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� The design method based on Voronoi
was proposed to mimic the
characteristics of cancellous bone in
human body.

� Ceramic Digital light processing (DLP)
method was adopted to satisfy the
forming requirements of irregular
scaffolds.

� The compressive strength of scaffolds
can be increased by 30% through the
regulation of irregularity.

� Cell experiments confirmed that
structural changes also had influence
on the biocompatibility of scaffolds.
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Ideal bone scaffolds require good biocompatibility and moderate mechanical properties, so as to promote
the proliferation and differentiation of osteoblast cells, and achieve the good bone repair. Inspired by the
porous structureof cancellousbone, 15groupsof bone scaffoldswithvariable irregularity (Ir1-5) andporos-
ity (35.53–61.75%) were designed and fabricated by ceramic digital light processing (DLP) using 20 wt%
hydroxyapatite doped zirconia as the matrix material. The effects of structural parameters and material
on mechanical properties and biocompatibility were studied. The shrinkage test results showed that the
density of scaffolds was mainly affected by the porosity. The mechanical test results showed that Ir2 and
Ir3 scaffolds had better compressive behaviors, and the compressive strength could be increased by 30%
by regulating the irregularity. All scaffolds showed comparablemechanical properties to that of cancellous
bone. Cell experiments showed that the effect of structure on cell proliferation, differentiation, andminer-
alization was most evident at the early stage of implantation. Meanwhile, the biocompatibility variation
with the irregularitywas consistentwithmechanical properties. This study proved that a bio-inspired bone
scaffold with excellent comprehensive properties could be obtained through reasonable design.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
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1. Introduction good rheological properties. A top-down design method was used
Bone defects, comminuted fractures and other orthopedic dis-
eases are a focus of attention in orthopedic treatment. Due to the
large area of bone damage and the limited range of the recovery
mechanism of the human bone itself, external implants are needed
to replace the role of the original bone [1]. Additive manufacturing
of porous structures has become a viable approach for bone defect
repair [2–7]. For one thing, customization of the damaged part
greatly improves the recovery process and reduces the risk of sec-
ondary surgery. For another, the introduction of pores regulates
the mechanical behavior to adapt to the strength of human bones
[8]. Moreover, the contact area with tissues is significantly
improved for porous bone scaffolds, enhancing cell adhesion [9–
10], developing a biological fixation effect. At present, the com-
monly used bone filler materials for additive manufacturing
mainly include titanium/magnesium alloys [11–12], polyether-
ether-ketone (PEEK) [13] and bioceramics [14–16]. Among these,
better biocompatibility and potential degradation properties allow
bio-ceramics to have a promising application prospect. Digital
Light Processing (DLP) technology is considered a feasible way
for 3D printing of high-performance ceramic due to the uniform
distribution of ceramic particles [17] and the prevention of internal
stress caused by energy source such as laser. The formed structures
via DLP can achieve high density and mechanical properties, which
is of great importance for ceramic implants. However, the fabrica-
tion of artificial bone scaffolds similar to human bones is still a
problem to be solved.

From the aspect of structural design, bone is an anisotropic and
complex structure. A variety of uneven and penetrating pores is
conductive to moderate strength for different bones, especially in
cancellous bone. The commonly used porous lattice structure
changes the mechanical properties by utilizing different sub-
structures and adjusting structural units [18]. Nevertheless, speci-
fic strength can only be reached in a particular direction, and the
nonuniformity gives rise to the failure of repaired joints under
complex movement. Therefore, a bionic irregular porous structure
design method is required to increase the similarity with natural
trabeculae for a successful replacement. Morphology and porosity
are the main parameters for bone repair, and there have been suc-
cessful cases in additive manufacturing of metal bionic structures.
Shi et al. [19] proposed an effective method to generate bionic por-
ous scaffolds based on the triply periodic minimal surface (TPMS)
and sigmoid function (SF) methods. Scerrato et al. [20] designed
a generalized continuum model with a change in porosity. Zeng
et al. [21] established a parametric irregular porous structure,
forming a Voronoi porous structure by selective laser melting.
The combination of biomimetic structure and additive manufac-
turing is gradually coming to maturity.

