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ABSTRACT

Hydroxyapatite is a scaffold material widely used in clinical repair of bone

defects, but it is difficult for traditional methods to make customized artificial

bone implants with complicated shapes. 3D printing biomaterials used as per-

sonalized tissue substitutes have the ability to promote and enhance regeneration

in areas of defected tissue. The present study aimed at demonstrating the

capacity of one 3D printing technique, digital light processing (DLP), to produce

HA scaffold. Using HA powder and photopolymer as rawmaterials, a mixture of

HA mass ratio of 30 wt% was prepared by viscosity test. It was used for forming

ceramic sample by DLP technology. According to differential scanning

calorimetry and thermal gravity analysis, it was revealed that the main tem-

perature range for the decomposition of photopolymer was from 300 to 500 �C.
Thus, the two-step sintering process parameters were determined, including

sintering temperature range and heating rate. XRD analysis showed that the

phase of HA did not change after sintering. SEM results showed that the grain of

the sintered ceramic was compact. The compression model was designed by

finite element analysis. The mechanical test results showed that the sample had

good compression performance. The biological properties of the scaffold were

determined by cell culture in vitro. According to the proliferation of cells, it was

concluded that the HA scaffold was biocompatible and suitable for cell growth

and proliferation. The experimental results show that the DLP technology can be

used to form the ceramic scaffold, and the photopolymer in the as-printed

sample can be removed by proper high-temperature sintering. The ceramic parts

with good compression performance and biocompatibility could be obtained.
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Introduction

Hydroxyapatite (HA) is a major constituent of hard

tissues such as bone and teeth. It has good

biodegradable, osteoconductive and biocompatibil-

ity, and is considered as an ideal material for

implement bone tissue regeneration [1–4]. It is widely

used in the tissue engineering and repair of bone

defect. The intricate design of artificial bone implant

poses high demands on the molding process of bio-

ceramic. Synthetic HA is therefore of great interest as

a transplant material to replace tissues [5–10]. While

the use of HA in unloaded implants and dental

implants is common, the poor mechanical properties

of HA do not allow its use in load-bearing implants.

3D printing technology can enable the fabrication of

complex and controllable architectures with pre-de-

fined shapes using computer-aided design/com-

puter-aided manufacturing (CAD/CAM). A lot of 3D

printing methods have been used to fabricate com-

plex- and delicate-shaped ceramic parts. Selective

laser sintering (SLS) of ceramic powder is a kind of

ceramic printing technology which has been widely

studied [11–14]. It could be shown that SLS ceramic

parts are in a state comparable to a biscuit-fired

porcelain body. However, due to the existence of

residual thermal stress induced by the laser pro-

cessing, with about half the mechanical strength than

a conventional biscuit-fired sample [11]. And the

relative density for SLS ceramic samples is usually

low. These shortcomings greatly limit the use of SLS

ceramic products. Fused deposition modeling (FDM)

is another potential method of ceramic 3D printing.

Abdullah et al. [15] evaluated the mechanical and

physical properties of highly ceramic filled poly-

amide 12 fabricated via FDM 3D printer for potential

craniofacial reconstruction application. Castro et al.

[16] developed a new kind of high permittivity (high-

k) and low-loss composite material for fused depo-

sition modeling (FDM) technology based on a cyclo

olefin polymer (COP) thermoplastic matrix embed-

ded with sintered ceramic. The cost of FDM tech-

nology is lower than other 3D printing technology,

but its nozzle extrusion material molding method

limits its molding speed, accuracy and the nozzle is

easy to plug. Stereolithography (SLA) is a 3D printing

technique based on curing a photopolymer with a UV

laser or another similar power source and is known

for its high accuracy and excellent surface finishing

[16–21]. Ceramic parts with complex 3D shapes can

be manufactured using this method by mixing the

ceramic powder and the photopolymer together

analogously to the colloidal processing of ceramic

powders. Digital light processing (DLP) is a new type

of 3D printing technology emerging in recent years

[22–25]. It is evolved from SLA. When the product is

processed, the cross section of product is projected

onto the surface of the liquid photopolymer by means

of the digital micromirror element, so that the irra-

diated photopolymer is solidified layer by layer. DLP

3D printing is faster than the same type of SLA

because it is layer-like solidification. The residual

stress of samples prepared by DLP is small. This

technique is ideal for high resolution prototyping.

