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Structural morphology, defects, compressibility and permeability properties studied by finite 
element analysis, selective laser melting technology and micromorphology, mainly to analyze the 
effect of porosity on the performance of porous skeletal scaffolds. The results showed that during 
the preparation process, there are construction errors. The designed structures were able to meet the 
requirements of cancellous and cortical bone in terms of compressive stress and elastic modulus. 
The compressive stresses of the diagonal cubic compact row and octahedron are more similar at the 
same porosity, the elastic modulus and compressive stress decrease with increasing porosity for three 
structures. In the hydrodynamic analysis, the maximum flow velocity appears in octahedron up to 
0.001m/s. Permeability increases with increasing porosity for all structures. The maximum permeability 
was obtained at 75% porosity for all structures, the pressure drop for three structures at this porosity 
was most similar to that of natural bone (4.153 E3 N/m3).

Keywords: Selective laser melting (SLM), Porous Skeletal Scaffold, Porosity, Finite element 
simulation (FEM), Permeability.

1. Introduction
Bones act as a support for the body and can greatly reduce 

damage from external impacts1. However, there are many 
examples of bone injuries, in order to solve the problem of 
difficult to repair bone injuries, artificial bone implants have 
been discovered and have received widespread attention, 
the ideal bone implant should have good biocompatibility, 
excellent bioactivity, and mechanical properties similar to 
natural bone, etc2.

Artificial bone is mainly divided into two categories: 
dense cortical bone and loose cancellous bone. When choosing 
bone substitutes, it is necessary to consider whether they can 
meet the stiffness and strength close to that of natural bone, 
so as to avoid the generation of “stress shielding” effect. In 
order to solve the problem of “stress shielding”, which leads 
to defects such as reduced bone mass and loosening of bone 
implants, porous skeletal scaffolds have been introduced, 
and the elastic modulus is reduced by adjusting the size of 
the porosity of the porous skeletal scaffolds, thus eliminating 
the “stress shielding” effect3,4. At the same time, the pores 
of the porous skeletal scaffold facilitate the transport and 
exchange of nutrients, oxygen, cytokines, and other substances 
in the bone, which promotes the rapid reconstruction of the 
new bone tissue as well as the osseointegration between the 
tissue and the implant5. Considering the relationship between 
bone adaptation and mechanical properties, the selection of 
appropriate pore sizes and geometries has become a major 

concern. Numerous studies have shown that porous skeletal 
scaffolds with a pore size of 400 μm to 700 μm and a porosity 
of 30% to 95% are more favorable for new bone growth and 
angiogenesis6. Taniguchi  et  al.7 noted that scaffolds with 
pore sizes of 600 μm and 900 μm were more suitable for 
bone growth than 300 μm. Arjunan et al.8 systematically 
investigated the stiffness, strength and stress concentration 
of scaffolds with different porosities, pointing out that the 
shape of the pores has an important effect on the permeability, 
stiffness and strength of the skeleton.

There are many methods to prepare porous skeletal 
scaffolds, among which the selective laser melting (SLM) 
technology, as a kind of additive manufacturing, is widely used 
due to its advantages of manufacturing complex geometries 
with high precision, more flexible design, shorter production 
time, various choices of materials, and lower cost4,9,10. 316L 
stainless steel has good biocompatibility and good corrosion 
resistance, as well as low cost, and has gained a lot of 
attention because of these advantages11,12. Čapek  et  al.13 
prepared 316L stainless steel scaffolds with 87% porosity 
similar to the mechanical properties of trabecular bone by 
the SLM method for replacement of joints with trabecular 
bone defects.

The current focus of porous scaffold design is mainly on 
porosity and mechanical properties, neglecting its connectivity, 
the interconnected apertures can provide sufficient space 
for cell attachment and growth14. Complex internal struts 
can narrow the connectivity within the structure and stress *e-mail: xsb@sdjzu.edu.cn
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concentrations can occur, resulting in cell clogging and 
affecting cell attachment and growth15. According to the 
study, large bone scaffolds experience cellular wilting, which 
is caused by insufficient nutrient supply, which means that 
the distance of nutrient supply to the bone scaffolds under 
low-mass transportation conditions appears to be 5 mm16. 
The key to successful stent grafting is oxygenation and 
nutrient transport, and the permeability of the stent is critical 
in assessing substance transportability17. In addition to this, 
the fatigue resistance of the metal is a critical factor, and 
porous scaffolds prepared by additive manufacturing are 
more prone to fatigue damage. Defects in the construction 
process (porosity, inclusions, unfused, etc.), roughness, etc. 
can greatly affect the fatigue properties of the material18. 
However, there are relatively few studies related to fatigability, 
which should be given greater attention.