From the aspect of materials, bioceramic materials have the
most promising prospects. Specifically, inert ceramic such as zirco-
nia has good mechanical properties and wear resistance while
bioactive ceramic such as hydroxyapatite (HA) has good osteocon-
ductivity. Liu et al. [18] prepared porous HA scaffolds via digital
light processing (DLP) technology. Cao et al. [22] combined zirconia
with HA to balance mechanical properties and biocompatibility.
Zou et al. [14] prepared a CaSiO3/ Sr3(PO4)2 structure to reinforce
cell proliferation and differentiation. Regrettably, structural design
in ceramic additive manufacturing is absent as researchers tended
to pay close attention to the material itself, ignoring the mismatch
of artificial and natural bones.

Based on our previously developed fabrication methods for
ceramic scaffolds, 20 wt% of HA was added to zirconia powder
along with a photosensitive resin to form a ceramic slurry with
2

to construct a controllable porous scaffold based on the Voronoi-
tessellation principle. Both porosity and irregularity were altered
to change the shape of a series of scaffolds using a DLP method
combined with defect-free debinding and sintering process. The
prepared ceramics scaffolds’ physical properties (porosity, shrink-
age, compressive strength, and modulus), microstructure and
phase composition were evaluated, and the biocompatibility was
assessed by cell implantation.
2. Materials and methods

2.1. Modelling

The design method of irregular porous structure based on
Thiessen polygon (Voronoi) was adopted in this paper, which is a
topological approach common in nature [23]. To mimick human
bones, trabecular units need to be constructed. According to our
former study, porous scaffolds based on Voronoi tessellation can
be formed via selective laser melting (SLM) and have a highly sim-
ilar profile to bones [24–25].

The principle of generating irregular porous scaffolds in this
paper was shown in Fig. 1B. For dots on a plane, closed polygons
can be generated according to the vertical line, this case can be
extended to polyhedron. Firstly, a regular dot matrix was gener-
ated in restrained space, and then each dot were redistributed ran-
domly in the imaginary spherical area, where the radius was the
expression of irregularity. Secondly, Voronoi cells were generated
based on random dots, the density of the dots and the edge diam-
eter was the expression of porosity. Finally, the initial porous
structure were optimized and smoothed at the nodes.

Rhino Grasshopper (version 0.9.0076, Robert McNeel & Assoc,
USA) was used to model different porous scaffolds. Five different
levels of irregularity and three levels of porosity were defined, gen-
erating 15 different structures. Ir1-Ir5 was used to distinguish the
different degrees of irregularity in which Ir5 represented the most
irregular scaffold. Por1- Por3 represent different porosity levels
from low to high. The generated scaffolds are shown in Fig. 1.
2.2. Fabrication

The photosensitive resin used was obtained from Shanghai
Prismlab Co., Ltd. Liquid sodium polyacrylate was used as the dis-
persant and was purchased from Hebei Jinhong Chemical Co., Ltd.
The ZrO2 powder with a size of 300 nm was purchased from Saint-
Gobain China. HA powder with a size of 60 nm was acquired from
Xi’an Fenghe Biotechnology Co., Ltd.

The entire schematic of the fabrication procedure is shown in
Fig. 2. In the slurry preparation stage, the pre-mixed ceramic pow-
der (80 wt% of zirconia and 20 wt% of HA) and dispersant were suc-
cessively added to the photosensitive resin. The total ceramic
powder content in the slurry was 71.4 wt%, and the dispersant
was added as 2 wt% of the ceramic powder mass. A vacuum dis-
perser was used to stir the slurry for 30 min at 800 rpm. A ball
milling process was then performed at 200 rpm for 6 h.

The ceramic slurry was poured into the vat and printed layer-
by-layer on a self-developed device in the forming stage. The layer
thickness was set as 20 lm with an exposure time of 12 s and light
intensity of 10000 lW/cm2. The printed green body was cleaned
and placed in a high-temperature furnace for debinding and sinter-
ing. The parameters of the heating curve were measured by ther-
mal gravimetric analysis (TG), asshown in Fig. 3. According to
our previous study, defect-free debinding and sinstering of the



Fig. 1. Design method of bio-inspired porous support: (A) Porous structure in human bone; (B) 2D and 3D Voronoi methods; (C1-C4) Por1Ir1, Por1Ir5, Por3Ir1 and Por3Ir5
scaffolds respectively.