In this study, HA ceramic parts were printed by

homemade DLP 3D printing machine. The evaluation

of the sintering process parameters and the

mechanical properties of the scaffold were investi-

gated. The biocompatibility of the HA scaffold was

tested. The results suggest the printed ceramics with

good compressive properties and biocompatibility

through our homemade DLP 3D printer.

Materials and methods

Synthesis of bioceramic powders

A nano-sized HA powder with an average particle

size of 20 nm was used in this study. The polymer

was DSM’s Somos� WaterShed XC 11122, which is a

low-viscosity liquid photopolymer that produces

strong, tough, water-resistant, ABS-like parts. In

order to confirm the optimum concentrations of the

HA power and polymer binder, different HA power

concentrations (10, 20, 30, 40, 45 wt%) were prepared.

The HA powder was added to the polymer to form

the ceramic suspension. The ceramic suspension was

then ball-milled for 12 h using zirconia balls. Fig-

ure 1a shows the viscosity of ceramic suspensions

with different HA mass fractions. It could be seen

that the fluidity of the ceramic suspension spread

itself naturally in the groove when the HA concen-

tration was between 0 and 30 wt%, but the spreading

area decreased with the increase of the HA concen-

tration; when the mass fraction of HA exceeded

30 wt%, the viscosity of the ceramic suspension rose

rapidly. The mixture of HA mass fraction of 40 and

45 wt% could not be spread naturally in the groove.

6292 J Mater Sci (2018) 53:6291–6301



Figure 1b shows the storage modulus and loss

modulus as a function of time for 30 and 40 wt% HA

ceramic suspensions, respectively. The test tempera-

ture was room temperature, and the test time was

2 min. The frequency was 1 Hz, and the change in

strain was within the linear viscoelastic region of the

ceramic suspensions. It was clearly seen that the loss

modulus was much larger than the storage modulus

for the 30 wt% sample, which indicated that the

30 wt% HA ceramic suspension had a good fluidity.

In comparison, the storage modulus and loss modu-

lus of the 40 wt% sample were almost equal, which

revealed that the 40 wt% HA ceramic suspensions

were in a semisolid state. The poor fluidity of 40 wt%

sample would cause the suspension cannot cover

with the entire resin tank in the process of surface

exposure. This was very detrimental to the quality of

the print. In addition, it could be seen that the storage

modulus and loss modulus of these two kinds of

hydroxyapatite ceramic suspensions changed a little

in 2 min, which indicated that the rheological

parameters of the ceramic slurries were very stable.

The suspension could maintain good fluidity and

stability in the printing process. Figure 1c shows the

storage modulus and loss modulus as a function of

strain for 30 and 40 wt% HA ceramic suspensions,

respectively. The test temperature was room tem-

perature, the frequency was 1 Hz, and the strain

range was 0.01 * 100%. Similar to Fig. 1b, it could be

clearly seen that the loss modulus was much larger

than the storage modulus for the 30 wt% sample.

