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Abstract: To improve the treatment effect of bone defect repair, titanium scaffolds having graded structures with 
porosities of 78.8%, 70.8%, 62.6%, and 54.4% (denoted as P1, P2, P3, and P4, respectively) were designed and 
fabricated by selective laser melting. The manufacturability, microstructure, mechanical properties, and permeability 
were investigated theoretically and experimentally. Simulation results showed that the maximum von Mises stress and 
permeability were in the range of 569.1−1469.0 MPa and (21.7−54.6)×10−9 m2 respectively. Thereinto, P3 and P4 
exhibited lower maximum von Mises stress, meaning a higher strength. The microstructure of fabricated scaffolds with 
P3 and P4 consisted of martensitic α' phase. The yield strength and elastic modulus were 185.3−250.8 MPa and 
6.1−9.7 GPa, respectively. Compared with the scaffold with P3, the scaffold with P4 exhibited higher yield strength and 
a more matched elastic modulus to cortical bone, and its permeability (18.6×10−9 m2) was within the range of permeability 
of human bone. Comprehensively, the scaffold with P4 is a promising candidate for bone defect reconstructions. 
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1 Introduction 
 

Number of patients with bone defects caused 
by trauma or disease is increasing annually, and 
clinical results indicate that bone replacement is an 
effective method to treat bone defects. At present, 
orthopaedic implants usually are fabricated by 
using metal, ceramic and polymer materials, among 

which metal materials have significant advantages 
in fatigue resistance, and machinability. Among the 
metal materials, titanium (Ti) and its alloys, which 
have high specific strength, low elastic modulus, 
and excellent biocompatibility, have been widely 
used [1−3]. However, there are still a series of 
disadvantages with extensively used Ti−6Al−4V 
(Ti64) and commercially pure Ti (CP-Ti). For 
instance, both of them have higher elastic moduli 
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(Ti64 ~120 GPa, CP-Ti ~110 GPa) compared to 
natural bones (3−30 GPa for cortical bone) [4−6]. 
The mismatch of elastic modulus between implants 
and natural bones leads to the stress shielding effect, 
which causes peripheral bone resorption and 
ultimately the failure of implantation [7]. To 
overcome this problem, porous structure was 
introduced to the Ti matrix [8,9]. The porous 
structure not only reduces the elastic modulus 
significantly by adjusting porosity [10−13], but also 
improves the permeability of implants, which is 
beneficial for cell adhesion, proliferation and 
differentiation [14−16]. However, the strength of 
porous scaffolds inevitably decreases with the 
increase in porosity, which then raises the risk of 
fracture failure after implantation. Thus, there is an 
urgent demand to develop porous scaffolds with 
high strength and porosity for clinical applications. 

For enhanced therapeutic effectiveness, graded 
porous scaffolds, mimicking the natural bones both 
morphologically and mechanically, have been 
developed recently [17−21]. In the past, fabricating 
a biomimetic graded scaffold via traditional 
manufacturing methods, for instance, slurry 
foaming, gas foaming, and investment casting, was 
a serious challenge due to the lack of accurate 
control over the shape, size, and distribution of 
pores [22]. But today, with the development of 
additive manufacturing (AM) technology, such as 
selective laser melting (SLM), electron beam 
melting (EBM), and selective laser sintering (SLS), 
the limitations of conventional manufacturing 
methods in fabricating implants with complex 
structures have been addressed [8,23,24]. In several 
additive manufacturing (AM) technologies, SLM is 
regarded as the most promising technology for 
fabricating graded porous structures due to its high 
precision [24,25]. 

Until now, lots of graded Ti-based alloy 
scaffolds have been manufactured by SLM and the 
properties were investigated [17,26−30]. For 
instance, CHOY et al [26] fabricated graded Ti64 
scaffolds with cubic cells by SLM, and the 
mechanical test results showed that the yield 
strength of the graded porous sample was 67% 
higher than that of the uniform sample. WU      
et al [27] designed graded orthogonal structures and 
manufactured scaffolds by SLM. The results of 
compressive tests revealed that the yield strength of 

graded Ti64 specimens was greatly higher than that 
of single-porosity specimens at the same average 
porosity. However, the mechanical properties and 
permeability of bone scaffolds should match with 
the human bones to guarantee excellent mechanical 
and biological adaptability simultaneously. 
Previous studies mainly focused on investigating 
the mechanical properties of graded scaffolds, 
nonetheless, the permeability has been rarely 
studied. Hence, it is imperative to investigate the 
permeability and mechanical properties at the same 
time when designing the graded porous scaffolds 
with excellent mechanical and biological properties. 