Fig. 2. Preparation and testing process of bio-inspired scaffolds.
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Fig. 3. Optimization of Post-processing stage: (A) TG and DSC analysis of the composite ceramic; (B) Heating curve of the two-step debinding and sintering.
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green body were conducted [26]. Three sub-stages were performed
successively: vacuum debinding, atmospheric circulation debind-
ing and pressureless sinstering. Low heating rate and heat preser-
vation were adopted for the first two sub-stages under vacuum or
air conditions. To achieve the contracted and dense samples, green
bodies were transferred to a muffle furnace and sintered at differ-
ent temperatures (1400, 1450, 1500 ℃).

2.3. Measurements and characterizations

The viscosity of ceramic slurry was determined by the viscome-
ter at a constant shear rate of 200 s�1. The microstructure of the
sintered specimens was investigated by X-ray diffraction
(DMAX2500PC, Rigaku Corp., Tokyo, Japan) under the following
conditions: 20�-90� diffraction angle, CuKa radiation (k = 1.5406 Å
), 40 kV, 100 mA, 0.02� step width, and 10�/min scanning speed.
The surface morphology of the sintered specimens was character-
ized by scanning electron microscopy (SEM S-4800, Hitachi Instru-
ments, Tokyo, Japan). The sintered specimens were evaluated
mechanically using a universal testing machine (5566, Instron,
USA), equipped with a load cell of 10 kN. The crosshead speed
was set at 1 mm/min. Abaqus (6.14–4, Dassault Systems, France)
was used to simulate the compression results of porous scaffolds
using triangular with 0.2 mm dimension was used to remesh the
structure, setting 5.44 g�cm�3 as the density of the material, and
adjusting the elastic modulus and load distribution according to
the test results.

The mouse osteoblast precursor cell line (MC3T3-E1) was cul-
tured with scaffolds to evaluate the effects of different scaffold
morphology on cell adhesion, proliferation, and differentiation.
MC3T3-E1 cells were cultured in Minimum Essential Medium
Alpha (a-MEM containing 10% fetal bovine serum and 4%
penicillin–streptomycin, Gibco, USA) at 37 �C under a 5% CO2 atmo-
sphere. The cells were subsequently seeded on sterilized samples
at a density of 5 � 104 cells /cm2 in a 24-well plate. After one, four
and seven days of culture, the absorbance was measured at 450 nm
using a microplate reader (Multiskan GO, Thermo Scientific, USA).
Samples were rinsed with PBS and fixed for 1 h with 2.5% glu-
taraldehyde in phosphate buffer saline (PBS, pH = 7.2) after 24 h
of culture. The cells were stained with 40,6-diamidino-2-phenylin
dole (DAPI) for three hours and then observed under a confocal flu-
orescence microscope (CKX53, Olympus Corporation, Japan).

2.4. Statistical analysis

The data was processed using Origin software (2017 SR2, Origin-
lab, USA). Values were expressed as means ± standard deviation
(SD), and the results were considered statistically significant with
4

a p-value less than 0.05. Data with probability less than 0.05
(P less than 0.05) are represented by (*), data with probability less
than 0.01 (P less than 0.01) are represented by (**), and data with
probability less than 0.001 (P less than 0.001) are represented by
(***).