With the gradual increase of strain, the value of

storage modulus decreased rapidly, which revealed

that the fluidity of 30 wt% HA ceramic suspension

became better as the strain became larger. On the

other hand, the storage modulus and loss modulus of

40 wt% ceramic suspension did not change obviously

in the range of 0.01 * 1%. When the strain value

exceeded 1%, the storage modulus and loss modulus

of 40 wt% HA ceramic suspension decreased. Similar

to the 30 wt% sample, the loss modulus decreased

faster than the storage modulus. This also indicated

that as the strain increased, the fluidity of 40 wt%

ceramic suspension became better. Under the same

strain condition, the storage modulus increased with

the increase of HA filling amount. The suspension

was mainly composed of photosensitive resin and

nanoceramic powder. The more the ceramic powder

was filled, the more the solid content of the suspen-

sion was formed and the larger storage modulus of

the suspension. As the strain rate increased, the

influence of Penn effect gradually increased, and the

storage modulus of the ceramic suspension decreased

greatly.

So a ceramic suspension with HA mass fraction of

30 wt% was selected as the molding material in this

experiment. Minimum essential medium alpha (a-
MEM) and trypsin–ethylenediaminetetraacetic acid

were purchased from Gibco. Dulbecco’s phosphate-

buffered saline (PBS) was purchased from Dycent

Biotech (Shanghai) Co., Ltd. Bovine serum albumin,

Triton X-100 and ascorbic acid were purchased from

Sigma. The osteogenic medium used in this study

comprised of a-MEM containing 10% fetal bovine

serum (FBS, Atlas Biologicals), 1% penicillin–strep-

tomycin (Lonza), 10 mM b-glycerol phosphate dis-

odium salt hydrate (Calbiochem) and 50 lg/mL

ascorbic acid. Deionized distilled water was pro-

duced by an ultrapure water system. All reagents and

chemicals in this study were used without any fur-

ther purification.

Figure 1 a The viscosity for ceramic suspensions as a function of different HA concentration fractions, the storage modulus and loss

modulus as a function of b time and c strain for 30 and 40 wt% HA ceramic suspensions, respectively.
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Preparation of HA scaffold

HA scaffold with square pore structure were pre-

pared by using our homemade 3D printing equip-

ment which named LAYING II 1510P. Figure 2a

shows the mechanical structure of 3D printing

machine. Settings were a layer height of 0.05 mm, a

print speed of 20 mm/s. The ceramic suspension was

poured into the transparent photopolymer trough,

and a 21 mm 9 21 mm 9 3 mm mesh square three-

dimensional model was designed by computer-aided

design software. When the fabrication process was

completed, the sample was dried at 85 �C for 3 h to

remove excess water from the HA scaffold. Figure 2b

shows the as-printed sample.

Scaffold sintering

On the one hand, the formed HA scaffold contains

photosensitive polymer which needs to be removed;

on the other hand, the mechanical property of the

scaffold needs to be strengthened. So two-step sin-

tering (TSS) was conducted. The TSS was performed

in two heating regimes: (I) Heat treatment was

employed to remove the polymer. In the removing

polymer process, the regulation of rising rate of sin-

tering temperature was very important. If the heating

temperature rose too quickly, which would cause

stress and affect the performance of the sample. And

excessive heat might cause the carbonization of

organic matter. Differential scanning calorimetry

(DSC) and thermal gravity analysis (TG) were used to

determine the sintering parameters. As can be seen

from Fig. 3, with the increase of temperature, the

quality of the sample began to decrease slowly. At the

temperature from 300 to 500 �C, the weight loss

changed most obviously, the quality of sample

decreased by nearly 70%. And the quality did not

change after 500 �C. According to the configuration

proportion, the weight loss part should be photo-

sensitive polymer, which would be decomposed at

500 �C. Seen from the DSC curve, the exothermic

change was small from the room temperature to

300 �C. There were two larger endothermic peaks

between 300 and 500 �C, which was the main

decomposition reaction temperature range. Accord-

ing to the TG and DSC curves, the sintering param-

eters were determined. The temperature was kept

unchanged for 10 min when the temperature reached

100 �C, which was to remove moisture from the

sample. After that, the sample was fired up to 150 �C
with heating rate of 1 �C/min and held for 10 min. At

last, the sample temperature was increased to 500 �C
at a rate of about 1 �C/min and held for 10 min. And

(II) then the sample was heated up to 1200 �C with

heating rate of 10 �C/min and held for 2 h. In the last,

the sample was naturally cooled to room tempera-

ture. The second step sintering was to improve the

crystalline quality of sample. Figure 2c shows the as-

sintered sample.

