes. 
However, the precise size of the bone scaffolds requires 
specific design. Based on these issues, 3D printed 
scaffolds have been extensively studied for customized 
bone tissue repair, which employs a combination of 
materials from computation 3D models and layer-by-
layer fabrication. Thus, many different structures have 
been designed[16,17] and various fabrication techniques 
have been employed to produce porous scaffolds 
through 3D printing technology, such as laser-based[18], 
extrusion-based[19,20] and inkjet printing[21], as well as 
lithography rapid prototyping[22]. Lithography-based 
3D printing such as digital light processing (DLP) and 
liquid crystal display (LCD) may fabricate the bioglass 
or ceramic scaffolds using photopolymer and ceramics 
composite, and further sintering is needed to obtain 
the scaffolds[23,24]. Hence, it is necessary to focus on 
the shape and topology optimization to reduce cost 
in the design of bone scaffold with good porosity and 
mechanical properties[25].

Various biomedical ceramic materials used as the 
bone repair scaffolds were widely studied, including 
calcium phosphate-based[26,27] and calcium silicate-
based bioceramics[28,29]. Calcium silicon bioceramics 
have been extensively investigated in bone repair due 
to their good biocompatibility and degradability. For 
example, 45S5 bioglass was used to prepare porous 
scaffold in various biomedical fields[30,31]. However, 
because of the brittleness of 45S5, conventional 
fabrication techniques are unsuccessful in fabricating 
final products with complex shapes. As a result, the 
use of bioglass was mostly limited to powder or 
composite scaffold[32,33]. To achieve a superior scaffold 
after sintering, photopolymerization-based LCD 
mask stereolithography 3D printing technique was 
proposed[34]. Although the accuracy of LCD printing 
technique is less than that of DLP, LCD equipment is 
cheap, and its operation is much easier. For 3D printing 
of ceramic, further sintering is usually needed, so the 
printing accuracy can be comprehensively considered 
during sintering even if LCD is less accurate than DLP. 
Furthermore, 3D printed bioceramic scaffold for bone 
tissue does not need high precision (printing accuracy 
<50 um). In view of this, the specimens were fabricated 
through LCD in this study. LCD has the advantages of 
fast printing speed, good molding, and good printability 
with higher concentration ceramic powders in the inks. 
The porosity precision is controllable by designing 
the sample structure. However, a higher proportion of 
ceramic suspension would increase the viscosity and 

fluidity, hindering its applications[20]. Hence, it is very 
important to adjust the process parameters.

In this study, a low-cost LCD strategy was used 
to print porous 45S5 bioglass bone scaffolds. Different 
aspects from design to printing process, including 
percentage content of dispersant, reheated temperature, 
and mixed ratio of 45S5 suspension, were studied. 
Different structures and porosities that may affect the 
compressive strength of final scaffolds were investigated. 
X-ray crystallography (XRD), scanning electron 
microscopy (SEM), micro-computed tomography (micro-
CT), and mechanical compression test were used for 
analyzing the sintered scaffolds. Our results demonstrated 
that the proposed 45S5 scaffolds fabricated by LCD mask 
stereolithography technology are well-designed in terms 
of composition, morphology, porosity, and mechanical 
properties. This scaffold could be a promising substitute 
in bone tissue repair.

2. Materials and methods
2.1. Design of 3D scaffolds and finite analysis
To build 3D scaffold models, Solidworks 2020 software 
(Solid Works Corp, SUA) was used. Two cylindrical 
scaffold models with the size of Φ 15 × 15  mm were 
designed, but the porosity was different: one was average 
perforated cylindrical scaffold with 53% porosity, and 
the other was layered perforated cylindrical scaffold 
with 43% porosity. Images of scaffold design models are 
shown in Figure 1A and B.

The equivalent stress and total deformation of the 
model under axial load were evaluated by finite element 
analysis software (NASDAQ: ANSS). Under linear 

Figure 1. (A) Average perforated cylindrical scaffold model. (B) 
Layered perforated cylindrical scaffold model. (C) Corresponding 
equivalent stress by finite element analysis simulation.
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and static conditions, the load was gradually applied to 
the limit and the compressive strength was evaluated. 
Maximum equivalent stress was obtained under the 
same process parameters, 2.11 MPa and 0.19 MPa 
corresponding diagrams are shown in Figure  1C. The 
stimulated result indicated that the mechanical properties 
of scaffold B were superior to that of scaffold A.