In the present work, four graded structures 
with different porosities were designed. The 
mechanical properties and permeability were 
investigated using finite element analysis (FEA) 
firstly. According to simulation results, CP-Ti 
scaffolds with optimized structures were fabricated 
by SLM, and the manufacturability, microstructure, 
compressive properties, as well as permeability 
were investigated systematically. It aims at 
designing the graded scaffolds and optimizing the 
mechanical properties to match the human natural 
bones, to provide basic guidance for its potential 
application in treating bone defects. 
 
2 Experimental 
 
2.1 Design and manufacturing of graded 

structures 
Four graded structures that are based on unit 

cells with the characteristics of both edge-centered 
cubic and face-centered cubic, were constructed 
through SolidWorks software. The length of unit 
cells was 2 mm, while the different radii of struts 
(0.15−0.4 mm) were chosen. The overall 
dimensions of cubic specimens were 10 mm × 
10 mm × 10 mm (length × width × height), and the 
average porosities were 78.8%, 70.8%, 62.6% and 
54.4% (denoted as P1, P2, P3 and P4, respectively). 
The graded structures with decreasing porosity 
from the center to the perimeter, along the direction 
perpendicular to the building direction, were 
composed of three layers (i.e., Layers 1, 2 and 3, an 
example of P3 is shown in Fig. 1). The geometric 
parameters of designed unit cells and graded 
structures are listed in Table 1 and Table 2, 
respectively. 
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Fig. 1 Unit cells used by Layers 1, 2 and 3, and graded 
lattice structure of P3 
 
Table 1 Geometric parameters of designed unit cells 
Unit cell Unit length/μm Porosity/% Strut radius/μm 

1 2000 90.1 150 

2 2000 83.3 200 

3 2000 75.8 250 

4 2000 67.6 300 

5 2000 59.2 350 

6 2000 51.1 400 

 
Table 2 Geometric parameters of designed graded 
structures 

Model Layer Unit cell Average porosity/% 

P1 

1 1 

78.8 2 2 

3 3 

P2 

1 2 

70.8 2 3 

3 4 

P3 

1 3 

62.6 2 4 

3 5 

P4 

1 4 

54.4 2 5 

3 6 

 
Hydride−dehydride titanium powder (HDH-Ti), 

provided by Beijing Xing Rong Yuan Co., Ltd., 
China, was selected as the raw material. In order to 
improve the flowability, the powder was ball-milled 
using a planetary ball-milling machine. The detailed 
process parameters of ball-milling treatment were 

described in our previous studies [31,32]. After 
ball-milling treatment, the powders were sieved by 
using an oscillating sieving machine to obtain the 
powders with a particle size of 23−45 μm for the 
SLM process. 

The tested samples were fabricated by an SLM 
125HL machine (SLM Solutions GmbH, Lübeck, 
Germany). The detailed parameters used during 
fabrication were as follows: laser power 150 W, 
scanning speed 385 mm/s, layer thickness 30 μm, 
and hatching space 0.12 mm. The hatching type of a 
continuous laser mode, in which the alternate angle 
is 33° between each layer, was chosen. And the 
graded scaffolds were built along the Z-axis 
direction that is perpendicular to the direction of the 
gradient. To minimize oxidation, the whole process 
was conducted under an argon gas atmosphere. 
 