Biocompatibility detection

In the clinical repair of bone defects, the HA scaffold

needs to provide the site for osteoblasts to adhere,

grow, proliferate and differentiate. Therefore, it is

necessary to evaluate the biocompatibility of HA

scaffold through biological cell culture experiments.

MC3T3-E1 (newborn mouse-derived calvaria) cells

were cultured in a-MEM supplemented with 10%

Figure 2 a The mechanical structure of 3D printing machine. b The as-printed sample. c The as-sintered sample.
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FBS and 1% penicillin streptomycin, and kept at

37 �C in a saturated humid atmosphere containing

95% air and 5% CO2. Before cell seeding, the non-

sterile samples were sterilized by ultra violet light for

1 h. The sterilized 3D scaffolds were placed in

96-well culture plates, and the cell suspension was

added to the top center surface of the scaffolds,

avoiding contact with the sides of the wells to

improve seeding efficiency. After 3 h, the scaffolds

were transferred to another 96-well culture plate and

each of the wells was filled with 500 lL of fresh

medium. The proliferation of the MC3T3-E1 cells on

samples was determined. On the samples, 5000 cells/

well were seeded and incubated for 12, 24, 36 and

48 h.

Results

Dimensional shrinkage analysis

Figure 2b, c shows the as-printed and as-sintered

sample, respectively. It can be seen that the size error

of the as-printed sample and design model is small.

The length and thickness of as-printed sample were

21.1 and 2.9 mm, respectively. The volume of as-

printed sample was about 1291 mm3. The size of as-

sintered sample was slightly smaller. The length and

thickness of as-sintered sample were 13.4 and

2.5 mm, respectively. The volume of as-sintered

sample was about 449 mm3. The shrinkage of the X–Y

direction could be described: Sx�y ¼ fð21:1� 13:4Þ=
21:1g � 100% ¼ 36:5%. The shrinkage of the Z direc-

tion could be described: Sz ¼ fð2:9� 2:5Þ=2:9g
�100% ¼ 13:8%:

DLP 3D printing parts were formed by stacking. In

the curing process, the fluidity of the liquid slurry

decreased significantly, and the change of solidifica-

tion volume would cause shrinkage stress in the

curing layer. The solidified scaffold belongs to the

polymer composite material before the sintering

process and can be regarded as an ideal elastic solid

before its deformation reaches the yield limit. The

element of the solidified scaffold has three orthogonal

elastic symmetrical planes, which are orthotropic

materials and have strain stress relations of ortho-

tropic materials. The strain stress relation of the

curing element can be expressed as:

where ex, ey, ez, cyz, czx, cxy are the positive strains and

shear strains in three directions of X, Y and Z,

respectively. Eiði ¼ x; y; zÞ is the modulus of elasticity

along the i direction. Eijði; j ¼ x; y; zÞ is the elastic

Figure 3 TG/DSC curves of the as-printed sample.
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modulus between the i and j directions. lijði; j ¼
x; y; zÞ is the Poisson ratio of the i direction that

causes the deformation of the j direction. Since the

thickness of the single curing layer is 0.05 mm, the

curing size of the Z direction is much smaller than the

curing dimension of X and Y. So a single cure layer

can be considered as a plane strain problem. There-

fore, ez ¼ 0, cyz ¼ 0, and czx ¼ 0. The stress–strain

relation of a single curing layer can be expressed as:

ex
ey
cxy

2
64

3
75 ¼

1=Ex � lyx
.
Ex 0

� lxy
.
Ex 1

�
Ey 0

0 0 2ð1þ lxyÞ
.
Exy

2
66664

3
77775

rx
ry
sxy

2
64

3
75

ð2Þ

In orthotropic elastic material, the coefficient of

flexibility is Sij ¼ Sjiði; j ¼ 1; 2; 3; . . .; 6Þ. From Eq. (2)

can be obtained:

