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Abstract: Hydroxyapatite (HA) bioceramic scaffolds were fabricated by using digital light processing 
(DLP) based additive manufacturing. Key issues on the HA bioceramic scaffolds, including dispersion, 
DLP fabrication, sintering, mechanical properties, and biocompatibility were discussed in detail. 
Firstly, the effects of dispersant dosage, solid loading, and sintering temperature were studied. The 
optimal dispersant dosage, solid loading, and sintering temperature were 2 wt%, 50 vol%, and 1250 ℃, 
respectively. Then, the mechanical properties and biocompatibility of the HA bioceramic scaffolds 
were investigated. The DLP-prepared porous HA bioceramic scaffold was found to exhibit excellent 
mechanical properties and degradation behavior. From this study, DLP technique shows good 
potential for manufacturing HA bioceramic scaffolds. 
Keywords: additive manufacturing; digital light processing; vat photopolymerization; hydroxyapatite; 

bioceramic scaffold 

 

1  Introduction 

Bioceramics have attracted great attentions in recent 
decades [1]. Among various bioceramics, hydroxy-
apatite (HA) is the most important major bioceramic 
which can be widely used in bone tissue engineering 
and bone defect repair, owing to its good biocompatibility 
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and bioactivity [2–4]. The excellent osteoconductivity 
makes HA as an artificial substitute material for bone, 
and also makes bone cells adhere, proliferate, and 
mineralize on surface. Usually, the scaffold used for 
bone tissue engineering and bone defect repairing is a 
porous structure for cell infiltration, angiogenesis, 
nutrient transport, and metabolic waste removal. 
Recently, various traditional manufacturing techniques 
have been used to fabricate porous HA bioceramic 
scaffolds, such as polymer sponge [5], freeze drying 
[6], gel casting [7], and so on. However, on the one 
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hand, these traditional manufacturing techniques 
cannot control the porosity of the porous bioceramic 
scaffold accurately; on the other hand, these traditional 
techniques cannot achieve a complex-shaped bone 
scaffold. Therefore, it is deemed necessary to develop 
an advanced technique to manufacture the bioceramic 
scaffold. 

Additive manufacturing (AM), usually called three 
dimensional (3D) printing, has undergone increasing 
development for ceramics in recent years [1,3,8–10]. 
AM is done by adding ceramic materials layer by layer, 
which greatly reduces the waste of raw materials, and 
can achieve near-net complex-shaped ceramics without 
machining. Moreover, the distinct advantage of AM is 
the ability to fabricate individualized implants by using 
computer modeling and to control the shape and pore 
structure of the bioceramic scaffold precisely [11]. Till 
now, there have been many additive manufacturing 
techniques reported to fabricate HA bioceramics, such 
as selective laser sintering (SLS), selective laser 
melting (SLM), fused deposition modelling (FDM), 
3D printing (3DP), 3D gel-printing (3DGP), direct ink 
writing (DIW), and stereolithography (SLA). Tan et al. 
[12] prepared polyetheretherketone (PEEK)–HA bio-
composite blends by using the SLS method. Hao et al. 
[13] obtained a stainless steel and HA composite for 
load-bearing implant development by using the SLM 
method. Xu et al. [14] fabricated 3D artificial poly-
caprolactone (PCL)–HA bones by the FDM technique. 
Wei et al. [15], Vorndarn et al. [16], and Brunello et al. 
[17] successfully prepared HA bioceramic bone 
scaffolds by using the 3D printing method. Fu et al. 
[18–20] also used 3D printing technique to prepare HA 
bioceramic, β-Ca2SiO4 bioceramic, and composite 
scaffolds for bone tissue engineering. Recently, Shao et 
al. [21] developed a novel 3DGP method to prepare 
HA scaffolds. Sun et al. [22], Shao et al. [23], and 
Simon et al. [24] also prepared HA bioceramic sca-
ffolds by using the DIW technique. Most importantly, 
stereolithography based additive manufacturing has the 
advantages of low manufacturing cost, high-precision, 
and short cycle time, and has been widely employed to 
manufacture bioceramic parts. Stereolithography based 
additive manufacturing usually includes SLA and 
digital light processing (DLP). Among these, SLA can 
adapt to almost any ceramic powder and has been 
widely reported. Ronca et al. [25] successfully prepared 
poly(d,l-lactide)/nanosized HA biocomposite structures 

by the stereolithography method. Skoog et al. [26] and 
Wang et al. [27] also obtained HA bioceramics for 
bone tissue engineering. Lasgorceix et al. [28] developed 
a novel microstereolithography technique to prepare 
macro- micro-porous silicon substituted HA bioceramic. 
Recently, Chen et al. [29] also conducted a study on HA 
bioceramic prepared by the stereolithography technique. 
Besides, some other typical bioceramics, such as 
calcium phosphate (TCP) [30], have been fabricated by 
using the stereolithography based additive manu-
facturing. In contrast to SLA, DLP's ultraviolet light is 
projected to the bottom of the transparent storage tank 
by the projection equipment under the storage tank. 
The thickness of the fixed layer is maintained by 
controlling the distance between the molding table and 
the bottom of the storage tank and the ceramic body is 
formed after the curing. The ultraviolet (UV) beams of 
SLA scan layer by layer, so the molding speed is slow. 
However, DLP uses UV light to shape the shape of 
each molding section to the printing surface accurately, 
so the accuracy is higher and the molding speed is 
faster [31]. Therefore, DLP has a great advantage in 
manufacturing large parts with complex shape and high 
precision. Liu et al. [32] achieved hydroxyapatite bone 
scaffolds via DLP method and studied the in vitro 
compatibility. Zeng et al. [33] also prepared hydro-
xyapatite scaffolds with good mechanical and 
biocompatible properties by using the DLP method. In 
addition, other bioceramics, such as CaP bioceramic 
[34] and zirconia [35], have also been successfully 
prepared by using the DLP method. However, the 
influences of DLP conditions, including the dispersion, 
processing parameters, solid loading, and sintering 
temperature, have not been clearly completely analyzed. 
Intrinsic relationships among processing, microstructure, 
and properties during the DLP based additive 
manufacturing of HA bioceramic scaffolds are deemed 
necessary.  

