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indicated that the interconnected pores and the high

1 Introduction porosity structure are conducive to cell ingrowth,

Many individuals are affected by bone defects survival, and angiogenesis'” ">, However, a high
due to accidents and medical conditions, including porosity often leads to a poor mechanical strength, and it
trauma, congenital malformations, or surgeries to cannot even meet the requirements of application!" .
remove tumorst Fortunately, artificial bone Thus, some species of gradient structures with a
scaffolds are used for bone repair, thus offering the functional anisotropy are designed to solve this
advantages of a readily available supply and lack of ~ problem'* '’ It is expected to prepare gradient bone
rejection reactions'* ™. An idealized bone scaffold scaffolds that are suitable for bone growth and provide
should exhibit structural and mechanical properties adequate support.
that are analogous to those of cancellous bone. These Though conventional technologies such as modified
include the capacity to facilitate bone repair, freeze—casting techniques and electrospinning techniques
biodegradability, and mechanical properties that are can be used to fabricate gradient scaffolds, they cannot
conducive to the repair of bone and the maintenance of control porosity and pore size accurately™ >, Additive
mechanical stability®”). To prepare a scaffold with manufacturing (AM) technologies have a capacity to
superior performance, scholars mainly focus on fabricate objects in a layer-by-layer manner, thereby
studies of the structure of bone scaffolds!!® ', It is  enabling the fabrication of designed complex gradient
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porous  structures®> >,

As one of the gradient
structures, radial-gradient porous structures can be
classified into two types, i.e., porosity increases or
decreases from inner layers to outer layers. Di Luca

et al. ¢

used a direct ink writing process to print a
scaffold with an interconnected porosity gradient to
mimic natural cancellous bone. They found that
different zones within the scaffold displayed varying
levels of osteogenic differentiation. Li et al.*]
designed two kinds of radial gradient structures via
changing the strut thickness (i.e., 0.2-0.4 mm), then the
scaffolds with an increase or a decrease porosity from
outside to inside were printed, both showing enhanced
mechanical properties, compared to uniform scaffolds
(0.2 mm). Lindner et al.”” prepared porous scaffolds
via 3D printing and lost wax casting techniques to
improve the strength of scaffolds. Liao et al.l®®
fabricated linear porosities scaffolds with triply
periodic minimal surface (TPMS) that were similar to
human bone, and the mechanical properties of samples
met requirements of natural cancellous bone.

Although porous scaffolds can be prepared by 3D
printing, how to design porous structures to better
achieve an effective match between osteogenesis and
mechanical property is also a challenge® %, The
porosity and pore size are important for bone

1321 and promote a good

in-growth" osseointegration
mechanical interlocking”®*! between the adjacent bone
and scaffolds. Lim et al.”" printed HA/TCP ceramic
scaffolds with different porosities, and found more
bone formation in scaffolds with larger pore sizes after
four weeks. Lewandrowski et al.’¥ reported that
scaffolds with a high porosity had a deeper and greater
Therefore, the

structures with a high porosity outside and a

bone ingrowth. radial-gradient
significant distribution of porosity are expected to
repair bone defects more effectively.

In this paper, we chose TPMS structures (such as
gyroid) that could retain a high stiffness®, and have a
great potential to design complex hybrid structures™*>7.
A series of hierarchical gyroid structures with a
significant gradient porosity from outside (i.e., 70%)
to inside (i.e., 50%) were designed through smooth
structural transitions to simulate the structure and

properties of cancellous bone. Hydroxyapatite (HA) &
10% (in mass) akermanite scaffolds were fabricated
via digital light processing (DLP)"®. In addition, the
properties of scaffolds with different transition

diameters were also investigated.

2 Experimental

2.1 Starting materials

Ca;¢(PO4)s(OH), (hydroxyapatite, purity >98% in
mass) and Ca,MgSi,O; (akermanite, purity >98%)
from Kunshan Co., Ltd., China, were chosen as
bioceramics powders. The composite bioceramic
powders contained 10% akermanite and exhibited
superior mechanical properties and bioactivity. All
other materials could refer to a previous work"”®.
Tris-HCl and simulated body fluid (SBF) from
Phygene Life Sciences Co., China, were used to
explore the degradation properties and in-vitro
properties of bioceramic scaffolds. The content and
concentration of ions in the SBF solution were the
same as a previous report from Kokubo et al.*”!