3. Results and discussion

3.1. Composition and morphology

The phase composition of the ZrO2/HA ceramic scaffolds sin-
tered at different temperatures was detected, as shown in Fig. 4.
The results can be explained from two aspects. Different phases
occurred at different sintering temperatures for the main compo-
nent zirconia. The as-received zirconia powder was 5 mol% yttria-
stabilized, its main phase was tetragonal (pdf #50–1089), which
can absorb energy with volume expansion, and exhibit better frac-
ture toughness. Therefore, t-zirconia was the preferred phase.
When sintering at 1400 or 1450 ℃, a cubic phase (pdf #49–1642)
occurred, which was stable at higher temperature and had better
wear resistance. This is explained by the calcium atoms from HA
or TCP dissolved in the crystal lattice of t-zirconia and changing
the structure, as shown in Fig. 4C, calcium diffused outwards from
hydroxyapatite particles and overlapped with zirconium enrich-
ment zones. Small amounts of c-zirconia would not reduce the
mechanical properties of the scaffolds. As the sintering temperature
continued to rise, the phase composition of zirconiawas completely
different. The diffraction peak of the monoclinic phase (pdf #37–
1484)was evident, indicating an irreversible transition to the stable
phase at room temperature. This can be explained from sintering
process of ceramic particles. For a single particle, the sintering pro-
cess was the formation of grain boundaries with adjacent particles.
While excessive temperature causes fusion andmelting of particles,
leading to the movement of grain boundaries and growth of grains.
Due to grain enlargement, the probability of other elements dis-
solving into zirconia crystal is greatly reduced. The SEM results of
different scaffolds shown in Fig. 4B confirm the phenomenon. With
the increase of sintering temperature, the grain size increased, and
there was a clear distinction between calcium and zirconium as
shown in Fig. 4D. Therefore, the sintering temperature of 1450 ℃
was more suitable for zirconia.

For the minor component hydroxyapatite, decomposition
emerged during the sintering process regardless of temperature.
HA began to decompose at 1200 ℃ [27], and the primary produc-
tion was tricalcium phosphate (both a and b phase), which means
the coexistence of HA and TCP [28] at specific sintering tempera-
tures. Biphasic calcium phosphate (BCP) was then formed, which
has been reported to have better mechanical properties and cyto-



Fig. 4. Ceramics sintered at different temperatures: (A) XRD; (B1-B3) SEM of ceramics sintered at 1400, 1450, 1500 ℃ respectively; (C1-C3) Mapping of Zr, Ca and O of
ceramics sintered at 1400 ℃; (D1-D3) Mapping of Zr, Ca and O of ceramics sintered at 1500 ℃.
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compatibility for orthopedic implants [29–30]. In addition, the
smaller BCP particles filled the gaps between the larger zirconia
particles after sintering. The liquid phase was formed in the sinter-
ing process of functional materials, which reduced the microscopic
pore defects and improved the macroscopic mechanical properties.

The as-printed scaffolds contained ceramic powder and cured
resin, which played the role of the sacrificial material filling the
intervals between particles. To obtain a compact and homogenous
ceramic scaffold, the sacrificial material must be removed, and new
bonding forces between particles must be formed to replace the
point contact conditions. At the same time, the scaffolds shrank
to a certain degree on a macro level.

The shrinkage rate can be interpreted according to the
Woolfrey-Bannister formula [31],

ln
DL
L

¼ � 1
nþ 1

lnaþ 1
nþ 1

lnðK0RT
2 � ðnþ 1ÞÞ � lnQ � ln

Q
RT

� �
ð1Þ

where DL/L represents the shrinkage, K0 and n are constant under
specific sintering conditions, a is the heating rate, T is the temper-
ature, R is gas constant and Q is the apparent activation energy
affected by the raw material, sintering scheme [32] and real-time
shrinkage rate [33]. Shrinkage is negatively correlated with the
5

apparent activation energy Q, while Q decreases as the sintering
continues. Therefore, shrinkage at higher sintering temperature is
not obvious, and lattice diffusion replaces boundary diffusion,
which also explains the grain growth exhibited in Fig. 4B.
3.2. Shrinkage prediction

The scaffolds before and after sintering are shown in Fig. 5.
Though the sintered scaffolds contracted, the shapes of all scaffolds
were maintained. The shrinkage phenomenon was explained by
other researchers [34–35], according to their analysis, inconsistent
linear shrinkage exists due to the layer-by-layer forming process
and the size differences in each direction. This paper mainly dis-
cusses the effect of different structures and spatial distribution
on shrinkage. A uniform linear shrinkage factor w was hypothe-
sized for each scaffold, defined as:

w ¼ ðwx � wy � wzÞ
1
3 ð2Þ

wi ¼
Li � Li0

Li
� 100%; i ¼ x; y; z ð3Þ



Fig. 5. Shrinkage analysis of scaffolds: (A) Bio-inspired scaffolds before and after sintering; (B) Variation of shrinkage rate with porosity; (C) Variation of shrinkage rate with
irregularity; (D) Specific surface area coefficient of scaffolds with different porosity; (E) Cross-section and (F) migration channels of Por2Ir1 and Por2Ir3 scaffolds.