In this study, HA bioceramic scaffolds were 
prepared through DLP based additive manufacturing. 
Key issues on the DLP fabrication, including the 
dispersion, DLP process, sintering, mechanical properties, 
and biocompatibility of HA bioceramic scaffold were 
studied systematically. It is believed that this study can 
provide a comprehensive insight to the DLP based 
additive manufacturing of bioceramic scaffolds for 
bone tissue engineering and bone defect repair. 
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2  Experimental 

2. 1  Raw materials 

HA bioceramic scaffolds were fabricated by using DLP 
based additive manufacturing in this study. Commercial 
HA raw powders (laboratory reagent; Sinopharm 
Chemical Reagent Co., Ltd., China) were used as raw 
materials, as shown in Fig. 1. It was found that the HA 
raw powders were consisted of micron-sized particles 
and some nano-sized particles onto the surface of 
micron-sized particles. The average particle size of the 
micron-sized HA particles was about 8 μm, whereas 
the particle size of the micron-sized HA particles was 
only ranging from 100 to 200 nm. For DLP, 
1,6-hexanediol diacrylate (HDDA, Sinopharm Chemical 
Reagent Co., Ltd., China), 2-hydroxyethyl methacrylate 
(HEMA, Sinopharm Chemical Reagent Co., Ltd., 
China), and trimethylolpropane triacrylate (TMPTA, 
Sinopharm Chemical Reagent Co., Ltd., China) were 
used as resin monomers. The volume ratio of the 
HDDA–HEMA–TMPTA hybrid resin system is 6 : 3 : 1. 
Free radical photoinitiator diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO, Sinopharm Chemical 
Reagent Co., Ltd., China) was used as photoinitiator. 
Solsperse 17000 (Guangzhou Qian'an Chemical Co., 
Ltd., China) was used as dispersant.  

2. 2  Dispersion of HA–resin slurry 

Firstly, HA particles and HDDA–HEMA–TMPTA 
monomers were weighed according to different solid 
loading (40 vol%, 45 vol%, and 50 vol%), and then 
ball-milled for 6 h with zirconia ball media in a 
planetary mill (QM-3SP2, Nanjing University Instrument 
Plant, China) at 400 rpm. After that, TPO photoinitiator 
and Solsperse 17000 dispersant were added to the 
slurry and continued milling for 2 h. The dosage of 
TPO was 1.5 wt% based on the weight of the resins, 
 

 
 

Fig. 1  SEM image of commercial HA raw powders. 

and the doping content of Solsperse 17000 was set as  
1 wt%, 2 wt%, and 3 wt% based on the powder weight, 
respectively. Finally, homogeneous dispersed HA–resin 
slurries with different solid loading were obtained for 
DLP fabrication. 

2. 3  DLP of HA bioceramic scaffolds 

DLP fabrication was then conducted on the HA–resin 
slurry by using a commercial 3D printing equipment 
(AutoCera, Beijing 10dim Tech. Co., Ltd., China), as 
shown in Fig. 2. Firstly, a 3D model was imported into 
the equipment. The thickness for each slice layer for 
DLP was set as 25 μm. The slurry was poured into the 
tank, and homogeneously coated on a glass sheet using 
a blade. After that, the slurry was exposed to a UV light 
(wavelength: 405 nm; intensity: 8000 μW/cm2; exposure 
time for the 1st layer: 35 s; exposure time for each 
layer: 8 s), and cross-linked to form a single layer. 
Then, the working stage was moved upwards and the 
slurry was re-coated on the sheet, continued to the 
solidification of the next layer. After such cycles, HA 
green bioceramic scaffolds were obtained. 

2. 4  Sintering of HA scaffolds 

HA green scaffold was pyrolyzed at 650 ℃ in N2 
atmosphere using a Muffle furnace (Hefei Facerom 
Furnace Co., Ltd., China) to burn out the polymers 
among the green body. The sample was firstly heated 
to 330 ℃ at a heating rate of 1 ℃/min and soaked for 
60 min, and then heated to 650 ℃ at a heating rate of 
0.2 ℃/min and soaked for 120 min. After binder 
removal, the HA ceramic scaffold was continued to be 
heated to the target sintering temperature at a heating 
rate of 0.5 ℃/min and soaked for 120 min. In this study, 
 
 

 
 

Fig. 2  (a) DLP equipment and (b, c) DLP fabrication of 
HA bioceramic scaffolds. 
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the target sintering temperature was set as 1200, 1250, 
and 1300 ℃, respectively. Finally, the furnace was 
cooled to room temperature at a rate of 1 ℃/min.  