2.2 Hierarchical gyroid structure design

The basic function of gyroid TPMS is shown as

cos(ax) *sin(by) + cos(by) * 0

sin(cz) + cos(cz) *sin(ax)+ d(x,y,2) =0
where a, b and ¢ are cell size parameters, which are
used to adjust the length-width ratio of the pore, and d
is cell shape parameter, which is used to adjust the
proportion of pores in the cell. In this work, two
functions of d (X, Y, z) are set to constants 0 and 0.608,
which correspond to 50% porosity and 70% porosity,
being abbreviated to Gyroid 50% porosity (Gsep) and
Gyroid 50% porosity (Grgp), the values of a, b, and ¢
are set to 1.

Fig. 1 shows the flowchart of the hierarchical
gyroid structures design. Ggion can be defined as Eq.
(2) to smoothly connect two pore morphologies. Two
homogeneous Gyroid structures with different
porosities of 50% and 70% are correlated to a
parameter a (X, Y, Z). Meanwhile, sigmoid function
(SF)P% for o (X, y, 2) is used to design a hybrid gyroid
structure (see Eq.(3)). The parameter r in Eq. (3) can
be used to adjust the transition radius.

Gfusion = a(xa Y, Z)G70p + (1 - a(xa Y, Z))G50P (2)
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1
1+e” (X +y>=r?)

3)

o(X,y,2) =

where x*+y*—r*=0 is the transition boundary to connect
the Gso, and Gyg, structures. When x2+y2 =,

0(X,Y,z) is close to 1 and Ggion = G7op. Conversely,
o(X,y,z) is close to 0 and Gyysion = Gsop. When the
diameter d of the scaffold is unchanged (or the value
range of X and y is unchanged), the transition boundary
position can be adjusted via adjusting the value of r.
The larger the r is, the fewer the values that meet the
condition x*+y*=r” will be. The transition boundary is
close to the edge of the scaffold, and the structure is
close to the uniform Gyroid structure with a porosity
of 50%. On the contrary, when r is 0, the condition
X*+y*=r’ is a constant, and the whole scaffold is a
uniform Gyroid structure with a porosity of 70%.
different
models were obtained according to different r values.

Therefore, transition boundary bracket
Gyroid surfaces were generated in the k3dsurf
software, and the coordinate values were all from —20
to 20. After that, they were imported into a software
named Magics to transform into entities. A cylinder
with a diameter of 10 mm was used to subtract them
(Boolean operations) and obtain the hierarchical
gyroid structures. The ratios of transition diameter to
the diameter of scaffolds were set as 0%, 25%, 50%,
75%, and 100%. They were abbreviated as samples
GO0, G25, G50, G75, and G100. Table 1 shows the

specific parameters of different structure types.
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(a) Transition equation (b) Graded structure model

Fig. 1 Flowchart of the hierarchical gyroid structures design

Table 1 Parameters of different hierarchical gyroid structures

Structure Value Diameter of Transition Structure
type of r scaffolds/mm diameter porosity/%
GO 0 10 0% d 70.0
G25 1.257 10 25%d 68.8
G50 2.51 10 50% d 64.9
G75 3.75n 10 75% d 58.7
G100 Sn 10 100% d 50.0