�
lxy
Ex

¼ �
lyx
Ey

ð3Þ

In the surface exposure process, the curing layer is

formed once for the exposure printing. The curing

layer has the same effect on the deformation of each

other in the direction of X and Y. That is, lxy ¼ lyz
and Ex ¼ Ey. It can be concluded that the surface

forming solidification layer is uniformly contracted in

the plane.

When the as-printed sample is sintered, the tem-

perature of each part of the object changes. The

sample will cause line strain að/� /0Þ due to thermal

deformation. Where a is the coefficient of linear

expansion of materials, / is the instantaneous tem-

perature value in any part of the elastomer, and /0 is

the initial temperature value. In the three-dimen-

sional problem, the temperature change caused by

the temperature strain is:

e0 ¼ að/� /0Þ 1 1 1 0 0 0½ �T ð4Þ

Then the load vector P of the object includes the

volume load Pb and the surface load Ps, as well as the

temperature load P0 caused by the temperature

strain:

P ¼ Pb þ Ps þ P0 ð5Þ

where

P0 ¼
X
e

Z

Xe
BTDe0dX ð6Þ

It can be seen from the above, compared with the

stress analysis without thermal load problem, the

structural thermal stress problem increases the tem-

perature load term. In the sintering process, a slow

heating rate can make the object heat tends to uni-

form. The heat shrinkage of the object under normal

pressure sintering is not constrained, and the object is

deformed without causing stress. The stress shrink-

age of the material during the sintering process is

similar to that of the curing layer, that is, the sintered

part is also uniformly contracted in the plane. From

the calculation results we can see that the shrinkage

of the as-annealed sample in the X–Y direction is

larger which in the Z direction.

Primary characterization of the sample

Figure 4 presents the XRD spectra of the HA scaffold.

Peaks for standard phase pure HA (JCPDS # 09–0432)

were observed in as-sintered sample. The black line

was the XRD curve of sample which was processed

after the first step of sintering, and the highest sin-

tering temperature is 500 �C. As seen from the curve,

there was no characteristic peak of other substances

except the characteristic diffraction peaks of HA,

which meant that the sample was pure phase after

the first step sintering. The red line was the XRD

curve of sample which was annealed after the second

step of sintering, and the highest sintering tempera-

ture was 1250 �C. It could be seen from the red curve

that the FWHM of HA peak was narrower and the

Figure 4 XRD of as-sintered HA sample.
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peak intensity was greater. It meant that HA had

better crystalline quality after the second step of

sintering. At the same time, a portion of HA was

converted to tricalcium phosphate (TCP), including

a-TCP and b-TCP. The a-TCP peaks were due to

high-temperature phase transformation from b to a.
Both HA and TCP are calcium phosphate bioceramics

which have good biocompatibility, especially HA

and b-TCP. There are some differences between the

biological properties of these two substances. The HA

has osteogenic effect, but its solubility in the human

body is small; b-TCP has biodegradability, it can be

gradually dissolved by new bone substitution in the

human body.

Figure 5a shows the cross-sectional morphology of

the as-sintered HA scaffold. It could be seen that the

cross section had the layered structure formed by the

exposure process, and the thickness parameters of the

forming layer were 0.05 mm. Figure 5b shows the

SEM image of the microstructure of the HA sample.

As could be seen from the diagram the obvious grain

boundary was found. There were no large and con-

tinuous pores in the cross section. There were no

visible cracks. This showed that the sintered ceramics

had a good crystalline quality.