In this paper, three different structures of 316L stainless 
steel porous skeletal scaffolds were prepared using SLM 
technique. Four different porosities were designed for each 
of these structures, and finite element simulations and related 
experiments were performed to investigate the effect of 
porosity of porous skeletal scaffolds on their mechanical 
properties as well as permeability properties, provide options 
and theoretical support for optimal porosity and structure 
applicable to different skeletal parts of the human body.

2. Experimental Materials and Sample 
Preparation

2.1. Selection of experimental material
In this paper, the 316L powder obtained by argon 

atomization method was chosen as the raw material, and the 
316L powder was mainly presented as a spherical shape, 
with the particle size mainly distributed in the range of 
6-40μm, and the average particle size was 19.6μm as shown 

in Figure 1b, and the distribution of its main elements was 
shown in Table 1 below.

2.2. Sample preparation

2.2.1. Bracket three-dimensional model design
The bracket model was generated by UG 12.0 (Siemens 

PLM Software, USA). In this paper, body-centered cubic 
peripheral square (SCBCC), diagonal cubic compact row 
(DCC) and octahedron (ODC) are selected as the research 
objects. The SCBCC structure is a transversely isotropic 
lattice structure that better mimics natural bone properties, 
maintains physiological load transfer and reduces implant-
induced stress-strain deformation19. The BCC structure has 
good controllability of porosity due to its ideal isotropic 
properties20. ODC structures have high modulus of elasticity 
and yield strength, making them the best choice for lightweight 
structures21. Three types of structural units are shown in 
Figure 2, the specific modeling process is shown in Figure 3. 
The theoretical porosity P of the porous scaffold is shown 
by the mathematical model Equation 1. Where 1V  is the 
volume of porous structure and 2V  is the volume of dense 
structure. The porosity of the scaffold and its pore diameter 
d were controlled by setting the cylindrical diameter r and 
cylindrical length L in the modeling. Numerous studies 
have shown that porous implants with porosities of 30% 
to 95% exhibit better new bone growth and angiogenesis6. 
The porosity of the scaffold was set to be 55%, 65%, 75%, 
and 85% in this study, respectively, and the specific design 
parameters are shown in Table  2. Porous scaffolds with 
different unit structures are abbreviated by the name of the 
structure - porosity, e.g. DCC-55%, DCC-65%, DCC-75%, 
DCC-85%, etc.

1

2

V1  100%
V

P
 

= − ×  
 

	 (1)

Table 1. 316L powder element distribution.

Element Fe C Mn Si Ni Cr Mo S P
Content(wt.%) 67.189 0.015 0.90 0.43 10.66 17.49 2.36 0.005 0.020

Figure 1. (a) SEM image of 316L powder; (b) particle size distribution.
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2.2.2. Preparation of 316L porous skeletal scaffolds by 
SLM method

The metal additive manufacturing equipment used in this 
study is the FS121M metal forming equipment developed 
independently by China Huashu Hi-Tech, and the forming 
method is selective laser melting. The 3D model is imported 
into the machine via a stereolithography (STL) file, then 
the process parameters are set, and this machine executes 
along the necessary tool paths based on the imported STL 
file, building 2D layers directly, each one on top of the 
previous one, and finally making the 3D part22. Among the 
selected process parameters are laser power 190W, scanning 
pitch 0.08mm, scanning speed 900mm/s, laying powder 
thickness 0.03mm, this parameter is the default parameter 
of the machine, and the energy density can be obtained as 
88.96J/mm3. Three copies of porous skeletal scaffolds with 
different structures and different porosities were printed for 
each group, and the samples are shown in Figure 4.

EDM wire cutting was used to cut the printed experimental 
parts from the stainless steel plate. The cut experimental parts 
were put into the ultrasonic cleaning machine, anhydrous 
ethanol was poured into the ultrasonic cleaning machine 
until the experimental parts were submerged, ultrasonic 
cleaning was carried out, and so on for 5~6 times to remove 
the excess metal powder remaining in the porous skeletal 
scaffolds, and the experimental parts were taken out for 
drying and standby.