2.3 Bioceramic scaffolds preparation

The models of scaffolds were imported into the
DLP printer with a 405-nm light. Composite material
HA & AK (akermanite) was selected for a scaffold, and
the photosensitive resin was a double resin scheme of
TPGDA and HDDA. The specific slurry formulation
and preparation method could be referred to a previous
research™. The samples were printed with the intensity
of 8 mJ/cm? and a layer thickness of 50 um. Finally, the
ceramic samples were sintered at 1100 C.
2.4 Quasi-static simulation method of hierarchical

gyroid structures

A deform software was employed to simulate the
distribution of compression stress and elastic modulus
for a variety of models. Fig. 2 shows the pretreatment
of compressive simulation (G50). In Fig. 2, the mesh
was well divided to 35000 elements. Subsequently, the
scaffold was set to elastic, and a rigid body was
positioned at the apex of the scaffold with a
displacement of 0.2 mm. The remaining rigid body was
fixed at the base of the scaffold as a platform. The
material was built with the Young modulus of
1000 MPa and the Poisson ratio of 0.3. A compression
speed was set to 8.3x10° mm/s, which corresponds to
the actual situation. At last, the simulation was divided
into 100 equal steps and the stress and strain of the top
rigid body were recorded.

Moving rigid body

Fixed rigid body =

Fig. 2 Pretreatment of compressive simulation (G50)
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2.5 Characterizations

The morphologies were determined by scanning
electron microscopy (Quanta650, Quanta Group,
USA). The phases were charaterized by X-ray
diffraction (XRD, X’pert3 powder, PA Nalytical B.V.,,
the Netherlands).
hierarchical

The compressive strength of

gyroid bioceramics scaffolds was
characterized by a material testing machine (Zwick
7020, Zwick GmbH, Germany).

The degradability of the hierarchical gyroid
bioceramic scaffolds was evaluated through immersion
in Tris-HCI solution*”! and SBF solution *" at a ratio
of 200 mL/g. The bioactivity of bioceramic was
obtained by immersing them in SBF solution for two
weeks. The concentrations of calcium, phosphate,
silicon, and magnesium ions in the soaking solution
were analyzed by inductively coupled plasma optical
emission spectrometry (Prodigy Plus,
Leeman Labs., USA).

Teledyne

3 Results and discussions

3.1 Macro-morphology of hierarchical gyroid
bioceramic scaffolds
Fig. 3 shows the macro-morphology of printed
green bodies of bioceramic. Clearly, the hierarchical
gyroid scaffolds

structure, and a concomitant decrease in structure

exhibit an interconnected pore
porosity as the transition diameter increases. The
structural characteristics (i.e., pore size and porosity
distribution) of bioceramic green bodies can be aligned

with the models to a reasonable extent. Nevertheless,

(a) SEM image of G25

hole size) that are caused by light scattering!**.
G25

2 mm

Scale bar )

Fig. 3 Macro-morphology of sintered hierarchical gyroid

bioceramic scaffolds with different transition diameters
3.2 Micro-morphology and phase composition of
hierarchical gyroid bioceramic scaffolds

Scaffolds with different gradients are all prepared
by the same process, and have the same composition
and microstructure, but there are only differences in
structure. G25 scaffolds was selected as the
representative for analysis. Fig. 4 shows the SEM
images, EDS spectra and XRD patterns of hierarchical
gyroid bioceramic scaffolds. In Fig. 4(a), the G25
scaffold exhibits the interconnecting pores, and the strut
has a ladder-like morphology due to the layer-by-layer
strategy. Also, the transition boundary is smooth
between Gso, and Grgp. In Fig. 4(b), the scaffold
exhibits incomplete sintering and a multitude of
microscopic pores with a micron-scale diameter. This is
because Mg”" substitutes Ca’* in HA to prevent
densification ®*|. In Fig. 4(c), a phase Cas(PO,),
(JCPDS 09-0169) appears after sintering. Furthermore,
the overlap of the EDS elemental map of Si and Mg
rather than Si and P indicates that there is no reaction

between elements Si and P, and akermanite still

* Cay(PO,,ON)
v Ca POy,
5 Cu,MgSi0;

| \CY

40 50
20/(°)
(c) XRD pattern of sintered bioceramic

(b) EDS spectrum of point 4 in (a)
Fig. 4 SEM images, EDS spectra and XRD patterns of hierarchical gyroid bioceramic scaffolds
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3.3  Mechanical simulation and experimental
results of hierarchical gyroid scaffolds