2. 5  Mechanical properties and biocompatibility of 
HA bioceramic scaffolds 

The green and sintered flexural strength of the HA 
bioceramics were measured via three-point bending 
tests based on 3 mm × 4 mm × 36 mm (wide × height × 
length) bars by a universal mechanical testing machine 
(Instron Legend 2367 testing system, USA), using a 
loading span of 30 mm with a crosshead speed of   
0.5 mm/min at room temperature. The green and 
sintered compression strength of the HA bioceramic 
were measured based on 5 mm × 12.5 mm (diameter × 
height) cylinder with a crosshead speed of 0.05 mm/min 
at room temperature. A minimum number of five 
specimens were tested to obtain an average value. For 
HA bioceramic scaffolds, the compression strength of 
the complex-shaped scaffold were measured with a 
crosshead speed of 0.05 mm/min at room temperature.  

In vitro tests of the HA bioceramic scaffolds were 
conducted in a Tris-HCl solution. Firstly, the HA 
scaffold was soaked in the Tris-HCl solution at 37 ℃. 
Then, the pH value was measured by using a pH meter 
after one, two, three, and four weeks soaking. Then, 
the HA scaffold was washed by using deionized water 
and anhydrous ethanol, dried in an electric oven at 60 ℃ 
for one day and weighted. The weight loss of the HA 
scaffold was calculated based on the mass before and 
after soaking. 

2. 6  Other characterizations 

The viscosity of the HA–resin slurry was determined 
by using a rotational viscometer (NDJ-1B, Shanghai 
Pingxuan Instrument Co., Ltd., China). The rheological 
property of the HA–resin slurry was determined by 
using a rotational rheometer (MCR301, Anton Paar 
GmbH, Germany). Binder removal behavior was 
determined by using a thermogravimetric and diffe-
rential thermal analysis (TG-DTA 6200, Seiko, Japan) 
in N2 at a heating rate of 2 ℃/min up to 800 ℃. The 
relative density was measured by Archimedes method 
in deionized water. The crystalline phase of the 
ceramic after pyrolysis at different temperature was 
characterized using X-ray diffraction (XRD, Bruker 
D8 Advance, Germany). The microstructure was 
observed by using a scanning electron microscope 
(SEM, JSM-7500F, JEOL, Japan). 

3  Results and discussion 

3. 1  Dispersion of HA–resin slurry 

3.1.1  Effects of dispersant dosage 

DLP fabrication is conducted upon the photopoly-
merization of the photosensitive ceramic–resin slurry, 
and therefore its dispersion and rheological behaviors 
are very important. In this study, the effects of 
dispersant dosage and solid loading on the dispersion 
and rheological behaviors of the HA–resin slurry were 
investigated. Figure 3(a) shows the effects of dispersant 
dosage on the viscosity of HA–resin slurry. The solid 
loading was kept as a constant of 45 vol%, and the 
dosage of Solsperse 17000 dispersant was set as 1 wt%, 
2 wt%, and 3 wt%, respectively. As shown in Fig. 3(a), 
all HA–resin slurry exhibited pseudoplastic fluid and 
shear thinning features. When the dosage of Solsperse 
17000 dispersant was 1 wt%, both the viscosity at low 
and high shear rates were relatively higher than those 
of the slurries with 2 wt% and 3 wt% dispersant. The 
reason was attributed to that when the dispersant 
dosage was very small, HA bioceramic particles were 
not effectively modified by the dispersant. The 
collision of ceramic particles produced by Brownian 
motion caused the ceramic particles that had not 
adsorbed the dispersant to adhere and agglomerate, and 
therefore the stability of the HA–resin slurry was poor. 
When the dispersant dosage increased, the dosage was 
conducive to increase the coverage of the HA particle 
surface. The dispersant was easy to form a network 
structure in the slurry, which formed a layer of organic 
protective film on HA particle surface to prevent the 
particles from colliding with each other. Thus, a stable 
and well-dispersed HA–resin slurry was achieved. 
Nevertheless, the adsorption of HA particle surface 
reached saturation, while the dispersant dosage was too 
high, the excess and the free dispersant molecules 
would be in the inter-particle framework. According to 
the DLVO theory, the bridge caused flocculation, 
which degraded the stability of the system and then 
resulted in a viscosity increase of the HA–resin slurry. 
The absorption states of the dispersant onto HA 
particle surface were illustrated in Fig. 3(a). Therefore, 
when the dispersant dosage was 3 wt%, the viscosity at 
low shear rates was higher than that of slurry with    
1 wt% dispersant, whereas lower than that of slurry with 
2 wt% dispersant. Because of the excessive dosage of 
dispersant (3 wt%), excessive long polymer chains  
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Fig. 3  (a) Effects of dispersant dosage on the viscosity of HA–resin slurry (solid loading: 45 vol%) and (b) effects of solid 
loading on the viscosity of HA–resin slurry (dispersant dosage: 2 wt%). 
 

intertwined with each other and formed a hybrid 
polymer network, which needed a much higher force to 
open it, therefore resulted in a higher viscosity. With 
the shear rate increasing, the hybrid polymer network 
was opened; therefore, the viscosity of the slurry with  
3 wt% dispersant was nearly the same as that of slurry 
with 2 wt% dispersant. However, when the shear rate 
was further increased, large shear centrifugal force 
caused some anchor bonding between ceramic particles 
and the dispersant polymers were broken, ceramic 
particles became to exhibit hydrophobicity and shear 
thinning behavior. Therefore, considering the viscosity 
and rheological behaviors, it seemed reasonable to say 
that the optimal dispersant dosage was 2 wt%. Further 
investigation would be discussed based on the effects 
of solid loading in Section 3.1.2. 