The test methods mainly include:
1.	 The samples were finely scanned using a KMS laser 

spectroscopic confocal microscope and their profiles 
were measured to derive the error value between 
the actual porosity and the theoretical porosity.

2.	 By using WDW-100E electronic universal testing 
machine, compression experiments were carried 
out on porous skeletal scaffolds with different 
structures and different porosities to study their 
mechanical properties.

3.	 Finite element simulation of porous skeletal scaffolds 
was performed using Ansys software. Compression 
simulation and hydrodynamic simulation of porous 
skeletal scaffolds were performed using Static 
Structure module and Fluent module in Ansys 
software, respectively. In order to improve the 
computational accuracy and save computational 
resources, the model is composed of 4×4×4 cells, 
and the cell mesh is selected to be divided by 
tetrahedral mesh. The mesh size was optimized by 
the mesh sensitivity program, taking into account 
both accuracy and time, and the final mesh size 
was set to 0.05 mm.

4.	 The porous scaffolds were characterized by 
micromorphology (SEM) using a SUPRA 55 
scanning electron microscope. Study its structural 
morphology and defects.

Table 2. Porous skeletal scaffold design parameters.

Structures Porosity 
(%)

Cylinder 
diameter(mm)

Cylinder 
length (mm)

Pore size 
(μm)

SCBCC 55 0.58 3.20 250
65 0.50 3.00 330
75 0.40 3.10 430
85 0.30 3.20 530

DCC 55 0.63 2.80 198
65 0.52 2.80 308
75 0.43 2.80 398
85 0.31 2.80 518

ODC 55 0.78 1.70 634
65 0.66 1.62 754
75 0.54 1.56 874
85 0.40 1.42 994

Figure 3. Porous skeletal scaffold modeling steps.

Figure 2. Unitary structure of porous skeletal scaffold (a) SCBCC; (b) DCC; (c) ODC.
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3. Experimentation and Simulation

3.1. Error analysis
The laser power directly affects the energy input to the 

SLM, producing different defects, which in turn affects 
the quality of the printed sample. Incomplete melting or 
spheroidization of powder are two common phenomena, 
where spheroidization leads to the creation of irregular pores, 
and incomplete melting of powder leads to the presence of 
unmelted particles in the melted powder, which combine 
to create defects23. Either case affects the porosity of the 
porous scaffold, making the actual porosity in error from 
the theoretical porosity.

The porous skeletal scaffolds were characterized 
microscopically, and as shown in Figure 5, the internal defects 
were mainly in the form of irregular circular shaped pore 
defects (red arrows) and unmelted residue defects (white 
arrows). The reason for this phenomenon is: As the layers 
of powder are stacked on top of each other, the powder 
undergoes continuous melting and cooling to form new 
layers. Depending on the input energy, when the energy 
does not reach the required value, the powder fails to fill the 
pores and irregular pores are formed, accompanied by the 
adhesion of unmelted powder on the surface. The effects of 
the defects on the organization and properties of the scaffolds 
cannot be ignored and subsequent studies are still needed.

As shown in Figure  6, the laser diagrams of three 
different structures with different porosities, in which 
the three structures have the same pattern of microscopic 
contour diameters, all of them have the most severe powder 
adhesion in the transverse strut and the relatively weakest 
in the longitudinal strut. There is irregular pore generation 
inside the strut of the porous stent, and there is more powder 
adherence around it, in which the particles on the upper 
surface are more firmly adhered, and the particles on the 
lower surface are more loosely adhered, which leads to an 
increase in the diameter of the strut column and affects the 
porosity. Three structures with a porosity of 75% are used 
as examples for specific analysis. As shown in Figure 7, all 
three structures exhibit an increase in the cylindrical diameter 

of the struts, and transverse strut diameter > staggered strut 
diameter > longitudinal strut diameter, resulting in actual 
porosity < theoretical porosity. The reason for the above 
phenomenon may be: during the construction process, the 
heating of SLM technology is accumulated layer by layer, 
and the new layer is always exposed to the laser beam and 
the powder is completely melted. Surrounded by unmelted 
powder, its heat transfer effect is not good, so the heat is 
mainly dissipated by the solidification of the lower layer. 
There is no support at the bottom, and the lower surface 
is directly in contact with the unmelted powder, which is 
easy to produce overheating phenomenon; therefore, when 
the melt pool is solidified, the unmelted powder is mainly 
adhered to the lower surface, which makes the cylindrical 
diameter of the strut increase and produces errors.