Firstly, the compressive process of scaffolds was
simulated to investigate the stress distribution during
the compressive process. Fig. 5 shows the simulation
results for stress cloud of G75 at a strain of 2%. In
Figs. 5(a) and 5(b), red areas are mainly in the area at
a porosity of 50%. The low porosity structures exhibit
thick struts that enable them to withstand greater forces

(c) Stress cloud of oblique section

wﬁ Ao e

at the same strain, resulting in elevated stress levels.
Furthermore, the transition regions are devoid of any
discernible red areas, thereby indicating that they are
characterized by a smooth transition. Besides, the red
section on the fracture surface at 45° is extensive due to
the maximum shear stress at 45° from the maximum
principal stress when compressed. In Fig. 5(d), the
elasticity modulus of scaffolds increases from 80.98
MPa to 239 MPa, and the rate of change accelerates.

No stress

concentration
Stress-effective/MPa

25.0.
(Y9, ¢

VeneD e

(b) Stress cloud of cross-section

Elasticity modulus of material 239
was set to 1000 MPa

GO G25 G50 G75 G100
Structure type

(d) Elasticity modulus of different strctures

Fig. 5 Simulation results for stress cloud of G75 at a strain of 2%

The suitability of mechanical

particularly compressive strength, is of paramount

properties,

importance in the context of bone repair. Fig. 6 shows
the mechanical properties of hierarchical gyroid
bioceramic scaffolds. In Fig. 6(a), all bioceramic
scaffolds have the features of brittle fracture, and the
strains at break of bioceramic scaffolds are near 1.0%.
In Fig 6(b), the compressive strength remains constant
prior to G50 and subsequently increases gradually as

the transition diameter increases., The compressive
strength increases from 0.866 MPa to 2.149 MPa when
the structure type changes from samples GO to G75.
Also, all fracture surfaces at 45° to the cylinder axis
appear.

The evolution of compressive strength with
respect to structure is similar to that of the simulation
results for the elasticity modulus. The fracture surfaces
indicate that hierarchical gyroid bioceramic scaffolds
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have an overall mechanical property due to the natural
transition from Gsgp to Gyg, (see Fig. 4(a)) and no stress
concentration occurs in the transition area (see Figs. 5(a)
and 5(b)). Compared to sample GO scaffolds, sample G75

3.0

2.5

Stress/MPa
—_ — )
= W I=)

o
[

e
=

0.0 2.0

Strain/%
(a) Stress-strain curves

scaffolds have a higher compressive strength to meet the
cancellous bone requirement “*! (i.e., 2-12 MPa) and the
same high porosity outside to promote new bone

growth.

4.0

(98]
wn

bt
=]
T

N
93

1 Requirement

g
=

Compressive strength/MPa

1.5F
I
1.229
1O} T 1 l
10.866  10.87
05 L L A . L
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Structure type

(b) Compressive strength and fracture modes

Fig. 6 Mechanical properties of hierarchical gyroid bioceramic scaffolds

3.4 In vitro degradation property and bioactivity

of hierarchical gyroid bioceramic scaffolds

To investigate the degradation performance of
hierarchical gyroid bioceramic scaffolds, sample G75
scaffolds are mainly analyzed and immersed in Tris-HCl
for different durations. Fig. 7 shows the surface
morphology and cross-sectional topography of bioceramic
scaffolds. In Figs. 7(a)-7(d), some nanoparticles are
deposited onto the surface of ceramic grains with the

(e 1d H4d

increase of immersion time. Subsequently, the
nanoparticles increase in quantity and become discernible
to the unaided eye. In addition, the internal ceramic grains
are also coated with nanoparticles, with a deposition
amount similar to that observed on the surface of the
ceramics. These phenomena indicate that the microporous
structure of hierarchical bioceramic scaffolds promotes
internal contact of bioceramics with degradation solution,

leading to an internal degradation.