3.1.2  Effects of solid loading 

After the dispersant dosage was chosen as 2 wt%, the 
effects of solid loading on the viscosity of HA–resin 
slurry were further studied, as shown in Fig. 3(b). It is 
known that low solid loading will induce large 
shrinkage deformation, inevitable cracks, and defects 
during binder removal and sintering. Therefore, in 
order to achieve the highest relative density and 
mechanical properties, it is deemed necessary to 
achieve HA–resin slurry with the highest solid loading 
as well as best rheological behaviors as much as 
possible. In this study, the solid loading of the 
HA–resin slurry was set as 40 vol%, 45 vol%, 50 vol%, 
respectively. From Fig. 3(b), it was obviously found 
that the viscosity order of the HA–resin slurry was: 
viscosity (40 vol%) < viscosity (45 vol%) < viscosity 
(50 vol%). With the solid loading increasing, the 
number of ceramic particles among the slurry became 
more and thus the amount of resin became less. Therefore, 

the inner friction among the HA–resin slurry became 
larger, finally inducing the viscosity became larger. It 
was found that the slurry with a solid loading of 40 vol% 
was the optimal slurry for the following fabrication owing 
to its low viscosity. Therefore, how to choose the 
optimal solid loading of the HA–resin slurry needs to 
be further discussed considering its effects on strength 
and microstructure. 

3. 2  DLP of HA bioceramic scaffolds 

HA bioceramic cuboid bars and scaffolds were DLP 
fabricated from HA–resin slurries with different solid 
loading. Figure 4(a) shows the typical 3D model of the 
HA bioceramic scaffold, and Fig. 4(b) shows the typical 
HA bioceramic green cuboid bar and scaffold. In 
addition, the green strength (flexural strength and 
compression strength) of the DLP-prepared HA green 
bioceramics were investigated. Detailed effects of 
Solsperse 17000 dispersant dosage and solid loading 
on green strength were discussed in detail.  

 

 

 
 

Fig. 4  Photographs of HA bioceramic scaffold: (a) 3D 
model, (b) green scaffold (inserted with green bar), and (c) 
sintered scaffold; (d) enlarged photo of (c). 
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3.2.1  Effects of dispersant dosage 

When the solid loading was set as a medium constant 
of 45 vol%, the effects of dispersant dosage on green 
strength were shown in Fig. 5. It was found that both 
the green flexural strength and compression strength of 
the DLP-prepared HA green bioceramics increased 
firstly and then decreased with the dispersant dosage 
increasing. Both the green flexural strength and 
compression strength of the DLP-prepared HA green 
bioceramic had the highest value when the dispersant 
dosage was 2 wt%. The highest green flexural strength 
and compression strength were measured to be 27.8 
and 161.9 MPa, respectively. The green strength was 
high enough to conduct the following transportation 
and sintering. Therefore, the optimal dispersant dosage 
of the HA–resin slurry could be chosen as 2 wt%.  

3.2.2  Effects of solid loading 

After determining the optimal dispersant dosage was  
2 wt%, the effects of solid loading of HA–resin slurry on 
the green flexural strength and compression strength 
were further discussed, as shown in Fig. 6. The green 
flexural strength of the HA green bioceramic from 40 
vol%, 45 vol%, and 50 vol% slurries was 36.5, 27.8, 

and 25.4 MPa, respectively, as shown in Fig. 6(a). With 
the solid loading increasing, the green strength of the 
HA green bodies decreased correspondingly. The 
phenomena highly agreed with the results of the effects 
of solid loading on the viscosity of HA–resin slurry 
shown in Fig. 3. It was found that a slurry with high 
solid loading exhibited high viscosity. High viscosity 
usually induced worse dispersion of the HA–resin 
slurry, more defects during DLP process, and less 
homogeneous microstructure of the HA green 
bioceramic after DLP process. The green compression 
strength of the HA green bioceramic from 40 vol%, 45 
vol%, and 50 vol% slurries was 144.6, 161.9, and 
145.5 MPa, respectively, as shown in Fig. 6(b). With 
the solid loading increasing, the green compression 
strength increased firstly and then decreased. With the 
solid loading increasing, the pressure-resistant solid 
particles among the green body became more and thus 
the compression strength increased. However, with the 
solid loading further increased, the homogeneous 
behavior of the green body became worse and thus the 
compression strength decreased instead. The highest 
compression strength of 161.9 MPa was obtained when 
the solid loading was 45 vol%. It seemed that the solid 
loading of the HA–resin slurry was chosen as 45 vol%.  

 

 
 

Fig. 5  Effects of dispersant dosage on (a) flexural strength and (b) compression strength of HA green bioceramics (solid 
loading: 45 vol%). 