2.2 Finite element analysis (FEA) 

The mechanical properties of designed graded 
structures were studied by FEA via Ansys 
Workbench, and the finite element model is 
displayed in Fig. 2(a). The material of graded 
structures in the middle was set as Ti, whose 
density, elastic modulus, Poisson ratio, and 
compressive yield strength are 4.51 g/cm3, 110 GPa, 
0.3, and 830 MPa, respectively [33]. The bottom 
plate was defined as fixed support, and the top  
rigid plate was loaded with a compressive force of  
 

 
Fig. 2 Finite element analysis model and boundary 
conditions: (a) Mechanical analysis; (b) CFD analysis 
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4500 N (about 4.5 times the patient’s mass which is 
assumed to be 100 kg) [34]. General contact with a  
friction coefficient of 0.1 was set between the 
contact surfaces of rigid plates and the designed 
graded structures during the loading process. The 
quadratic tetrahedral element (C3D10) was adopted 
to mesh the graded structures. 
 
2.3 Computational fluid dynamics (CFD) 

analysis of permeability  
Permeability of the graded structures was 

simulated by the module of Fluent of Ansys 
Workbench and the analysed models were 
identified as an incompressible fluid. The Navier- 
Stokes equation (Eqs. (1) and (2)) was used in this 
work, which is suitable for fully developed flow of 
an incompressible fluid with constant viscosity and 
density [35]:  

( ) 21v v v P v F
t

ρ µ
ρ

∂
− ⋅∇ + ∇ − ∇ =

∂
           (1) 

 
0v∇ ⋅ =                                 (2) 

 
where ρ is the fluid density, kg/m3; v is the velocity, 
m/s; t is the time, s; μ is the dynamic viscosity 
coefficient of fluid, Pa·s; ∇  is the Del operator; P 
is the pressure, Pa; F is the force such as gravity 
and centrifugal force, and is set to 0. 

The water was selected as a liquid for CFD 
analysis in this work. The simulated permeability of 
designed graded structures was calculated by [16]  

v Lk
P
µ

=
∆

                               (3) 
 
where k is the permeability coefficient, m2; v is the 
fluid velocity, m/s, and is selected as 0.001 m/s; μ is 
the dynamic viscosity coefficient of fluid, Pa·s, 
which is 10−3 Pa·s; L is the height of the models, m, 
which is 0.01 m; ΔP is the pressure difference 
between the top and its bottom, Pa. The CFD 
analysis model and boundary conditions are shown 
in Fig. 2(b), and the fluid area above the graded 
structures was used to avoid boundary effects. The 
greyish side faces were set as the symmetric 
boundary, and the blue surface was assumed to be a 
no-slip wall. Moreover, the inlet velocity was 
0.001 m/s, and the pressure of the outlet was 
assumed as 0 Pa. 
 
2.4 Characterization 

The manufactured specimens were removed 

from the Ti baseplate by wire cutting, and then 
were sand-blasted and ultrasonically cleaned in 
absolute ethyl alcohol for 30 min to remove the 
powders attached to the surfaces of struts and 
entrapped in the pores. Following that, the samples 
were dried under a vacuum. The morphology of the 
graded structures was observed by scanning 
electron microscopy (SEM, JSM−6480LV). The 
phase of the scaffolds was identified using an X-ray 
diffractometer (Cu Kα, λ=0.15406 nm, Dmax-RB) 
at 50 kV and 200 mA with a diffraction angle  
from 30° to 80° and a scanning rate of 5 (°)/min. 
For the microstructure analysis, scanning electron 
microscopy (SEM, JSM−6480LV) and transmission 
electron microscopy (TEM, tecani G2 F20) were 
used. 

The porosity of graded scaffolds was measured 
by the dry weighing method and Micro-CT 
(Phoenix v|tome|x, GE) at voltage of 70 kV and 
current of 100 µA, and the porosity was calculated 
by Eq. (4) in the dry weighting method. Each 
sample was measured five times repeatedly to get 
reliable results. The theoretical bulk density of 
CP-Ti was assumed to be 4.51 g/cm3. The pore size 
was measured by Micro-CT.  

p

d
1 100%

m
p

m
 

= − × 
 

                     (4) 

 
where p is the porosity of the specimen; mp is the 
mass of graded scaffolds, g; md is the mass of a 
solid cube with the same size as graded scaffolds, g. 