(g 7d (h) 14d

Fig. 7 Surface morphology and cross-sectional topography of bioceramic scaffolds at different immersion durations
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Fig. 8 shows the pH value and ion concentration
of Tris-HCL degradation solution at different soaking
durations (G75) and structural types (soaking for
7 d). In Fig. 8(a), the pH value increases from 7.68 to
7.9 on the first day and then remains stable as the
immersion day increases. After 7-d immersing, the
pH value of different structures is similar. In
Fig. 8(b), after immersion, the concentrations of Ca,
Si, and Mg ions rapidly increase before 1* day and
reaches a maximum on 4™ day, then the concentration
decreases slowly. The concentration of P ions
increases and reaches its maximum value on 1% day

703"
- 7.9 7.92 7.92 :
8 768 :
e

7t

o 0 1 4 7 14

8 t
=7 1

g 25

Strueture type

(a) PH of Tris-HCL degradation solution

and then decreases. These phenomena indicate a
significant role of Ca2MgSi-0O7 in bioceramics during
the degradation process. On the initial day, Ca, Si,
and Mg ions present in Ca,MgSi,O7 are released into
the solution, resulting in the exchange of H;O" from
the solution to the bioceramics. This process leads to
an increase in the solution pH value. Si—OH gel
layers are formed between H;O" and Si*’, which can
absorb Ca2+, PO437, and CO;” ions of solution to form
apatite or carbonated hydroxyapatite (CHA)***!.
Therefore, akermanite can improve the degradability

of bioceramics.
- G75
[ 186.188 18797 g4 45¢ /Ca
ET 167.395
= F °
g
= L Si L
< = S
3 o 73.726 72.129 —1
£ - 67.647
> / >
E T Mg T
[ @ o o 2
£ /718839 19108 18596 P ez
01280979 0182 0187 ~0.156
0 2 4 6 8 10 12 14

Immersion time/d

(b) Ton concentration of Tris-HCL degradation solution

Fig. 8 pH value and ion concentration of Tris-HCL degradation solution at different soaking durations (G75) and structural types

(soaking for 7 d)

Fig. 9 shows the degradation rate and compressive
strength of hierarchical gyroid bioceramic scaffolds
(G75). Clearly, the mass loss of all bioceramic scaffolds
firstly increases and then slightly decreases with
increasing the immersion duration. After 1-day soaking,
the mass loss of hierarchical gyroid bioceramic
scaffolds increases to 5.73%, having a superior
degradability of scaffolds. The degradation rate slows
down gradually with the increase in immersion
duration, and a slight increase in weight appears. These
results can be since bioceramic scaffolds exhibit a rapid
dissolution because of the huge concentration difference
of Ca®", Mg*" and Si’" between akermanite and SBF
solution in the early stage of immersion. The
concentration difference declines, leading to a lower
release rate of ions. When immersion duration is over 7

d, more and more apatite deposits on the bioceramics
and results in an increase in the mass of scaffolds. Note
that the hierarchical gyroid bioceramics with different
structure  types
macro-porosities, but they have the similar degradability.

have various surface areas and

The compressive strength of scaffolds shows an
opposite trend to the degradation rate, which decreases
first and reaches its minimum value after immersion
for 7 d, and then increases on 14 d of immersion. The
weight loss can reduce the compressive strength before
immersion for 7 d, and apatite deposition on the 14™ d
can enhance the structs and compressive strength. These
phenomena can indicate the degradation process of
scaffolds after in-vivo implantation, though the mass
and strength decrease during the initial stage, a new
bone ingrowth can compensate for these losses.
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Fig. 9 Degradation rate and compressive strength of hierarchical
gyroid bioceramic scaffolds (G75) at different immersion

durations
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(a) XRD pattern of bioceramics

The in-vitro bioactivity of bioceramic scaffolds
is evaluated by immersing them in SBF solution at
different durations. Fig. 10 shows the XRD patterns
and FTIR spectra of surface of bioceramics after
different
scaffolds have the similar phase components (i.e.,
Cas(PO4);0H, Caz(POy),, and  Ca,MgSiOy).
However, some absorptions at the wavenumbers of
873 cm', 1418 and 1450 cm ' appear, which
correspond to carbonate (v3 stretching at 1417 cm '
and 1455 cm'; v3 bending at 875 cm ') U7
According to Padilla et al™®, carbonated hydroxyapatite

immersing for durations. Clearly, all

can be detected by FTIR, showing a good in-vitro
bioactivity of bioceramics.