Table  3 shows the error values of three structures 
with different porosities. As shown in Table  3, the error 
is controlled from 0.16% to 3.83%, this error is generated 
at the time of construction, and the process parameters at 
the time of printing can be adjusted to reduce. The error is 
within manageable limits and has a negligible effect on the 
performance of the bracket.

Figure 4. SLM-formed porous skeletal scaffolds (a) SCBCC; (b) DCC; (c) ODC.

Figure 5. Microstructural defects of the stent.
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Figure 6. Laser maps of three different structures with different porosities (a) SCBCC; (b) DCC; (c) ODC.

Figure 7. Microcontours of three different structures with 75% porosity (a) SCBCC; (b) DCC; (c) ODC.

Table 3. Error values of different porosities for three different structures.

Structures Actual cylinder diameter (mm) Actual pore size (μm) Theoretical porosity(%) Actual porosity(%) Errors(%)

SCBCC

0.631 234.94 55 52.50 2.5
0.526 321.76 65 62.55 2.45
0.427 419.52 75 73.85 1.15
0.359 514.12 85 82.51 2.49

DCC

0.684 176.98 55 53.32 1.68
0.627 283.49 65 62.81 2.19
0.485 388.65 75 74.13 0.87
0.462 502.97 85 82.57 2.43

ODC

0.887 600.17 55 51.17 3.83
0.682 740.72 65 64.84 0.16
0.573 860.20 75 74.60 0.40
0.4889 964.15 85 81.45 3.55
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3.2. Compressive performance test

3.2.1. Static mechanics
In the finite element analysis, due to the specificity of 

the three structures, and in order to ensure that the forces 
on the three structures are uniform during compression, 
thin plates are added to the top and low ends of the three 
brackets for compression to simulate the process of their 
compression. The boundary conditions of the finite element 
simulation were kept consistent with the experiments, a 
force with a direction axially downward and a size of 3000 
N was applied, with the bottom set as a complete constraint, 
the compression was carried out with a speed of 1 mm/min 
during the experiments, and the deformation was stopped 
when the deformation reached about 70%. The specific 
design is shown in Figure 8.

Figure 9 shows the finite element simulation and the 
actual compression of the porous skeletal scaffold. From 
Figure  9, it can be seen that the deformation of three 
structures is obvious bending deformation of the cylindrical 
rod emanating from the center of the unit, and obvious 
irregular deformation of the enclosed aperture. It can also 
be seen from the figure that the three structures also have 
different deformation characteristics. When the Figure 9a 
(SCBCC) is subjected to compression force, the column 
part of the unit body mainly acts as a support, the cross-
column part is subjected to the smallest force, and in the 
finite element analysis, it can be clearly seen that the stress 
concentration occurs at the intersection of the column and 
the unit columns, in the experimental process, it is also the 
first deformation that occurs in this part. Figure 9b (DCC), 
the stress is mainly concentrated on the cross columns, the 
cross columns at the bottom are subjected to the largest 
stress, while the intersection of the columns is subjected 
to the smallest stress, and it can be found in the actual 
experiments that the deformation is in the way of collapsing 
layer by layer from the top to the bottom, there is a slight 
breakage on the cross columns at the lowest end. For the 
SCBCC and DCC, the internal transverse columns are mainly 
subjected to compressive shear force, which is mainly used 
to resist the longitudinal deformation of the columns, so the 
transverse columns in the two structures are subjected to the 
smallest force. Finally Figure 9c (ODC) can be seen, in the 
force, each unit deformation degree is different, the overall 
deformation trend for the external expansion of deformation, 
accompanied by the occurrence of the phenomenon of twisted 
tilt, the stress is concentrated in the bottom periphery of the 
tilted pillars, so the first deformation occurs. It is basically 
consistent with the stress distribution, main deformation 
parts and overall deformation predicted in the finite element.

Figure 8. Static mechanical finite element model diagrams (a) 
SCBCC; (b) DCC; (c) ODC.