Compressive strength of the bioceramic
scaffold

Compressive strength of the bioceramic scaffold is an

important index to evaluate the performance of

scaffold. The determination of compressive strength

is generally axial compression, and the sample resists

the pressure applied to the axial line. Brittle fracture

and fragmentation will occur when the compressive

strength exceeds the compressive strength. Test

specimen is usually cubes. In order to determine the

structure of the compressive test specimens, three

different test specimens were designed. Model 1,

Model 2 and Model 3 are shown in Fig. 6a, b, c,

respectively. Finite element simulation software is

used to analyze the force of the three structures, and

the C3D10 unit is used to mesh the model. The

pressure of 12 MPa is applied on each sample sur-

face. Figure 6d, e, f shows the result of the simulation.

It could be seen from the simulation results that

both Model 2 and Model 3 had serious deformation,

while Model 1 hardly deformed. From the distribu-

tion of the stress range, the stress concentration of

Model 1 was the point distribution, which was dis-

tributed at the four corners of the bottom of the

model. The stress of Model 2 was concentrated on the

inclined support column of the model, and the area

was large. The stresses of Model 3 were concentrated

at the top of the beam, the supporting beam and their

junction. From the magnitude of stress, the stress

maximum of Model 1, Model 2 and Model 3 were

22.42, 26.65 and 38.28 MPa, respectively. Compre-

hensive analysis of the simulation results of the three

models, the stress concentration phenomenon of

Model 1 is the least obvious, and the maximum stress

value was very small. Therefore, the structure of

Model 1 was chosen to prepare the sample for com-

pression test.

The samples were printed in use of LAYING II

1510P. Figure 6g shows the degreased cube sample

which was used for compression testing. The formula

for calculating compressive strength is described as:

P ¼ F

A
ð7Þ

Figure 5 a Cross-sectional SEM morphology of the HA scaffold. b SEM image of the microstructure of as-sintered HA sample.
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where P is the compressive strength, F is the maxi-

mum load when the sample is damaged, A is the

compression area. The electronic universal testing

machine (CMT4304, MTS Systems Co. Ltd) was used

to test the mechanical property. The speed was set to

1 mm/min. To ensure the accuracy of the data, four

samples were tested in both vertical and horizontal

directions, respectively. Figure 7a, b shows the load–

time curve. According to the measured compressive

area and the maximum load at break, the compres-

sive strength of each sample was calculated (see

Table 1). It could be seen that the compressive

Figure 6 The compressive test specimens of a Model 1, b Model 2, c Model 3, respectively. The compression simulation results of

d Model 1, e Model 2, f Model 3, respectively. g The degreased cube sample which was used for compression testing.

Figure 7 The test curve of the compressive strength in the a vertical and b horizontal direction of HA scaffolds.
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strength of the HA scaffold was high in the vertical

direction. The compressive strength of each sample

was more than 10 MPa, and the average value was

11.8 MPa. Compared with the compressive strength

in the vertical direction, the compressive strength of

the HA scaffold in horizontal direction was lower

than 10 MPa, with an average value of 5.1 MPa. The

results show that the HA scaffold printed by DLP has

obvious anisotropy, and the strength of vertical

direction is obviously better than that of horizontal

direction. In the practical application, the corre-

sponding repair structures should be constructed

with the same strength-oriented bone tissue.

In vitro preosteoblast evaluation

In vitro studies were performed to evaluate the bio-

logical response of MC3T3-E1 cells grown on the

scaffolds. Cell adhesive interactions play a critical

role in preosteoblast survival, proliferation, differen-

tiation and bone mineralization. We observed the

initial adhesion of MC3T3-E1 cells cultured on scaf-

folds for 24 h. As shown in Fig. 8a, the cells adhered

to the scaffold surface and spread well. This was

beneficial for the growth of osteoblasts on the scaffold

surface. The MC3T3-E1 cell proliferation on scaffolds

was determined by an MTT assay after being cul-

tured for 12, 24, 36 and 48 h, as shown in Fig. 8b. It

could be seen that the number of cells on HA scaffold

increased significantly with the increase of time. A

light microscope with 200-fold magnification was

used to observe the macroscopic morphology of the

MC3T-E1 cells on the scaffold. The result was shown

in Fig. 8c. The elongated leaf-shaped dimples were

the surface topography of the print, and the trans-

parent raised objects were MC3T-E1 cells as shown in

Fig. 8c. These cells were evenly and densely dis-

persed in a Petri dish. The adhesion of MC3T-E1 cells

to the scaffolds was good, no large-scale death

occurred.