Co

1450 cm™ /1418 cm-!

2000 1800 16001400 12001000 800 600 400

Wavenumber/cm™
(b) FTIR spectroscopy of bioceramics

Fig. 10 XRD patterns and FTIR spectra of surface of bioceramics after immersing for different durations

Fig. 11 shows the SEM images and EDS spectra
for surface micromorphology of bioceramic scaffolds
after different immersion durations. In Fig. 11(a),
there are many micropores on the surface of
bioceramics before immersing, and the bioceramic
grains are smooth. After 1-d immersion, some
nanoparticles deposit onto the surface of scaffolds
and lead to a decrease in micropores. In Fig. 11(c),
there is no ceramic grain and the surface of ceramics
is covered by a dense layer of substance when
immersion for 7 d. More and more particles with a
cluster-like structure appear on the surface of
bioceramics and become dense as the immersion
11(d) and 11(e),
cluster-like apatite continues to grow on the surface

duration increases. In Figs.

of ceramics and gradually densifies.

49-51] .
B934 on

According to some previous studies

exchange during bioceramics and SBF solution at the
initial stage of immersion leads to an alkaline
environment and the process of apatite deposition.
Si—OH group is formed (see Egs. (4) and (5)), which
produces the silica gel layer (see Fig. 11(c)). Si—OH
group is dissociated into negatively charged units,
which attracts Ca’*" and PO427 in turn to form
amorphous calcium phosphate rapidly due to the
alkaline environment.

(=Si—0), Ca(glass) +2H,0"+OH™ —

2 =Si—OH(glass) + 2H,O(glass) + Ca*"+ OH~
=Si—O0Si = (glass) + H,O(glass) —
2 =Si— OH(glass)
=Si—OH+OH - =S1i—0O +H,0 (6)

Fig. 12 shows the top-view of bioceramic scaffolds

(4)

()

with bone shape. Clearly, the uniform structure (i.e., a
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porosity of 70%) and hierarchical gyroid bioceramic
scaffolds with a bone geometry is fabricated. The
hierarchical gyroid scaffold has the same external
characters and a substantial increase in a maximum
load. In Fig. 12(b), the maximum load of the scaffold
with a bone geometry is approximately 8-fold higher
than that of the uniform structure. Therefore, the

Fig. 11

10.76 N 96.60 N

(a) Uniform structure

(b) Hierarchical gyroid structure

Fig. 12 Top-view of bioceramic scaffolds with bone shape

4  Conclusions

The hierarchical gyroid HA & AK scaffolds with
radially partitioned porosities from 50% (inside) to
70% (outside) were designed to realize functional
partition. The DLP-printed scaffolds could correspond
to models and have a network of interconnected pores.
The elastic modulus and compressive strength of
scaffolds increased as the transition diameters increased.
The compressive strength of G75 (i.e., 2.15 MPa) was
increased by 1.5-fold, compared to GO (i.e., 0.87 MPa),

complex shape may enlarge the advantages of this
kind of hierarchical gyroid structure, compared with a
that the additive

customize the

cylinder. This also indicates

manufacturing  technology can
corresponding gradient structure bone scaffold for the

bone defect site, and can apply the gradient structure

to the actual prepared bone scaffold.

SEM images and EDS spectra for surface micromorphology of bioceramic scaffolds for different immersion durations

which was suitable for cancellous bone repair. For
G75, after immersing in Tris-HCL solution for 1 d,
interconnected micropore and ion-exchange between
CayMgSi,0; and solution both resulted in a rapid
degradation rate of 5.73%, which also decreased the
scaffolds  slightly.The
degradation speed slowed down, and the mass and the