Figure 9. Finite element simulation and actual compression of porous skeletal scaffolds (a) SCBCC; (b) DCC; (c) ODC.
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Figure 10 shows the stress-strain curves for different 
structures and different porosities. It was found that the 
compression process of the porous skeletal scaffolds is 
mainly divided into three stages, which are the elastic stage, 
the plastic deformation stage and the compaction stage24. 
In the elastic stage, the stress increases linearly with the 
increase of strain; in the plastic deformation stage, the 
trend of increasing stress decreases with the increase of 
strain, and the whole stent produces plastic deformation, 
the stent continues to deform as the load force continues to 
increase, so that the stent gradually tends to be densified, 
which results in the rise of compressive resistance; in the 
compaction stage, the compressive resistance continues to 
be improved, and this phenomenon occurs because of the 
adhesive bonding of the un-melted or semi-melted powder 
around the central connection point of the unit and the 

intersection portion of the unit columns gives the skeletal 
stent its resistance to buckling. From Figure 10d, it can be 
seen that the compressive strength of the three structures 
is DCC>ODC>SCBCC for the same porosity of 75%. 
The compressive stresses of DCC-75%, ODC-75%, and 
SCBCC-75% were 78.93 MPa, 74.10 MPa, and 57.24 MPa, 
respectively. The compressive properties and stress magnitudes 
are in general agreement with those predicted in the finite 
elements. Figure 10e is the result of the compressive stress 
obtained from the stress-strain curve, from (e) it can be 
seen that the relationship between all three structures and 
porosity is a linear equation, and the compressive stresses 
of DCC and ODC are similar with the same porosity, and 
there is a large difference with SCBCC. The compressive 
stress decreases with increasing porosity, independent of 
the structure of the porous scaffold.

Figure 10. Stress-strain curves for different structures and different porosities (a) SCBCC; (b) DCC; (c) ODC; (d) Comparison of stress-
strain for different structures with a porosity of 75%、Comparison of testing and simulation of three structures with 75% porosity; (e) 
Porosity vs. compressive stress.
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3.2.2. Modulus of elasticity of porous skeletal scaffolds
The magnitude of elastic modulus of a porous skeletal 

scaffold is the primary prerequisite for measuring whether 
a porous skeletal scaffold meets the requirements for 
implantation. For the calculation of elastic modulus of 
porous parts, the Gibson-Ashby25 formula is usually used, 
according to which it can be calculated whether the porous 
bracket meets the requirements of implantation or not, and 
the formula is shown below:

* * m

s s

E C
E

ρ
ρ

 
 =
 
 

	 (2)

Where E* is elastic modulus of the porous skeletal scaffold 
and Es is elastic modulus of the solid, 316L stainless steel 
was chosen as the raw material in this study and Es=210 GPa, 
ρ* is the density of the porous skeletal scaffold, ρs is the 
density of the solid 316L stainless steel and ρs=7.98 g/cm3, 
C and m are the geometrical constants of the porous structure 
and are taken as C=1 and m=2 respectively.

The actual elastic modulus of the three porous skeletal 
scaffolds measured after ultrasonic cleaning of the above 
three structures is shown in Table 4. Figure 11 plots the 
porosity versus elastic modulus, as shown, the elastic 
modulus of all the scaffolds conforms to the linear equation, 
and the order of the elastic modulus of the three structures is 
ODC>DCC>SCBCC, e.g., the ODC-75%, DCC-75%, and 
SCBCC-75% of the elastic modulus are 4.7Gpa, 5.6Gpa, 
and 6.6Gpa, respectively. The elastic modulus decreases 
with increasing porosity, independent of the structure of 
the porous scaffold.

The results showed that the compressive stresses of 
SCBCC, DCC and ODC were 28.70MPa to 135.36MPa, 
34.77MPa to 189.32MPa and 28.07MPa to 181.59MPa, 
respectively; the elastic modulus was 4.1GPa to 5.8GPa, 

5.4GPa to 6.8GPa and 6.2Pa to 7.4GPa. The DCC has the 
highest compressive strength and the ODC has the highest 
elastic modulus, and both the compressive stress and the 
elastic modulus are linearly related to the porosity, both 
decreasing with increasing porosity, independent of the 
structure of the porous scaffold. Wang et al.26 proposed the 
design of braces for orthotropic structures on the outside of 
body-centered cubic peripheral orthotropic structures, and 
the measured elastic modulus ranged from 3.4 to 10.6 GPa. 
Diagonal cubic close-rowed structures (DCC) and octahedral 
structures (ODC) with elastic modulus ranging from 3.4 GPa 
to 21.6 GPa were prepared by Volker Weißmann et al.27 The 
results of this experiment are similar to those of Wang et al.26.