 

 
 

Fig. 6  Effects of solid loading on (a) flexural strength and (b) compression strength of HA green bioceramics (dispersant 
dosage: 2 wt%). 
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3. 3  Sintering of HA bioceramic scaffolds 

3.3.1  Sintering program  

In order to obtain HA bioceramic scaffold, polymers 
among green body, including resin and dispersant, 
must be burnt out firstly. Compared to traditional 
colloidal processing techniques, the polymers among 
HA–resin slurry was much more, resulting in more 
complex binder removal behavior. DTA–TG analysis 
from room temperature to 800 ℃ was used to 
evaluate the polymer burn-out behavior of the HA 
green bioceramic, as shown in Fig. 7(a). Interestingly, 
it was found that there was only one main large weight 
loss peak for TG curve even the resin system was 
composed of HEMA–HDDA–TMPTA composite resin 
monomers. The reason for the phenomena was 
supposed to the nearly same chemical composition and 
the similar molecular structure of these three types of 
resin monomers. Before 330 ℃, a very small weight 
loss rate of 2.59% was observed, mainly attributing to 
the volatilization of low oiling point small molecules 
among the system, such as molecular water and 
un-cross-linked resin monomers. When the tem-
perature was above 330 ℃, the weight loss rate 
exponential increased and the resin was burnt out 
quickly, which resulted in an obvious exothermic peak 
of the DTA curve. Violent thermal decomposition 
nearly completed when the temperature was up to 480 ℃, 
at which the weight loss rate was as high as 96.26%. 
When the temperature was further increased, the TG 
curve became gentle and the weight loss became very 
small. Due to the violent thermal decomposition and 
large weight loss between 330 and 480 ℃, it must be 
noted that the sintering protocol should be carefully 
controlled at a very slow heating rate in order to avoid  
defects and cracks, which mainly inducing by the 
larger inner stress because of the large number of gases 
during binder removal. There was about 2% weight 
 

loss of the TG curve and a bit of small exothermic 
peaks of the DTA curve between 480 and 650 ℃, 
owing to the thermal decomposition of some 
macromolecular groups with a high crosslinking 
degree. After that, the TG curve became horizontal and 
there was no more decomposition reaction happened.  

Therefore, the sintering protocol of the DLP-prepared 
HA bioceramic scaffold was given in Fig. 7(b). HA 
green scaffold was pyrolyzed at 650 ℃  in N2 
atmosphere to burn out the polymers among the green 
body. The sample was firstly heated to 330 ℃ at a 
heating rate of 1 ℃/min and soaked for 60 min, and 
then heated to 650 ℃ at a heating rate of 0.2 ℃/min 
and soaked for 120 min. After the binder removal, the 
HA bioceramic scaffold was continued to be heated to 
the target sintering temperature at a heating rate of  
0.5 ℃/min and soaked for 120 min. In our study, the 
target sintering temperature was set as 1200, 1250, and 
1300 ℃, respectively. Finally, the furnace was cooled 
to room temperature at a rate of 1℃/min. 

3.3.2  Effects of solid loading  

The effects of solid loading and sintering temperature 
were discussed in detail. Firstly, it is widely reported 
that the shrinkage rate in X, Y, and Z directions exhibits 
a small difference during the stereolithography based 
additive manufacturing of photosensitive resins [36,37] 
and/or ceramics [38,39]. In our previous study [40], we 
also reported the different shrinkage in different 
directions during the stereolithography based additive 
manufacturing of ZrO2 ceramic. Usually, it should be 
noticed that the shrinkage difference in different 
direction is very small, but many researchers ignored 
this shrinkage difference and proposed an average 
shrinkage value in their papers. In this study, we also 
adopted the average shrinkage rate value for HA 
bioceramics. Table 1 lists the relative density, average 
shrinkage rate, flexural strength, and compression 

 
 

Fig. 7  (a) DTA–TG curves of the HA green bioceramic and (b) sintering program of the DLP-prepared HA bioceramic 
scaffold. 
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Table 1  Relative density, average shrinkage rate, 
flexural strength, and compression strength of the 
sintered HA bioceramics 

Sintering temperature (℃)Solid 
loading 
(vol%) 

Property 
1200 1250 1300 

Relative density (%) 63.5±1.3 69.7±2.9 76.3±1.2

Average shrinkage rate (%) 18.7±0.9 19.6±0.9 21.6±1.4

Flexural strength (MPa) 7.5±1.6 9.8±2.2 5.8±2.5
40 

Compression strength (MPa) 9.3±4.4 13.0±3.3 14.5±4.2

Relative density (%) 66.6±1.3 73.0±3.1 78.1±1.5

Average shrinkage rate (%) 17.2±1.3 17.6±1.4 19.4±1.3

Flexural strength (MPa) 10.0±2.8 13.7±2.4 7.8±3.0
45 

Compression strength (MPa) 12.0±4.6 15.9±3.7 21.4±5.1

Relative density (%) 68.3±1.8 74.6±1.5 78.8±1.6

Average shrinkage rate (%) 14.8±1.1 15.3±0.7 16.5±0.3

Flexural strength (MPa) 12.9±2.1 18.3±2.5 12.1±4.0
50 

Compression strength (MPa) 12.5±7.5 16.9±6.8 18.1±7.1

 
strength of the sintered HA bioceramics. 