An indirect immunofluorescence assay was used to

test cell survival. Figure 9a shows the cell distribu-

tion of MC3T3-E1 before culture experiments. Fig-

ure 9b shows the cell distribution of MC3T3-E1 after

24-h culture. In this experiment, intracellular anti-

bodies were labeled with fluorophores. Then these

intracellular antibodies became fluorescent antibod-

ies. Finally, the cells with fluorescent antibodies

would be observed under a fluorescence microscope.

Therefore, a bright spot taken by the fluorescent

microscope represented a cell. The bright spot was

the position of the fluorescent antibody, which was

Table 1 Test data of compressive strength of HA scaffolds

Sample Vertical direction Horizontal direction

Compression area

A (mm2)

Maximum load

F (N)

Compressive strength

P (MPa)

Compression area

A (mm2)

Maximum load

F (N)

Compressive strength

P (MPa)

1 46.2 518.8 11.2 41.1 178.5 4.3

2 49.4 632.7 12.8 41.5 260.5 6.3

3 47.7 589.7 12.4 40.8 208.9 5.1

4 48.6 529.1 10.9 40.9 192.9 4.7

Figure 8 a SEM images of cells adhering to the scaffold surface. b Proliferation of cells. c Cell adhesion to the surface of the scaffold.
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also the location of the living cell. After a period of

24-h culture, the cells on the HA scaffold showed a

wide range of proliferation, no large-scale death. The

HA scaffolds provided MC3T3-E1 cells a good envi-

ronment for proliferation, growth and adhesion.

These results showed that the HA scaffold was bio-

compatible and suitable for cell growth and

proliferation.

Conclusions

In summary, HA ceramics were printed by DLP in

this study. The preparation of raw materials, the

optimization of sintering process, the morphology of

cross section, the phase composition and biocom-

patibility of as-sintered parts are studied in detail.

The main conclusions are as follows: (1) HA powder

and photopolymer were used as raw materials. When

the powder quality ratio of HA was 30 wt%, the raw

material not only had the characteristics of light

curing, but also had good flow spreading property. It

was suitable for DLP 3D printing technology and

forming HA ceramic parts. (2) In the sintering pro-

cess, the main temperature range of the decomposi-

tion reaction of the photopolymer was 300 * 500 �C.
In the process of photopolymer decomposition, con-

trolling the heating rate could reduce the influence of

the decomposition reaction and ensure the quality of

the sintered parts. (3) After sintering, the shrinkage of

the as-sintered sample in the X–Y direction was lar-

ger, and the size of the Z direction was smaller. The

shrinkage ratio of the sample in the forming direction

of X–Y was about 36.5%, the shrinkage in the Z di-

rection was about 13.8%, and the volume shrinkage

was about 65.2%. (4) After the sample was sintered,

the photopolymer could be removed, and the calcium

phosphate ceramic phase could be obtained. The

phase composition mainly consists of HA and b-TCP
with good biological properties. (5) The biological

properties of the scaffold were determined by cell

culture in vitro. According to the proliferation of

cells, it was concluded that the HA scaffold was

biocompatible and suitable for cell growth and pro-

liferation. The adhesion of the cell to the scaffold was

observed, and it was confirmed that the scaffold was

well integrated with the cell and was conducive to

the migration and growth of the cells on the scaffold.
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