C. Jiao, D. Xie, Z. He et al. Materials & Design 217 (2022) 110610
The shrinkage rate in each direction was measured several
times, a total of 15 samples were tested, and two groups of uniform
linear shrinkage factors were calculated and compared. Shrinkage
factors of five scaffolds with different irregularities were averaged
for three different porosity levels, and the result is shown in
Fig. 5B. The uniform linear shrinkage factor w increased with the
porosity. To understand this phenomenon, another factor is
defined named as specific surface area factor S, which was calcu-
lated by dividing the surface area by the volume. Design porosity
was verified during this process, and the numerical values were
35.53 ± 0.15%, 48.55 ± 0.12%, 61.75 ± 0.11% for Por1, Por2, and
Por3, respectively. As shown in Fig. 5D, the higher the porosity,
the higher the specific surface area, there was a linear relationship
between the two parameters. The shrinkage diversity can be
explained regarding the energy transformation mechanism of the
sintering process. During the sintering process, the transition of
surface energy to grain boundary energy induced particle densifi-
cation and grain boundary formation, driving the migration of
microscopic matter. The higher the energy difference, the easier
the sintering proceeds, which explains the higher sample density
when nanoparticles with higher specific surface area are used.
From a macroscopical view, specific surface area can be considered
as the area of passage occupied by the unit mass of material migra-
6

tion. It is easier for scaffolds with higher specific surface area to
shrink, and there is a linear relationship between linear shrinkage
and porosity in the test range characterized by the formula:

W ¼ ð0:056Uþ 0:23485Þ � 100% ð4Þ
where U stands for porosity, and both U and w were non-
dimensional factors.

To understand inconsistent linear shrinkage rates for scaffolds
with multiple irregularities, the morphology of Por2Ir1 and Por2Ir3
scaffolds’ sections at the same position is given in Fig. 5E. The cor-
responding uniform linear shrinkage rates are given in Fig. 5C. For
relatively regular porous scaffolds, there are isolated island-like
subsections (Fig. 5E). Matter migration was required in at least
two planes to move to the shrinkage center. As the irregularity
increases, segments begin to interconnect and the probability of
material migration in a single plane increases while migration dis-
tances decrease (Fig. 5F). Thus, the shrinkage rate increased and
the scaffolds became denser. However, the excessive irregularity
caused the overlap of Voronoi control dots, the dense and the por-
ous parts of the scaffolds were divided, resulting in an increase in
migration distance. In summary, the shrinkage rate of scaffolds
with different porosity and irregularity was predictable. Thus, the
dimensional accuracy of the final sintered parts can be guaranteed.
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3.3. Mechanical behaviors

Mechanical behaviors of all scaffolds were tested to meet the
implant requirements of mechanical properties. The compression
process was shown in Fig. 6A and 6B. All the scaffolds showed
the elastic deformation characteristic in the initial stage corre-
sponding to the linear ascending phase of the curves. The higher
the porosity of the scaffolds were, the greater the fluctuation of
the curves was during this stage. This is because the high porosity
scaffolds had a smaller strut size, and the proportion of defects
inside the struts such as stomata was also higher, causing unpre-
dictable mechanical properties. As the compression process con-
tinued, rapid declines can be observed in the curve. These
inflection points were defined as the beginning of destructive
cracks and the compression force at this point is defined as the crit-
ical compression force. The rapid decline of loads confirmed that
the compression of ceramic scaffolds had the brittle fracture char-
acteristics. The scaffolds could still bear a certain compression load
after the first failure point, and the compressive forces correspond-
ing to subsequent failure points were higher than what we con-
sider to be the critical compression forces in most cases.
However, the fragment generated by fracture and fragmentation
was considered to have a negative effect on the cell compatibility
after implantation. Therefore, the first fracture and the preceding
Fig. 6. Mechanical properties of different scaffolds: (A) Compression of Por2 scaffolds
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stages were mainly adopted in plotting the compression curves
and in subsequent discussions.