Uniaxial compressive tests were conducted 
along the building direction (Z-axis) at room 
temperature via the universal testing machine 
(CMT4305), and the compressive strain rate of 
0.01 mm/s was selected according to the ISO 
13314:2011(E) [36]. In order to ensure the accuracy 
of results, three samples of each graded scaffold 
were measured. 

The falling head method was used to  
evaluate the permeability of graded scaffolds, and 
Fig. 3 shows the experimental facility. The 
permeability of graded scaffolds can be calculated 
by Eq. (5) [37].  

1 0

2 1 2 0
ln

( )
LaHk

A t t L g
µ
ρ

=
−

                    (5) 
 
where a is the cross-section area of the standpipe, 
m2; A is the cross-section area of the tested sample, 
m2; H is the height of the sample, m; L1 is the initial 
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height, m; L2 is the final height, m; t1 is the initial 
time at the height of L1, s; t2 is the final time at the 
height of L2, s; μ0 is the dynamic viscosity 
coefficient of water, which is 1×10−3 Pa·s; ρ0 is the 
density of water; g is the acceleration of gravity, 
m/s2. 
 

 
Fig. 3 Schematic diagram of permeability test     
device using falling head method: 1− Standpipe; 
2−Water level difference; 3−Specimen; 4−Rubber ring; 
5−Tank 
 
3 Results and discussion 
 
3.1 Results of FEA 

Figure 4 shows the von Mises stress 
distribution and total deformation of four graded 
structures. As shown in Figs. 4(a)−(d), the stress   
is concentrated in the middle part of each cell  
which refers to the strut joints. This phenomenon is 
caused by the straight edges and sharp turns in 
structures, which is consistent with the strut-based  

structure BCC mentioned previously [38]. Although 
the stress was larger at the strut joint, overall the 
stress distribution was relatively uniform in the four 
graded structures, indicating that the graded 
structures in this study had excellent stress 
conduction ability. The results of the total 
deformation of four graded structures are    
similar to those of von Mises stress distribution 
(Figs. 4(e)−(h)), which exhibits uniform 
deformation. 

Figure 5 exhibits the pressure distribution of 
four graded structures. It can be seen from Fig. 5 
that the pressure distributions of four graded 
structures with different porosities are similar, 
namely, the pressure drops from the inlet to the 
outlet. The average pressure drop (ΔP) from the 
inlet to the outlet of P1, P2, P3, and P4 structures 
was 0.1832, 0.2421, 0.3279, and 0.4608 Pa, 
respectively. Based on ΔP, the permeability of four 
graded structures was calculated, and it decreased 
along with the porosity, which is consistent with  
the results of other literature [39,40]. The 
permeabilities of P1, P2, P3, and P4 structures are 
54.6×10−9, 41.3×10−9, 30.5×10−9, and 21.7×10−9 m2, 
respectively, and all of them are close to the value 
of human bones. 

The pore size of scaffolds is one of the 
important characteristics affecting new bone growth, 
and hence the pore sizes of graded structures were 
measured using the original 2D slice images. The 
distributions of pore sizes with different graded 
structures are shown in Fig. 6, where D50 was pore 
diameters of 50% at a cumulative frequency of pore 
sizes, and was usually used to represent the average 

 

 
Fig. 4 von Mises stress distribution (a−d) and total deformation (e−h) of four graded lattice structures: (a, e) P1;      
(b, f) P2; (c, g) P3; (d, h) P4 
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Fig. 5 Pressure distribution of four graded structures: (a) P1; (b) P2; (c) P3; (d) P4 
 

 
Fig. 6 Distribution of pore size of samples with different structures: (a) P1; (b) P2; (c) P3; (d) P4 
 
pore size. It can be seen that the pore size 
distribution is in the ranges of 250−2000, 0−2000, 
0−1750, and 0−1750 μm, respectively. With the 
average porosity increasing from 54.4% to 78.8% 

(P4 to P1), the average pore size increased from 
490.6 to 1040.3 μm. It is commonly believed that 
the pore sizes of porous scaffolds in the range of 
300−700 μm are beneficial for new bone 
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regeneration [24]. Thus, from the point of average 
pore size, the graded P3 and P4 structures are more 
suitable. 