3.3. Fluid dynamics analysis
The study of fluid mobility in porous scaffolds can 

be divided into experimental methods27-29 and simulation 
methods30,31. Experimental methods can easily measure the 
permeability of porous scaffolds, but it is difficult to obtain 
local and microscopic parameters, such as pressure gradients, 
velocity distributions, etc. Therefore, numerical simulation 
is more feasible than experimental methods.

In the finite element analysis the object of analysis was 
considered as an incompressible and constant density fluid, 
the fluid material chosen during the simulation calculations 
was Dulbecco’s modified Eagle’s medium (DMEM). The 
boundary conditions are set to an inlet velocity inV = 0.001 m/s, 
corresponding to a flow rate Q = 0.96 ml/min, a density 
ρ = 1000 kg/m3 and zero pressure at the output port32. The 
permeability K27,29,33 of the porous support is calculated by 
Darcy’s law with the following equation, where μ is the dynamic 
viscosity taking the value of 0.00145 kg/m/s31, v is the fluid 
flow rate (m/s) , l is the characteristic length (mm), and P∆ is 
the differential pressure (MPa). The hydrodynamic analysis 
of the stent evaluates the flow velocity, permeability and fluid 
pressure of the stent, while allowing visual observation of 
the velocity flow lines inside the stent.

u v lk
p

⋅ ⋅
=

∆
	 (3)

The flow velocity map of the internal profile of the porous 
structure shown in Figure 12a, is a CFD model showing the 
profile on which the fluid velocity is displayed. For three 
structures studied, the velocity field is visualized in profile. 
As can be seen from the figure, the velocity field of SCBCC 
is more uniform, with the maximum flow velocity occurring 
close to the connecting holes on both sides (region R1 in 
Figure 12b). Unlike SCBCC, the velocity fields of DCC and 
ODC are extremely inhomogeneous, with the maximum 
flow velocity of DCC occurring at the connecting holes 
near the edge of the stent (region R2 in Figure 12c) and a 
decreasing trend in the fluid velocity from the edge of the 
stent to the center of the stent. In contrast to ODC, the fluid 
velocity spreads outward from the center of the bracket and 
is greatest at the connecting hole near the center (region R3 
in Figure 12d). The velocity fields of the different structures 
show that the flow velocity of the fluid increases when 
passing through the connecting holes of the bracket and the 
maximum flow velocity occurs at the smallest connecting 
hole of ODC (R3), which is 0.001 m/s.

Figure 13 shows the fluid pressure drop versus permeability 
between porous scaffolds with different porosities, where 

Table 4. Elastic modulus of porous skeletal scaffolds.

Experimental Programs 55% 65% 75% 85%

Elastic modulus (Gpa)
SCBCC 5.8 5.2 4.7 4.1

DCC 6.8 6.4 5.7 5.4
ODC 7.4 6.8 6.6 6.2

Figure 11. Porosity versus elastic modulus.
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Figure 12. Flow velocity maps of internal profiles of porous structures (a) profile CFD model; (b) SCBCC; (c) DCC; (d) ODC; (e) 
maximum flow velocity scale.