The sintering temperature was firstly set as 1200 ℃, 
and the effects of solid loading on relative density, 
average shrinkage rate, flexural strength, and 
compression strength of the sintered HA bioceramics 
were studied, as shown in Fig. 8. Figure 8(a) presents 
the effects of solid loading on the relative density and 
average shrinkage rate of the HA bioceramics. When 
the sintering temperature was 1200 ℃, the relative 
density of the HA bioceramics from 40 vol%, 45 vol%, 
and 50 vol% solid loading was 63.5%, 66.6%, and 
68.3%, respectively, which were suitable for following 
medical application [41,42]. The shrinkage rate of the 

 

HA bioceramics from 40 vol%, 45 vol%, and 50 vol% 
solid loading was 18.7%, 17.2%, and 14.8%, respectively. 
It was found that the relative density increased and the 
shrinkage decreased with the solid loading increasing. 
The amount of ceramic particles among the slurry 
became more with the solid loading increasing, and 
therefore the relative density of the HA bioceramics 
increased correspondingly and the shrinkage decreased 
instead. Figure 8(b) further shows the effects of solid 
loading on the flexural strength and compression 
strength of the HA bioceramics. The flexural strength 
of the HA bioceramics from 40 vol%, 45 vol%, and 50 
vol% solid loading were 7.5, 10.0, and 12.9 MPa, 
respectively. And the compression strength of the HA 
bioceramics from 40 vol%, 45 vol%, and 50 vol% 
solid loading was 9.3, 12.0, and 12.5 MPa, respectively. 
It was clearly found that the flexural strength and 
compression strength of the HA bioceramics increased 
with the solid loading increasing, which could be also 
attributed to the relative density increasing trend with 
the solid loading increasing. The reasons for these 
results could be further identified by microstructure 
observation. Figure 9 shows the SEM images of the 
bioceramics from slurries with different solid loading. 
With the solid loading increasing, the solid ceramic 
particles became more, and thus the pores became less. 
Therefore, the relative density, flexural strength, and 
compression strength increased, and the shrinkage rate 
therefore decreased correspondingly. In order to apply 
the HA bioceramics to clinical applications, the 
strength should be enough to surgery; hence, the 
optimal solid loading of the HA–resin slurry should be 
chosen as 50 vol%.  

 

 
 

Fig. 8  Effects of solid loading on (a) relative density and average shrinkage rate and (b) flexural strength and compression 
strength (sintering temperature: 1200 ℃). 
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Fig. 9  SEM images of the HA bioceramics sintered at 
1200 ℃: (a) 40 vol%, (b) 45 vol%, and (c) 50 vol%; (d) 
high magnification of (c). 
 

3.3.3  Effects of sintering temperature  

Figure 10 shows the effects of sintering temperature on 
relative density, shrinkage rate, flexural strength, and 
compression strength of the sintered bioceramics when 
the solid loading was set as 50 vol%. As shown in Fig. 
10(a), the relative density and shrinkage rate increased 
with the sintering temperature increasing. It was  
 

attributed to that the ceramic particles became more 
aggregated and the ceramic became much denser when 
the sintering temperature was increased. Figure 11 
shows the SEM images of the sintered HA bioceramics 
sintered at different temperatures. It was observed that 
the number of pores among the ceramic decreased with 
the sintering temperature increasing, and the 
microstructure became denser correspondingly. The 
microstructure observation results were in good 
agreement with the relative density results shown in 
Fig. 10. The flexural strength firstly increased then 
decreased with the sintering temperature increasing, 
whereas the compression strength always increased 
with the sintering temperature increasing (Fig. 10(b)). 
Detailed reasons for these results can be further 
discussed by XRD analysis about the phase changes 
during sintering process. 

The effects of sintering temperature on the phase 
compositions and phase changes were thus discussed. 
Except for the target sintering temperature, the raw 
material and the HA bioceramic sintered at 800 ℃ 
were also investigated. Figure 12 shows the XRD 
patterns of raw HA powders and HA bioceramics 
sintered at different temperatures (800, 1200, 1250, 
and 1300 ℃). For raw powders, there were only  

 
 

Fig. 10  Effects of sintering temperature on (a) relative density and shrinkage rate and (b) flexural strength and compression 
strength (solid loading: 50 vol%). 

 

  
 

Fig. 11  SEM images of the HA bioceramics (solid loading: 50 vol%): (a) 1200 ℃, (b) 1250 ℃, and (c) 1300 ℃; (d) high 
magnification of (c). 
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Fig. 12  XRD patterns of raw HA powders and HA 
bioceramics. 
 

characteristic peaks for HA observed from the XRD 
pattern. Usually, synthesis of pure stoichiometric (the 
mole ratio of Ca atom and P atom, Ca/P = 10/6) HA 
powders is very difficult and challenging, and there is 
always a trace amount of inevitable non-stoichiometric 
(Ca/P < 10/6) HA powders existed. However, the trace 
amount of non-stoichiometric HA phase did not be 
detected in the XRD patterns. For HA bioceramic 
sintered at 800 ℃ , it was found that there were 
relatively weak β-TCP peaks, indicating that the phase 
change from HA to TCP occurred. It was attributed to 
the thermal induced phase change from non-stoic-
hiometric (Ca/P < 10/6) HA phase into β-TCP phase, 
which resulted in the exothermic peaks in Fig. 7(a).  

 

800
10 2 4 6 2

3 4 2 10 4 2

Ca H (PO ) (OH)

β-Ca (PO ) Ca (PO )
x x 



℃

  
(1)

 

With the heating temperature further increased (1200, 
1250, and 1300 ℃), the peak shapes of β-TCP phase 
became sharper, and the absorption peak intensity 
became higher. This phenomenon indicated that the 
amount of the phase-changed β-TCP became more with 
the temperature increasing. At higher temperatures, a 
dehydration decomposition reaction for stoichiometric 
HA bioceramic might happen. 