Critical compressive strength and elastic modulus were used to
quantify and evaluate the mechanical behaviors of different scaf-
folds. The critical compressive strength of each scaffold was calcu-
lated according to the critical force and the corrected area after
shrinkage, while the elastic modulus was measured by the slope
of the compressive curves in the initial stage, as shown in Fig. 6C
and 6D. The critical compressive strength of scaffolds with differ-
ent porosity was significantly different. The Por1-Por3 maximum
values were 19.40, 13.41, and 9.95 MPa. The elastic modulus
showed a similar pattern, and the maximum values of Por1-Por3
were 174.18, 128.64, and 103.50 GPa, respectively. To establish
the mathematical model between porosity and mechanical proper-
ties, Gibson and Ashby [36] fitted the two parameters of porous
metal structures by power function to predict the ultimate load
of scaffolds with different porosity. This function is also applicable
to porous ceramic structures before brittle fracture. The critical
strength (S) and elastic modulus (E) of Ir3 scaffolds with different
porosities were fitted as follows:

S ¼ 34:94526� ð1�UÞ1:3985 ð5Þ

E ¼ 223:43381� ð1�UÞ0:81043 ð6Þ
(B) Compressive curves; (C) Critical compressive strength; (D) Elastic modulus.
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From the equation, the basic properties of the material can be
approximated, so a E0 = 223.43 GPa for a pore-free scaffold was
used as the elastic modulus in the compression simulation. In addi-
tion, according to relevant research [37], the maximum stress
value of cancellous bone was 14.11 MPa under test conditions,
the calculated porosity was 47.7%, and the porosity corresponded
to that of Por2 scaffolds. Therefore, it can be considered that if
the porosity is similar to the Por2 scaffold, better biomimetic char-
acteristics can be obtained.

Furthermore, a significant difference in mechanical behaviors of
scaffolds with the same porosity can be noticed. The critical com-
pressive strength and elastic modulus increased first and then
decreased with the increase of irregularity. To understand this phe-
nomenon, five scaffolds with Por2 porosity were subjected to com-
Fig. 7. Compression simulation: (A) Stress distribution of Por2 scaffolds with different irr
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pression simulation, a uniformly distributed load of 13.5 MPa was
applied on top of the scaffolds and all degrees of freedomwere lim-
ited at the bottom, the results were shown in Fig. 7A.

In order to make the results more intuitive, unified counters and
stress limits were modified. Qualitatively, the red area was used to
characterize the excessive stress. Hence, the Ir2 scaffold had better
compressive resistance with almost no red area. Meanwhile, quan-
titative analysis was performed via collecting the diagonal stress
variation of the structure. Considering the deformation of the scaf-
folds after compression, the distances from the starting point were
stated as the ratio of the diagonal length. The stress distribution
curve along the diagonal are shown in Fig. 7B. The mean values
of the stress were calculated, and Ir2 and Ir3 had better mechanical
performance with 10.78 MPa and 12.52 MPa, respectively, signifi-
egularity under uniformly distributed load; (B) Stress variations along the diagonal.
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cantly lower than the applied load. This result was in good agree-
ment with actual compression. For the Ir1 scaffold, the relatively
regular structure resulted in an unidirection of stress transfer,
and the stress applied was not weakened by the transverse trabec-
ular coupled with distortion of cross-sectional area at nodes.
Therefore, the Ir1 scaffold magnified the load due to the stress con-
centration, and showed poor critical compressive strength and
elastic modulus. As the irregularity increased, the cell structure
similarity to the hexahedral element structure gradually weak-
ened, and multidirectional characteristics of stress transfer were
amplified. While the irregularity reached its maximum level under
design conditions, the region of control points overlapped, and the
pores showed a gradient distribution, the bending stress was
caused because of the excessive length for partial trabecular struc-
tures. Thus a local crash occurred and the compression strength of
the whole scaffold decreased obviously. Hence, proper irregularity
was an important factor in maintaining the mechanical strength of
scaffolds, and Ir2 and Ir3 were the optimized design parameter in
the compression process and the verification via simulation
results.