The permeability, the maximum von Mises 
stress, the maximum total deformation, and the pore 
size of four graded structures are summarized in 
Table 3. With the porosity increase (from P4 to P1), 
the permeability, maximum Von-Mises stress, and 
the maximum total deformation of four graded 
structures are in the range of (21.7−54.6)×10−9 m2, 
(569.1−1469.0) MPa, and (0.0138−0.0444) mm, 
respectively. Among them, the permeability of P3 
and P4 structures was close to that of human bones 
while the maximum von Mises stress was lower 
than the yield stress of dense CP-Ti material 
(830 MPa). Additionally, as analysed above, the 
average pore size of graded P3 and P4 structures 
favours bone regeneration. As a result, the graded 
structures P3 and P4 were selected and 
manufactured by SLM for the following study. 

 
3.2 Manufacturability and microstructure 

Figure 7 shows the designed CAD models, the 
fabricated samples, and corresponding SEM images 
of the fabricated samples after sand-blasting. It can 

be seen that the geometrical characteristics of 
as-built samples are consistent with CAD models 
without distinct defects. In order to evaluate the 
quality of SLM-fabricated samples further, the 
characteristics of designed CAD models and 
as-fabricated samples, including the strut radius, the 
porosity, and the pore size, are summarized in 
Table 4. The strut radius of as-built samples was 
found to be slightly larger than that of the CAD 
models while the porosity and pore size were 
marginally lower, but the deviation was low (<2%). 
This tiny deviation was attributed to a few residual 
partially melted powders which were not removed 
by simple mechanical methods, and the bumps (as 
yellow arrow shown in Fig. 7) were caused by 
stair-stepping effect. These results indicate that 
high-quality porous scaffolds can be obtained by 
SLM through simple post-processing methods such 
as sand-blasting and ultrasound cleaning. 

Figure 8 presents the XRD patterns of graded 
CP-Ti scaffolds with P3 and P4 structures. The 
XRD patterns of different scaffolds were similar 
with only peaks of hexagonal-closed pack  
titanium (hcp-Ti) existed. However, compared with 
milled powders, there was a slight deviation in the  

 
Table 3 FEA results of graded porous lattice structures 

Model Porosity/% Permeability/ 
10−9 m2 

Maximum  
von Mises stress/MPa 

Maximum total 
deformation/mm 

Average pore 
 size/μm 

P1 78.8 54.6±2.1 1469.0 0.0444 1040.3 

P2 70.8 41.3±1.7 975.2 0.0275 845.2 

P3 62.6 30.5±1.2 724.6 0.0187 611.3 

P4 54.4 21.7±0.9 569.1 0.0138 490.6 
 

 

Fig. 7 Designed CAD models (a−d), SLM-fabricated samples (e, g), and corresponding SEM images (f, h) of SLM- 
fabricated samples after being sand-blasted: (a, b, e, f) P3; (c, d, g, h) P4 
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Table 4 Porous characteristics of as-built graded CP-Ti scaffolds with P3 and P4 structures in comparison to CAD 
models 

Model 
Design  As-built 

Porosity/ 
% 

Strut radius/ 
mm 

Pore 
size/μm  Dry weighting 

porosity/% 
CT porosity/ 

% 
Strut radius/ 

mm 
Pore 

size/μm 

P3 62.6 

0.25 

611.3  61.7±0.3 61.9±0.2 

0.252±0.002 

601.6±0.8 0.3 0.303±0.002 

0.35 0.355±0.004 

P4 54.4 

0.3 

490.6  53.6±0.2 53.8±0.1 

0.305±0.003 

478.5±0.9 0.35 0.355±0.003 

0.4 0.406±0.004 

 
 

 
Fig. 8 XRD patterns of raw powder and as-built graded 
porous CP-Ti scaffolds with P3 and P4 structures 
 
diffraction peaks of CP-Ti fabricated by SLM. The 
lattice parameters of as-built CP-Ti by SLM 
calculated by the XRD pattern were a=0.2949 nm 
and c=0.4703 nm, indicating that the phase was 
martensitic α′ phase, which agreed with the 
previous studies [31]. The formation of α′ phase can 
be attributed to the high rates of heating and cooling 
(103−108 K/s) during SLM processing which 
promotes the non-equilibrium phases transformation 
from β to α′ [31]. 