2.2. LCD mask stereolithography printing and 
slurry preparation
An image of LCD mask stereolithography printer 
(Anycubic Photon Mono-China) is shown in Figure 2A. 
The overall size was 222  mm (L) × 227  mm (W) × 
383  mm (H), the printing platform size was 130  mm 
(L) × 80  mm (W) × 165  mm (H), the resolution was 
2560 × 1620 pixels, and 2K LCD screen was used. The 

designed scaffold models were put into Photo Workshop 
software in STL format and then the printing parameters 
were adjusted. A  schematic diagram about its principle 
is shown in Figure  2B. The ultraviolet (UV) light was 
emitted by the LCD array and homogenized by the lens 
array. When the LCD screen displayed the mask, the inner 
liquid crystal of the mask region rearranged to allow the 
UV light to pass through. The designed scaffold models 
were output in STL format after modeling. In the printing 
process, a layer thickness of 0.06  mm, 4-s exposure 
time, a Z-axis speed of 3 mm/s, and filling rates at 100% 
were  set.

The slurry consisted of 45S5 bioglass powder 
with a particle size range of 5 – 30 μm (3M, USA), 
photosensitive resin (Esun materials, China), and oleic 
acid dispersant (Sinopharm, China); the maximum 

Figure 2. (A) LCD mask stereolithography printer, and (B) a schematic diagram depicting its principle. The viscosity changes of composite 
slurry under different conditions: the oleic acid dispersion (C) and the reheated temperature (D). (E) A printed perforated cylindrical scaffold. 
(F) A layered perforated cylindrical scaffold.
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percentage content of bioglass powder was 40 wt%. 
Specific processes were followed. Bioglass and resin in a 
ratio of 40:60 were mixed and stirred under planetary ball 
mill for 8 h to obtain the compound solution. The ball mill 
rotation speed was 300 rom. Then, different proportion of 
oleic acid dispersant was added, stirring was continued 
mechanically for 10 min, and the viscosity was adjusted 
in order to process molding. The composite slurry was 
put into a water bath, heated to reduce its viscosity, and 
then put into the LCD mask stereolithography printer to 
fabricate the scaffolds.

2.3. Debinding sinter and sample 
characterization
The printed green scaffolds were put into muffle furnace 
for debinding sintering with different heating rates of 
0.5°C/min, 1°C/min, 2°C/min. When the temperature 
reached at 100°C, 200°C and 300°C, the temperatures 
were hold for 60  min, while the temperature reached 
at 400°C and 500°C, the temperatures were hold for 
120  min, respectively. After debinding, sintering rate 
was 5°C/min. The maximum sintering temperatures were 
1000°C, 1100°C, and 1200°C, and the temperatures were 
sustained for 120 min. Finally, the samples were cooled 
in the furnace at room temperature.

The microstructure formed during 3D printing, 
debinding, and sintering process was recorded using 
a Leica camera (Germany). The thermal stability of 
sintered samples was evaluated by thermogravimetric 
(TG) and differential thermogravimetric (DTG) analyses 
so as to measure the change temperature of debinding 
process. Samples were heated from 30°C to 700°C under 
nitrogen atmosphere (flow of 25 mL/min) at a heating rate 
of 10°C/min. Phase structure of pre-  and post-sintering 
scaffolds was determined by XRD (MAXima, Shimadzu 
Co., Japan) at 40  kV, 30  mA with monochromatic Cu-
Kα radiation, typically with scan speed of 0.5°/min and 
sampling pitch of 0.03° in a 2θ scale region of 10 – 65°. 
Morphology of 3D printed scaffolds was observed using 
SEM (JSE-6700F, JEOL, Japan). Sintered 3D scaffolds 
were scanned and reconstructed in three dimensions by 
micro-CT (Quantum GX, USA). The true porosity of the 
sintered scaffolds was analyzed and calculated using 3D 
modeling software. The mechanical compression of the 
printed scaffolds was tested by an electronic universal 
testing machine (INSTRON, USA). The standard 
cylinder (Ф 15 × 15  mm) was stressed at a speed of 
0.1 mm/min. The maximum compression stress described 
in this study referred to the compression stress when the 
specimen broke during the compression test. All samples 
were tested and the average values are expressed as mean 
± standard deviation. The results were analyzed using 
two-way analysis of variance. A P < 0.05 was considered 
statistically significant.