In addition, scaffolds deformation is a significant phenomenon
due to the uneven distribution of control points resulting in the
density variation of the scaffolds. Different parts of the scaffolds
played different roles during loading, the dense part mainly trans-
ferred the load, and the connection between dense and loose parts
ensured the stability of the scaffolds. Therefore, the force distribu-
tion can be considered in the structural design stage. In fact, bones
are also composed of trabecular elements with different porosity.
Bones have distinct stress distribution characteristics and distinct
direction of load transfer directions during movement. The bio-
inspired scaffold design method mentioned in this paper can effec-
tively simulate the random structure and stress distribution char-
Fig. 8. Design method of gradient bio-inspired scaffolds.

Fig. 9. Proliferation conditions of MC3T3-E1 cells on scaffolds: (A) The variation
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acteristics of cancellous bone. To regulate the stress distribution of
bone scaffold, the first step was to obtain the stress distribution
and direction of stress transfer of bones as shown in Fig. 8, then
to establish the corresponding relationship between different
stress regions and the distribution density of control points refer-
ring to the idea of topology optimization. Load transmission char-
acteristics were achieved by adjusting the density from different
parts of the scaffolds, which further improved the consistency
between bio-inspired structure and cancellous bone.
3.4. Biocompatibility

After matching the mechanical properties with cancellous bone,
the scaffolds need to have certain biological properties. Our previ-
ous research and other researchers in related fields [22,29,38–40]
focused on the impact of the material itself and its modification
process on cytocompatibility. In fact, the structure of the scaffold,
especially the pore morphology, had a certain influence on cell
growth. To evaluate this for ceramic material, MC3T3-E1 cells were
inoculated on scaffolds divided into two groups, the optical density
(OD) values of each scaffold on the 1st, 4th, and 7th days were
depicted in Fig. 9. OD values of all scaffolds increased as the culture
time increased, this revealed that the doping of HA to ZrO2 can pro-
mote the proliferation and differentiation of cells. During the sin-
tering process of the scaffold, BCP was formed, and the uniform
dispersion led to a hydrophilic surface favoring the adhesion of
cells [41]. Besides, the release of calcium and phosphorus ions
[42] provides an environment for the growth of osteoblasts.

The effect of irregularity on cell growth was shown in Fig. 9A,
and the porosity of the scaffolds was por2 (U = 48.55 ± 0.12%). Sig-
nificant differences in cell viability can be seen from comparing OD
values. Similar to mechanical properties, Ir2 and Ir3 scaffolds
showed better cytocompatibility. On the one hand, the prolifera-
tion and differentiation of cells require sufficient scaffold surface.
When the irregularity is too small, a smaller specific surface area
is an inhibiting factor for cell adhesion [43], while a higher irregu-
larity would give rise to excessive fluid velocity at particular loca-
tions, washing away the cells that already adhered. On the other
hand, oxygen and certain ions are necessary for cell growth. When
a higher irregularity was achieved, the penetration depth of the
simulated body fluid decreased, the medium for cell growth could
not be exchanged in time, which would cause the death of some
cells. The above reasons could also explain the relationship
between cellular viability and porosity, the small cell adherence
area of highly porous scaffolds and low penetration depth of dense
scaffolds were negative for cells. Therefore, better cell viability
occurred when the porosity level was Por2. In addition, the viabil-
of OD value with irregularity; (B) The variation of OD value with porosity.
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ity difference of cells on the scaffold of each group decreased grad-
ually along with time. This was due to the hydrophilic properties of
the scaffold and the wettability between the scaffold and simu-
Fig. 10. Laser confocal images of cells on the internal surfaces of scaffolds after incu

Fig. 11. The ARS staining images of MC3T3-E1 cells after incubation for 1

10
lated body fluid. Based on the above experimental results, struc-
ture played a decisive role in the early stage of the scaffold
implant process. Then, functional ions were released due to degra-
bating for 4 days: (A) Por2Ir1; (B) Por2Ir2; (C) Por2Ir3; (D) Por2Ir4; (E) Por2Ir5.