Figures 9(a) and (b) show the microstructures 
of scaffolds with P3 and P4 structures. It can be 
seen that both scaffolds are completely dense 
without obvious pores. The microstructures of 
CP-Ti scaffolds with P3 and P4 structures were 
complete fine zigzag acicular martensitic α′ phase 
without an obvious difference. Figures 9(c) and (d) 
show the TEM patterns of graded CP-Ti scaffold 
with P4 structure, and both brightfield images at 
low and high magnification show the fabricated 
sample consisted of acicular grains. The relevant 

selected area electron diffraction (SAED) image 
further indicated that the scaffold was an hcp-Ti 
structure (Fig. 9(d)), which agreed with the results 
of SEM and XRD patterns. 
 
3.3 Permeability and mechanical properties 

The permeability of scaffolds tested by the 
falling head method and CFD as well as natural 
bones are shown in Table 5. It can be seen that the 
permeability of graded CP-Ti scaffolds measured 
by the experiment increased with porosity, which 
was consistent with the simulation results and 
previous studies [37,39]. But the experimental 
values were lower than the results obtained by CFD. 
This was mainly due to the friction caused by the 
roughness of the as-built samples. A similar 
relationship between CFD analysis and experiment 
tests was also discovered by YU et al [15]. The 
experimental permeability of the CP-Ti scaffold 
with P4 structure was 18.62×10−9 m2, which was in 
the range of permeability of natural bones 
((0.0268−20)×10−9 m2), meaning that CP-Ti with 
the P4 structure has good mass-transport properties 
to deliver oxygen and nutrition for bone tissue 
regrowth. 

Figure 10 shows the engineering compressive 
stress−strain curves of graded CP-Ti scaffolds with 
P3 and P4 structures. Both two stress−strain curves 
began with a linear elastic stage. Then a plastic 
yield plateau stage occurred in both curves, and at 
this stage, the stress increased linearly with the 
strain slowly. After that, the stress−strain curve of 
the graded CP-Ti scaffold with P3 structure 
exhibited a fracture at about 35% strain. As for 
graded CP-Ti scaffold with P4 structure, the stress− 
strain curve showed a longer plastic yield plateau 
stage which was up to around 50% strain. 
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Fig. 9 SEM and TEM images of graded porous CP-Ti scaffolds: (a, b) SEM image of graded porous CP-Ti scaffolds 
with P3 and P4, respectively; (c) Brightfield image of graded porous CP-Ti scaffold with P4; (d) Brightfield image with 
higher magnification of graded porous CP-Ti scaffold with P4 (inserted SAED pattern) 
 
Table 5 Permeability of graded lattice CP-Ti scaffolds with P3 and P4 structures measured by CFD and falling head 
method as well as natural bone 

Scaffold Porosity/ 
% 

Simulated permeability/ 
10−9 m2 

Measured permeability/ 
10−9 m2 Source 

P3 61.9±0.3 30.5±1.2 27.1±0.8 This study 

P4 53.8±0.2 21.7±0.9 18.6±0.6 This study 

Natural bone Up to 90 − 0.0268-20 [40] 

 

 

Fig. 10 Engineering compressive stress−strain curves of 
graded CP-Ti scaffolds with P3 and P4 structures 

From the stress−strain curves, the yield 
strength and elastic modulus of the SLM-fabricated 
samples with P3 and P4 structures were obtained. 
Table 6 shows the mechanical properties of CP-Ti 
scaffolds with P3 and P4 structures in comparison 
to cortical bone, as well as CP-Ti or Ti64 with 
porous structures in the previous literature 
[15,26,37,41−43]. It can be found that the elastic 
moduli of as-built scaffolds in this study were 6.1 
and 9.7 GPa, respectively, while the yield strengths 
were 185.3 and 250.8 MPa. Among them, the 
scaffold with the P4 structure exhibited a close 
elastic modulus to human natural bone, but the 
yield strength was 1.9 times that of cortical bone. 
Additionally, compared with the CP-Ti or Ti64 
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Table 6 Mechanical properties of graded porous CP-Ti scaffolds in this study in comparison with results from previous 
literature as well as cortical bone 