 
1050
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Actually, non-stoichiometric HA bioceramic, usually 
known as calcium-deficient hydroxyapatite (CDHA), 
which is also a kind of ceramic very similar to 
stoichiometric HA bioceramic, exhibits excellent 
biocompatibility and osteoinductive properties. Both 
stoichiometric and non-stoichiometric HA bioceramics 
are suitable biological bone materials. Moreover, the 
mixture of HA and β-TCP was always called biphasic 

calcium phosphate bioceramics. It was reported that 
the biphasic calcium phosphate had an excellent 
combination of mechanical, biocompatibility, and 
osteoinductive properties [43].  

As shown in Fig. 10(b), the flexural strength of the 
HA bioceramics sintered at 1200, 1250, and 1300 ℃ 
were 12.9, 18.3, and 12.1 MPa, respectively. The 
flexural strength firstly increased and then decreased 
with the sintering temperature increasing. This was 
because the densification became more obvious when 
the sintering temperature increased from 1200 to 1250 ℃; 
however, the phase change reactions also became more 
obvious when the sintering temperature was further 
increased (Fig. 12). Usually, phase change results in 
inevitable cracks owing to the thermal expansion 
coefficient mismatch between the HA phase and β-TCP 
phase. Figure 13 demonstrates the typical cracks 
existed in the HA bioceramic sintered at 1300 ℃. There 
were obvious cracks between particles, even among 
particles. These cracks resulted in the decreasing trend of 
the flexural strength. It should be noted that the 
compression strength was less affected by cracks. The 
compression strength of the HA bioceramics sintered at 
1200, 1250, and 1300 ℃ were 12.5, 16.9, and 18.1 MPa, 
respectively. The compression strength increased with 
the sintering temperature increasing owing to that the 
relative density was increasing correspondingly. 
Considering the flexural strength and compression 
strength simultaneously, the optimal sintering tempe-
rature was chosen as 1250 ℃ in this study. 

3. 4  Mechanical properties and biocompatibility of 
HA bioceramic scaffolds 

In this study, HA bioceramic scaffolds were finally 
manufactured by using DLP technique. Figure 4(a) 
shows the 3D model for HA bioceramic scaffold. A 
helical micrometer was used to measure the directional 
dimensions (height, diameter, and lattice pore size of 
the porous scaffold structure) of the DLP-prepared HA 
bioceramic scaffolds from different solid loading 
slurries, as listed in Table 2. The designed height, 

 

 
 

Fig. 13  SEM images of HA bioceramic sintered at 1300 ℃ 
(solid loading: 50 vol%): (a, b) cracks at different locations. 
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Table 2  Directional dimensions of the HA bioceramic 
scaffolds 

Solid loading 
(vol%) 

Height  
(mm) 

Diameter 
(mm) 

Lattice pore size 
(mm) 

40 14.5 12.1 1.21 

45 14.2 11.8 1.17 

50 13.8 11.5 1.15 

Product geometry 12.0 10.0 1.0 

 
diameter, and pore size of the scaffold was kept as 12.0, 
10.0, and 1.0 mm, respectively. The height, diameter, 
and pore size values of the HA bioceramic scaffolds 
were in good agreement with the shrinkage rate results 
shown in Figs. 8 and 10. The HA bioceramic scaffold 
prepared from 50 vol% solid loading slurry exhibited 
the best shape-maintaining ability, which further 
induced that the optimal solid loading of the HA–resin 
slurry was 50 vol%. In addition, Figs. 4(c) and 4(d) 
show the optical microscopy of sintered HA 
bioceramic scaffold, and it was observed that the 
DLP-prepared HA bioceramic scaffold maintains high 
manufacturing accuracy and quality. DLP technique 
showed excellent potential application for the 
fabrication of bioceramic scaffolds.  

3.4.1  Mechanical properties of HA bioceramic scaffolds  

One of the most important indexes to evaluate the 
performance of the HA bioceramic scaffold is me-
chanical property, especially the compression property. 
The compression strength of the HA bioceramic scaffold 
was measured with a crosshead speed of 0.05 mm/min 
at room temperature. In this study, the total porosity is 
the sum of the microstructural porosity of the HA 
bioceramic and the lattice porosity of the scaffold 
structure. Table 3 lists the total porosity and compression 
strength of the DLP-prepared HA bioceramic scaffolds 
from different solid loading slurries. Owing to the 
different relative densities of the HA bioceramics, the 
total porosity, considering the material’s porosity and 
structural porosity, was measured and calculated. The 
total porosity of the HA bioceramics scaffold from 40 
vol%, 45 vol%, and 50 vol% solid loading slurries was 
54.52%, 52.41%, and 49.32%, respectively. The 
changing trends fitted very well with the material’s 
relative density results and designed porosity. Figure 
14 shows the compression strength–compression strain 
curves of the HA bioceramic scaffolds from different 
solid loading slurries. The maximum load at break was 
used for calculation of compression strength for each 