3. Results and discussion
3.1. Suspension, debinding, and sintering of 
samples
To meet the formability of the scaffold, the viscosity of 
slurry was adjusted to optimum proportions of 2 wt% 
oleic acid dispersant at 50°C (Figure  2C and D). The 
45S5 bioglass was uniformly dispersed in the resin 
solution; therefore, two ideal scaffolds were obtained 
(Figure  2E and F). The use of good dispersant was 
beneficial to reduce the viscosity of the suspension, 
thereby achieving good homogeneity and mobility. The 
casting of the suspensions allowed for suitable viscosity at 
a proper temperature in the LCD mask stereolithography 
process[35,36].

The debinding behavior of green composite 
scaffolds was evaluated by TG and DTG analyses 
(Figure  3A). The results showed that the debinding 
temperature occurred between 200°C and 550°C. When 
the temperature changed in the range of 100 – 300°C, 
the reduction of weight loss rate was not obvious, which 
indicates an endothermic effect mainly caused by the 
evaporation of free water and some small molecules with 
low melting point[37]. When the temperature continued 
to rise up to about 383°C, the DTG curve showed an 
obvious weight loss peak, and the weight loss rate of 
green scaffolds reached the maximum and the pyrolysis 
rate of photosensitive resin reached the highest point 
(0.1%/°C). When the temperature reached above 550°C, 
the weight of samples was basically stable. These results 
indicated that the organic resin of scaffold had been 
completely removed at 550°C. According to thermal 
analysis, when debinding, it was necessary to keep the 
temperatures of the samples at 300°C, 383°C and 550°C 
to obtain complete scaffold structure. Otherwise, the 
scaffold would collapse in the debinding process.

Based on the TG and DTG analyses, the heating 
rates of debinding were set to 2°C/min, 1°C/min, and 
0.5°C/min and the temperature was sustained at every 
temperature gradient (Figure 3B). The results indicated 
that the heating rate was very high (2°C/min, 1°C/min), 
leading to the collapse of scaffolds, and when the heating 
rate was slowed down to 0.5°C/min, scaffolds were 
completely debinded and their integrity were maintained 
by Van der Waals force (Figure 3C).

The results at three different sintering 
temperatures indicated that: (i) the scaffold had 
completely collapsed at 1000°C; (ii) when the sintering 
temperature was 1100°C, the scaffold experienced 
almost no collapse and showed good pore structure; 
and (iii) while at 1200°C, part of the scaffold deformed 
and shrunk greatly (Figure  3D). When the sintering 
temperature was too low, the growth of ceramic grains 
was not sufficient, leading to weak bonding among 
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the grains. When the sintering temperature was too 
high, most of the grains grew abnormally, leading to 
excessive shrinkage of the scaffold. This shrinkage 
exceeded that of the normally grown grains, which 
severely deformed and even broke the scaffolds. In 
view of this, 1100°C was set as the optimal sintering 
temperature. This was also consistent with the findings 
from other studies that 45S5 bioactive glass powder 
above 1000°C must be sintered quickly and effectively 
so that the particles grow densely to produce sufficient 
mechanical strength[38,39].

3.2. Components and structure of samples after 
sintering
Components of sintered samples were analyzed by 
XRD, as shown in Figure  4. 45S5 bioglass powder 
was an amorphous structure (Figure  4: blue curve). 
After sintering, organic components were completely 
decomposed, and some new peaks appeared as a result of 
crystallization (Figure 4: red curve). One peak closely 
matched the standard JCPDF card 77-2189, confirming that 
the major crystalline phase was Na6Ca3Si6O18, while other 
minor peaks which were the second phase represented 
Na2Ca4(PO4)2Si2O4, which matched the JCPDF card 
32-1053. All these results were in accordance with the 
previous reports[40].