4 days: (A) Por2Ir1; (B) Por2Ir2; (C) Por2Ir3; (D) Por2Ir4; (E) Por2Ir5.
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dation, and the influence of structure on cell activity was reduced.
Therefore, scaffolds with better mechanical properties can be given
priority when the effects of mechanical properties and early cell
compatibility of scaffolds are significantly different. While under
the conditions presented in this paper, the mechanical and biolog-
ical performance of scaffolds were almost similar, so it can be con-
sidered that the designed Ir2 and Ir3 scaffolds are the optimal
structures.

Quantitative analysis showed that the effect of porosity on cell
viability was smaller than that of irregularity; therefore, further
analysis of the irregularity on cytocompatibility was conducted.
Laser confocal images in Fig. 10 show cells on scaffolds with differ-
ent irregularity. The nuclei were stained with DAPI (blue) and the
cytoskeleton was stained with phalloidin (green). The cells present
pseudopodia on the surface of the scaffold after a certain period of
cultivation. The nuclei were uniformly distributed in the visible
range and the adherent cells began to connect to form a cell active
region. In fact, the debinding and sintering process of light-cured
ceramics is accompanied by the generation and elimination of
defects. In the debinding process, the gasification, expansion, and
outward diffusion of internal organic components would cause
microporous defects on the surface of the scaffold, and the interior
of the scaffold also remained micro channels because of incom-
plete sintering. It has been reported that osseous tissues could
tightly attach to the surface of a dense bioceramic prosthesis [44]
but failed to grow into the interior. According to our previous stud-
ies, micro pores on the surface were easier to capture cell suspen-
sion, and micro channels could promote the degradation of
scaffolds and the inward growth of cells, forming the cross-
binding state of new bone tissue and ceramic grain, and enhancing
the biological fixation effect [8].

Further, cell mineralization was observed after 14 days of cul-
ture. For the HA functional material, proteins secreted by cells
combined with calcium and phosphorus ions to form apatite crys-
tals. Therefore, apatite nodules were stained dark shown in Fig. 11,
demonstrating that bone repair was in progress. Although all scaf-
folds could promote mineralization, when the irregularity was
moderate, the mineralization regions generated by each cell were
connected and overlapped to form a larger mineralization region,
and its accelerating effect on the bone repair was more obvious.
Compared with the results of cell adhesion, the mineralization
degree was highly consistent with the cell compatibility. Therefore,
the early repair process can be positively affected by regulating the
structure of the bone scaffolds.

In summary, the moderate irregularity and porosity were favor-
able for biocompatibility. Specifically, Por2Ir2 and Por2Ir3 scaffolds
showed outstanding advantages since the viability, adherence, and
mineralization were better for these scaffolds. Therefore, a combi-
nation of good mechanical performance and biocompatibility can
be realized, which is essential in the bone repair process.
4. Conclusions

In this paper, scaffolds with different porosity and irregularity
were designed and manufactured separately. The shrinkage rate
and compression characteristics of each scaffold were tested, and
the promoting effect of scaffolds on cells was analyzed by
MC3T3-E1 cells. The following conclusions can be drawn:

(1). All the scaffolds could maintain the same shape before and
after sintering. Within the range of design parameters, the
scaffolds shrinkage rate had a linear relationship with the
porosity. In contrast, the change of irregularity had little
effect on the shrinkage rate and could be ignored in the pre-
diction process.
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(2). Through mechanical test and simulation verification, the
compressive strength and modulus of the scaffolds satisfy
the fitting formula of Gibson and Ashby. When the scaffolds
had moderate irregularity, the compressive strength can be
increased by 30% due to the stress concentration avoidance
and the change of stress transfer path.

(3). Due to the BCP formation, all scaffolds were bioactive, and
the effect of structural changes on parameters such as cell
viability was most evident in the early stage. Meanwhile,
the influence of irregularity on biocompatibility is almost
consistent with the change of mechanical properties.
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