condition. Therefore, the compression strength of the 
HA bioceramic scaffolds from 40 vol%, 45 vol%, and 
50 vol% solid loading slurries were 1.45, 1.76, and 
1.92 MPa, respectively (Table 3). References [41,42] 
showed that the porous bioceramic scaffolds with the 
compression strength ranges were suitable for medical 
application. Besides, the compression strength value of 
the DLP-prepared HA bioceramic scaffolds was nearly 
the same as that of human cancellous bone (~1.9 MPa) 
[44], indicating the DLP-prepared HA bioceramic 
scaffolds having excellent clinical usage potential. 
During compression, typical compression failure 
models, including brittle fracture and fragmentation, 
occurred. Figure 15(a) presents the deformation history 
of the HA bioceramic scaffold under compression 
loading. There were four typical stages showing the 
failure mechanism of the bioceramic scaffold under 
compression, as illustrated in Fig. 15(b): (Ⅰ) Compression: 
the scaffold became dense under axial compressive 
loading, and the compression load reached the first 
peak value; (Ⅱ) Expansion: the waist part of the 
scaffold was expanded, the compression load decreased 
slowly, and then the load became increasing once again; 
(Ⅲ) Shear: after the load reached the maximum value, 
shear and brittle fracture happened, and the scaffold 
was crushed; (Ⅳ) Collapse: the scaffold was crushed 
into fragments, and the load decreased. The HA 
bioceramic scaffold exhibited a similar strength- and 
loading-conditioned behaviors of bone tissue for 
practical clinical application.  

 

Table 3  Total porosity and compression strength of 
the HA bioceramic scaffolds sintered at 1250 ℃ 

Solid loading (vol%) Total porosity (%) Compression strength (MPa)

40 54.52±4.91 1.45±0.26 

45 52.41±2.97 1.76±0.36 

50 49.32±2.96 1.92±0.31 
 

 
Fig. 14  Compression strength–strain curves of the HA 
bioceramic scaffolds sintered at 1250 ℃. 
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Fig. 15  (a) Deformation history and (b) failure mechanism of the HA bioceramic scaffold under compression loading. 
 

3.4.2  Biocompatibility of scaffolds  

One of the other most important indexes to evaluate 
the performance of the HA bioceramic scaffold is 
biocompatibility. In this study, the in vitro behavior of 
the DLP-prepared HA bioceramic scaffolds were 
evaluated by testing the pH value change of the 
Tris-HCl solution for different soaking time. The pH 
value change of the Tris-HCl solution was given in Fig. 
16. The pH value of the raw Tris-HCl solution was 7.5. 
After the HA bioceramic scaffolds soaking in the 
solution for different weeks, the pH value changes of 
the solution were detected. With the soaking time 
increasing, the pH value of the solution increased 
correspondingly. The pH value reached 8.2 after three- 
week soaking. However, the pH values kept almost the 
same from three to four weeks (~8.2). The reason was 
attributed to the chelation effect of PO4

3– with H+ 
during HA dissolution in the Tris-HCl solution, which 
was also reported by Shao et al. [21]. The weight loss 
values of the HA ceramic scaffolds for different 
soaking time were also given in Fig. 16. After soaking 
for one and two weeks, the weight loss of the HA 
ceramic scaffolds increased significantly, and the 
weight loss value reached 11.2% after two-week 
soaking. The weight loss values kept as almost the 
same from three to four weeks (~11.9%–12.2%), 
which was in good agreement with the pH value results, 
and the weight loss value was 12.2% after four-week 
soaking. It was known that porous HA bioceramic 
exhibited some kind of degradable behavior, and the 
weight loss of the porous HA bioceramic scaffold 
increased with the soaking time increasing. During the 
corrosion process in the Tris-HCl solution, the calcium 
and phosphorus ions on the surface of HA bioceramic 
dissolved and exchanged with the ions in the resolution 
to achieve an equilibrium state. As the degradation and 
ion exchange processing, the ions inside the HA 
bioceramic gradually participate in the reactions. The 

 
 

Fig. 16  pH value change of the Tris-HCl solution and 
weight loss of the HA ceramic scaffolds. 
 

degradation rate of the porous HA bioceramic scaffold 
was firstly fast and then slow. At last, the weight loss 
increased and finally became stable. As known, an 
appropriate degradation rate can maintain the initial 
mechanical properties of the porous HA bioceramic 
scaffold, and exhibit enough time for the growth of 
bone cells. Therefore, the weight loss of the porous HA 
bioceramic scaffold exhibited excellent degradation 
behavior and showed good potential for bone tissue 
engineering.  

4  Conclusions  

In this study, HA bioceramic scaffolds were prepared 
by using DLP based additive manufacturing technique. 
The dispersion of the HA–resin slurry, the DLP 
fabrication procedure, the sintering of the HA 
bioceramic scaffold, and the mechanical properties and 
biocompatibility of HA bioceramic scaffold were 
studied and discussed. Solsperse 17000 was used as the 
dispersant, and high dispersed HA–resin slurry was 
obtained. The optimal dispersant dosage and solid 
loading were chosen as 2 wt% and 50 vol%, respectively. 
HA bioceramic scaffolds were manufactured by using 
DLP technique from different solid loading slurry.  
The DLP-prepared HA bioceramic scaffold maintained 
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high manufacturing accuracy and quality. The sintering 
of the HA bioceramic scaffold was studied. The 
optimal solid loading and sintering temperature were 
set as 50 vol% and 1250 ℃, respectively. The me-
chanical properties and biocompatibility of the HA 
bioceramic scaffolds were studied. Both the compression 
strength and the degradation behavior showed that the 
HA bioceramic scaffolds had good potential for bone 
tissue engineering. In summary, the DLP based 
additive manufacturing technique can be used for the 
fabrication of HA bioceramic scaffolds, and the 
DLP-prepared HA bioceramic scaffolds show excellent 
clinical potential for bone tissue engineering. It should 
be noted that more detailed investigation on the 
fabrication and biocompatibility, especially in vivo and 
in vitro tests should be conducted systematically in the 
future.  
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