The sintering scaffold samples were observed using 
SEM and the results are shown in Figure 5. The structure 

of the two scaffolds had good integrity, and uniform 
pores were about 600 μm in diameter. Macropores 
were interconnected with micropores, with the size of 
5 – 10 μm. Rough surface structure may supply for 
the cell adhesion and proliferation, and interconnected 
pores may supply for cell nutrient transportation and 
bone bioconductivity[41,42]. A low concentration of green 

Figure 3. The sintering properties and the sintered scaffolds. (A) TG and DTG analyses. (B) Different sintering curve and its comparison of 
heating rate of debinding and sintering temperature. (C and D) The obtained scaffolds sintered by different curve and their corresponding 
morphology.
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Figure 4. XRD patterns of 45S5 bioglass powders (blue curve), 
3D printed scaffold after sintering at 1100°C for 2 h (red curve). 
The peaks of the Na6Ca3Si6O18 phase and Na2Ca4(PO4)2Si2O4 phase 
were marked by ● and ○, respectively.
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scaffolds (40 wt%) produced large shrinkage after 
sintering. Moreover, based on the scaffold structure 

design, the porosity of average perforated cylindrical 
scaffold (Figure  5A) was higher than that of layered 

Figure 6. CT reconstruction of scaffold 3D images. (A) Average perforated cylindrical scaffold. (B) Layered perforated cylindrical scaffold.

Figure 5. Images of average perforated cylindrical scaffold. (A) A printed layered perforated cylindrical scaffold. (B) A sintered scaffold. 
(A and B) show images of the overall structures of the scaffolds. (a1 – a2) and (b1 – b2) show the struts of the 3D printed scaffolds, and 
(a3 – a4) and (b3 – b4) are the SEM images of their microstructures.
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perforated cylindrical scaffold (Figure 5B). By applying 
Mimics 3D and micro-CT reconstruction and calculation 
(Figure  6), we determined that the macroporosities of 
average perforated cylindrical scaffold (A) and layered 
perforated cylindrical scaffold (B) after sintering were 
57% and 45%, respectively. The scaffolds showed 
a complete and regular structure and good pore 
connectivity in XY section. This modern processing 
technology allows for the fabrication of scaffold with 
better structure for bone tissue regeneration as well as 
diagnosis and treatment[43,44].

3.3. Mechanical properties test
Mechanical tests were conducted on the two 
kinds of scaffolds after sintering until the scaffold 
ruptured after compression (Figure 7A and 7B). The 
compressive strength of average perforated cylindrical 
scaffolds was 0.71 ± 0.048 MPa and that of layered 
perforated cylindrical scaffolds was 2.13 ± 0.05 MPa 
(Figure  7C), which was close to the standard for a 
porous ceramic bone implant (2.40 MPa) (ISO 13779). 
Mechanical performance decreased with the porosity 
of scaffold A increased, while scaffold B improved 
the porosity and had good mechanical performance. 
These results indicated that scaffold B could meet the 
requirements of natural human cancellous bone (1 – 
12 MPa)[45].

4. Conclusion
Using LCD mask stereolithography technique, 40 wt% 
porous bioglass scaffold was successfully fabricated for 
bone tissue engineering scaffolds. Mechanical properties 
test results indicated that the compressive strength was 
about 2.13 ± 0.054 MPa, which was within the lower 

limit of the compressive strength of cancellous bone. 
Suspension slurry was optimized for 2 wt% oleic acid 
dispersant at 50°C, a debinding rate of 0.5°C/min, and 
a sintering temperature at 1100°C hold for 2  h, which 
guarantee the production of a good sintered specimen. 
The sintered specimen has multiple levels of macropores 
and capillary micropore structures. These results 
indicated that the LCD mask stereolithography technique 
can be used to design and fabricate porous 45S5 bioglass 
scaffolds. As a biomaterial with excellent biological 
functions, this customized porous 45S5 bioglass scaffold 
is expected to be a good substitute for use in bone tissue 
repair.
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