Figure 13. (a) Raw pressure gradient plot (SCBCC-55%); (b) fluid pressure drop vs. porosity linear plot; (c) permeability vs. porosity 
linear plot; (d) Permeability versus stiffness for different structures with different porosities.
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(a) shows the original pressure gradient (SCBCC-55%). 
From Figure 13b, it can be seen that the pressure drop of all 
three structures shows a decreasing trend with increasing 
porosity. The pressure drops of SCBCC and DCC were more 
similar, and ODC had the smallest pressure drop, where the 
pressure drops of SCBCC-75%, DCC-75% and ODC-75% 
were 4.164 E3 N/m3, 4.161 E3 N/m3, and 4.149 E3 N/m3, 
which is most similar to the pressure drop of natural bone 
(4.153 E3 N/m3). From Figure 13c, it can be seen that the 
permeability trend is the same for all three structures, which 
increases with increasing porosity. The ODC has the highest 
penetration rate and the SCBCC has the lowest penetration 
rate. The recommended permeability of human bone tissue 
is approximately 0.5 × 10-8<k<5.0 × 10-8 34-37, which may 
result in blockage, metabolic waste and unwanted nutrient 
transfer through the scaffold when permeability falls below 
the specified range8. Higher permeability is also harmful, 
causing cells to be flushed affecting the attachment and 
regeneration of tissue cells38. From the figure, it can be seen 
that SCBCC-85%, DCC-85% and ODC-85% are beyond the 
range of permeability of human bone tissue, SCBCC-75%, 
DCC-75% and ODC -75% had the highest permeability 
of 4.125 ×10-8 m3, 4.531 ×10-8 m3, and 4.807 ×10-8 m3, 
respectively. It can be seen that with a porosity of 75%, the 
designed porous skeletal scaffolds have a rich and diverse 
local flow structure, which is more conducive to the value-
added and differentiation of cells.

The reaction forces are extracted in FEM to calculate the 
stiffness of the bracket. The formula is shown in 4. where 

effE  is the effective stiffness, RF is the reaction force, and 
A is the total surface area perpendicular to the compression 
direction. From Figure 13d, it can be seen that the stiffness 
magnitude of the three structures is ODC>SCBCC>DCC. 
Permeability and porosity, respectively, tend to be roughly 
inversely related to stiffness.

 
eff

RFE
A

= 	 (4)

4. Conclusions
In this study, three different structures of 316L stainless 

steel porous skeletal scaffolds with porosities of 55%, 65%, 
75% and 85%, respectively, were prepared using SLM 
technology. The aim is to reduce the stress shielding effect 
and to promote osteoclast regeneration and osseointegration. 
The specific findings are as follows:

1.	 In the process of SLM construction, due to its 
layer-by-layer accumulation of heating method and 
the selection of laser power, the phenomenon of 
holes and powder particles adherence will occur. 
Among them, the transverse strut powder adhesion 
phenomenon is the most serious, mainly manifested 
in the upper surface of the particles adhered more 
firmly, the lower surface of the particles adhered 
more loosely. Generate error, the error is controlled 
at 0.16%~3.83%.

2.	 The relationship between compressive stress or elastic 
modulus and porosity is linear for three structures. The 
compressive stresses of DCC and ODC are similar 
for the same porosity, and differ significantly from 

those of SCBCC. The magnitude of elastic modulus 
of the three structures is ODC>DCC>SCBCC. The 
elastic modulus and compressive stress decrease 
with increasing porosity for three structures. The 
compressive stress and elastic modulus of three 
different structural skeletal scaffolds at four different 
porosities were able to meet the requirements of 
cancellous and cortical bone. The test is basically 
consistent with the compressive performance, stress 
magnitude and distribution and the main deformation 
parts and overall deformation predicted in the finite 
element, which proves the reliability of the finite 
element simulation, and at the same time, it also 
provides a reference idea for the development of 
the porous skeleton scaffold structure.

3.	 In the evaluation of permeability characteristics, the 
flow rate of the fluid increases as it passes through the 
connecting holes of the support. Maximum fluid velocities 
up to 0.001 m/s occur at the smallest connecting holes 
in ODC. The maximum permeability was obtained 
at 75% porosity for three structures, up to 4.807 × 
10-8 m3, which is within the range of permeability 
of human bone tissue and helps to promote nutrient 
delivery and cell growth after bone implantation. It 
can be seen that the three structures with a porosity of 
75% have the highest cellular value-added efficiency, 
suggesting that higher permeability helps to promote 
cell proliferation. The stiffness magnitude of the three 
structures is ODC>SCBCC>DCC. Permeability and 
porosity, respectively, tend to be roughly inversely 
related to stiffness.

In addition to this, fatigue resistance is also a key element 
of focus. Compared to other mechanical properties, the 
construction process has the most drastic effect on fatigue 
properties, and porous structures prepared by additive 
manufacturing are even more susceptible to fatigue damage. 
Defects in the construction process (porosity, inclusions, 
unfused, etc.), roughness, etc. can greatly affect the fatigue 
properties of the material. The fatigue of the material is directly 
related to the use of the material quality, service life, etc., 
can not be ignored, the follow-up need to increase attention.
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