Scaffold Material Porosity/% Yield strength/MPa Elastic modulus/GPa Source 

P3 CP-Ti 61.9±0.3 185.3±4.3 6.1±0.21 This study 

P4 CP-Ti 53.8±0.2 250.8±4.8 9.7±0.25 This study 

BCC Ti−6Al−4V 65 153.0±8.6 4.7±0.1 [15] 

P3 Ti−6Al−4V 48.4 156.1±20.3 9.01±0.35 [37] 

Cellular CP-Ti 37 113±0.3 13.1±0.3 [41] 

C1 FGM Ti−6Al−4V 65 113.0±2 4.3±0.2 [26] 

Step-wise FGPB Ti−6Al−4V 56.4 170.6±15.6 10.44±0.2 [37] 

Dense-in Ti−6Al−4V 62 114±8 3.9±0.8 [42] 

Cortical bone bone 5 131±20.7 10.1±2.4 [43] 

 
porous scaffolds in literature at a similar porosity, 
the scaffold with the P4 structure shows a similar 
elastic modulus but higher yield strength. These 
results mean that the graded scaffold with the P4 
structure not only can avoid stress shielding but 
also is strong enough to bear the loading force 
during implantation. As a result, excellent 
mechanical properties, appropriate permeability, 
and high porosity make graded CP-Ti scaffold with 
P4 structure a promising candidate for biomedical 
implant applications. 
 
4 Conclusions 
 

(1) Compared with P1 and P2 structures, P3 
and P4 structures exhibit lower maximum Von- 
Mises stress, meaning that these two structures have 
higher mechanical properties. The simulated 
permeabilities of P3 and P4 structures are 30.5×10−9 
and 21.7×10−9 m2 respectively and close to that of 
the human bone. 

(2) Compared with CAD models, the porosity 
and pore size of the SLMed samples decrease 
slightly while the strut radius increases mildly, but 
the deviation is in a reasonable range (<2%). All 
fabricated samples are dense without holes, 
demonstrating that the printing quality is high. 

(3) The microstructure of fabricated scaffolds 
consists of acicular martensite. The elastic modulus 
of graded scaffolds with P4 structure is close to the 
natural bones while the compressive yield strength 
is 1.9 times that of natural bones. The permeability 
of scaffolds with P4 structure is 18.6×10-9 m2, 

which is in the range of natural bones. 
(4) Compatible elastic modulus, higher yield 

strength, appropriate permeability and high porosity 
make graded scaffolds with P4 structure a 
promising candidate for bone restorations, and 
therefore it can be considered for further study for 
using as orthopaedic implants. 
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基于选择性激光熔化技术的骨缺损修复用 

梯度多孔钛支架的研制与表征 
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摘  要：为提高骨缺损修复的治疗效果，设计孔隙率为 78.8%、70.8%、62.6%和 54.4%的梯度多孔钛支架(分别表

示为 P1，P2，P3 和 P4)，并通过选择性激光熔化技术进行制备。通过模拟和实验方法研究支架的成形性、显微组

织、力学性能和渗透性能。模拟结果表明，4 种梯度结构的最大等效应力和渗透性分别在 569.1~1469.0 MPa 和

(21.7~54.6)×10−9 m2 范围内，并且 P3 和 P4 具有更小的最大等效应力，表明 P3 和 P4 具有更高的强度。P3 和 P4

结构支架的显微组织为 α'马氏体，屈服强度和弹性模量分别为 185.3~250.8 MPa 和 6.1~9.7 GPa。相比于 P3 结构

支架，P4 结构支架展现出更高的强度和与皮质骨更加匹配的弹性模量，并且其渗透性(18.6×10−9 m2)在人体骨组织

渗透性范围内。因此，具有 P4 结构支架有望被应用于骨科植入领域。 

关键词：梯度多孔钛；骨植入体；选择性激光熔化；力学性能；渗透性 
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