compressive  strength  of
compressive strength of scaffolds increased at 14 d as
the immersion duration further increased due to apatite
deposition. The composite bioceramics had a good
in-vitro bioactivity to repair bone defects. Finally, the
hierarchical gyroid with bone geometries was
fabricated, and the maximum force was 8-fold higher
than that of the uniform structure. This work could
provide hierarchical bioceramic implants with
functional zoning for bone tissue engineering, having
improved mechanical properties, superior bone repair
ability, and degradation ability prepared by DLP

technology.
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Introduction It is necessary for an ideal bioceramic scaffold to have a suitable structure. The structure can affect the mechanical
properties of the scaffold (i.e., elastic modulus and compressive strength) and the biological properties of the scaffold (i.e.,
degradability and cell growth rate). Lattice structure is a kind of periodic porous structure, which has some advantages of light weight
and high strength, and is widely used in the preparation of bioceramic scaffolders. For the structure of the scaffold, high porosity and
large pore size are important for bone growth, bone integration and promoting good mechanical interlocking between neighboring
bones and the scaffold. However, scaffolds with a high porosity often lack mechanical strength. In addition, different parts of the bone
have different structural requirements. In this paper, scaffolds with a non-uniform structure or a hierarchical structure were designed,
with loose and porous exterior to facilitate cell adhesion, osteogenic differentiation and vascularization as well as relatively dense

interior to provide sufficient mechanical support for bone repair.

Methods In this work, composite ceramics scaffolds with 10% akermanite content were prepared by DLP technology. The scaffold
had a high porosity outside to promote the growth of bone tissue, and a low porosity inside to withstand external forces. The
compressive strength, fracture form, in-vitro degradation performance and bioactivity of graded bioceramic scaffolds were
investigated. The models of scaffolds were imported into the DLP printer with a 405 nm light. The samples were printed with the
intensity of 8 mJ/cm? and a layer thickness of 50 pm. Finally, the ceramic samples were sintered at 1100 C. The degradability of the



55 53 &5 9 3 IR 552 3D 3T i & PR AR -8R B AT 70 SRR IR S5 4 1 SR < 2717 -

hierarchical gyroid bioceramic scaffolds was evaluated through immersion in Tris-HCI solution and SBF solution at a ratio of
200 mL/g. The bioactivity of bioceramic was obtained via immersing them in SBF solution for two weeks. The concentrations of
calcium, phosphate, silicon, and magnesium ions in the soaking solution were determined by an inductively coupled plasma optical
emission spectrometer.

Results and discussion In this work, a hierarchical Gyroid structure HA-AK 10 scaffold (sintered at 1100 ‘C) with a radial internal
porosity of 50% and an external porosity of 70% is prepared, and the influence of structural form on the compressive strength and
degradation performance of the scaffold is investigated. The biological activity of the bioceramics in vitro is also verified. The
mechanical simulation results show that the stress distribution corresponds to the porosity distribution of the structure, and the low
porosity is larger and the overall stress concentration phenomenon does not appear. After soaking in SBF solution, Si—OH is firstly
formed on the surface of bioceramics, and then silicon gel layer is produced due to the presence of calcium and silicon ions. The
silicon gel layer is dissociated into negatively charged groups under alkaline environment secondary adsorption of calcium ions and
phosphate ions, forming amorphous calcium phosphate, and finally amorphous calcium phosphate crystals and adsorption of
carbonate ions, forming carbonate hydroxyapatite. This indicates that the composite bioceramics have a good biological activity
in-vitro and can provide a good environment for the growth of bone cells. A hierarchical Gyroid ceramic scaffold with a bone
geometry is prepared via applying the hierarchical structure to the bone contour scaffold. The maximum load capacity of the
hierarchical Gyroid ceramic scaffold is 8 times that of the uniform structure.

Conclusions  The hierarchical structure scaffold designed had good overall compressive performance, good degradation
performance, and still maintained a good mechanical stability during degradation. In addition, in-vitro biological experimental results
showed that the surface graded composite scaffold could have a good in-vitro biological activity and provide a good environment for
bone cells. Compared to the heterosexual structure, the graded scaffold had greater mechanical properties.

Keywords bioceramic scaffolds; hierarchical gyroid structure; compressive strength; bioactivity; digital light processing



