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Abstract: Three-dimensional printing technology has a precise manufacturing process that can
control tiny pores and can design individualized prostheses based on the patient’s own conditions.
Different porous structures were designed by controlling different parameters such as porosity, using
UG NX to establish models with different porosities and using ANSYS to simulate stress and strain.
Unidirectional compression and stretching simulations were carried out to obtain stress, strain, and
deformation. Based on these data, a porosity was found to approximate the elastic modulus of
the humeral bone scaffold. As the porosity increased, the equivalent elastic modulus decreased
significantly in the lateral direction, and the maximum stress formed by the porous structure and
deformation increased significantly. Four different finite element models and geometric models of
cubic, face-centered cubic, honeycomb, and body-centered cubic unit structures were selected. Then
these porous structures were simulated for tensile and compression experiments, and the simulation
results were analyzed. The forming simulation of the finite element model was carried out, and
the evolution of mechanical properties of the porous structure during the 3D printing process was
analyzed. The results showed that designing the humeral bone scaffold as a porous structure could
reduce the stiffness of the prosthesis, alleviate stress shielding around the prosthesis after surgery,
enhance its stability, and prolong its service life. The study provides reference values and scientific
guidance for the feasibility of porous humeral bone scaffolds and provides a basis for the research
and design of clinical humeral bone scaffolds.

Keywords: bone scaffold; finite element analysis; compression experiment; additive manufacturing;
porosity

1. Introduction

Three-dimensional printing is a technology that uses additive manufacturing devices
to layer specialized materials based on a pre-planned three-dimensional model, to pro-
duce the desired parts [1-3]. Compared with traditional manufacturing techniques, 3D
printing does not require complex forging processes to obtain the final desired parts [4].
The mechanical properties of porous metal materials and the bone tissue they replace are
well matched, with rough inner and outer surfaces providing good adhesion for bone cells
and allowing for the necessary nutrients and moisture to move through interconnected
pores [5-7]. The conventional design methods have obvious technical limitations and
cannot achieve the fine parameter requirements for pore size and complex pore morphol-
ogy [8-10]. Additionally, designing complex irregular porous structural components is also
challenging [11]. However, the use of 3D printing technology in computer-aided design
can be utilized to create models of porous metals with complex pore morphologies and fine
parameters, thus enabling the realization of the characteristics of human bone scaffolds [12].
Porous structured materials have a wide range of applications and include good mechanical
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and physical properties. However, controlling the porous structure during production is
difficult, which can result in porous structures that have some shortcomings in terms of
their properties [13]. The application and development of 3D printing technology provides
new directions in the preparation of porous structures [14,15].

By using selective laser melting (SLM), laser engineered net shaping (LENS), and
selective laser sintering (SLS), the micro and macro pores of the material can be understood
by controlling the powder sintering degree and laser scanning trajectory [16,17]. SLM
is generally used in the preparation of metal porous structures, and SLS can be used
to prepare many types of porous materials. The porous structure prepared by SLM is
more precise and detailed than that produced by other methods and can concentrate the
energy of the electron beam and laser [18]. Artificial bone scaffolds act as templates for the
formation of extracellular matrix and cell interactions in bone, providing structural support
for newly formed tissue and are a type of transplantable bone material used for repairing
bone defects [19]. In the design stage of artificial bone scaffolds, suitable performance
expression parameters, design methods, and manufacturing methods are used to design
scaffold structures to meet their mechanical and biological performance requirements,
including mechanical compression performance as well as the biological properties of pore
connectivity and biological permeability [3].

Analysis of the specific functional requirements and design standards of the artificial
humeral bone scaffold is necessary to determine the appropriate structural design for me-
chanical performance (mechanical compression performance) and biological performance
(porosity connectivity and biological permeability), providing a foundation for the design
of the artificial bone scaffold structure [20-24]. The pore size and porosity range for the
316 L porous scaffold are determined based on the practical environment, conditions, and
requirements for the human body as well as relevant literature and studies applied to dif-
ferent parts of the human body [25-28]. Different porous scaffold tissue and performance
analyses are conducted for different porosity rates. Using UG NX to create models of differ-
ent porosity rates, ANSYS is used to simulate stress-strain, and different porous models
are designed by controlling different parameters such as porosity rate. Then unidirectional
compression simulation is conducted to obtain stress, strain, and deformation data that are
analyzed to obtain the porosity rate closely matching the elastic modulus of the humeral
bone scaffold [29,30].

2. Porous Structure Model
2.1. Design of Porous Structure

The structural shape of the unit cell is an important factor influencing the mechanical
performance of the porous structure and affects the internal layout of the porous structure.
Based on a large amount of research on unit cell structures and considering the current
level of additive manufacturing, this study designed four simple and non-twisted porous
structures using the UG NX modelling software, version 11.0, as shown in Figure 1: (a) cubic
unit cell structure, (b) face-centered cubic unit cell structure, (c) body-centered cubic unit
cell structure, and (d) honeycomb unit cell structure.

Pore size, porosity, strut diameter, strut length, and external dimensions of the porous
structure are the main parameters for the design of the porous structure. These parameters
play a crucial role in the application and mechanical performance of the designed bone
scaffold. When designing a porous structure, the following aspects should be considered:
first, the designed porous structure should have connectivity to meet the supply of nutrients
and discharge of metabolic waste in the human body; second, the designed porous structure
must have excellent mechanical properties, especially with a certain strength and stiffness,
to withstand external impact and tension. Even when subjected to external forces, it can
still maintain high mechanical performance.
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Figure 1. Different types of porous scaffold structures: (a) cubic unit cell structure, (b) face-centered
cubic unit cell structure, () body-centered cubic unit cell structure, and (d) honeycomb unit cell structure.

2.1.1. Design of Strut Diameter and Length

The diameter and length of the stubs are shown in Figure 2. The sizes of strut diameter
d and length I directly affect the size of the porous structure, the overall volume of the porous
structure, and the solid volume, thereby indirectly affecting the size of the porosity. In other
words, to control the porosity of the porous structure, the diameter and length of the struts
can be adjusted. Based on comprehensive considerations of the size and manufacturing
angle of the human humeral bone cross-section, the strut diameter is usually controlled
between 200 and 700 um, and the length is usually 1-2 mm. In this study, the diameter and
length of the struts were varied in order to achieve the desired porosity rate, with the strut
diameter controlled between 250 and 700 um and the strut length set to 1 mm.

d

Figure 2. Strut diameter and length. d is the diameter of the stanchion and 1 is the length.

2.1.2. Porosity

The porosity of a porous medium refers to the ratio of the total volume of small voids
within the porous structure to the apparent total volume of the porous structure. It is
related to the diameter and length of the struts and the unit cell structure. The calculation
formula for the porosity of a porous structure is as follows:

® = Yh o q00% = Vs
Vi t

x 100% (2.1) @

where & is the porosity of the porous structure, Vy, is the pore volume (mm?), V¢ is the total
volume of the structure (mm?), and Vj is the volume of the solid part (mm?).

The US Food and Drug Administration (FDA) recommends a porosity range of
30%—-70% [13] for porous femoral implants. Bragdon et al., suggested that the porosity of a
porous structure optimized for bone growth should be at least 40% [14]. Simoneau et al.,
suggested that the porosity of a porous structure should be between 30% and 50% [15-19].
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In this study, four different types of porous structures were designed, and by adjusting
the strut diameter and length, two porosity levels were set for each structure. The high
porosity level was around 86%, and the low porosity level was around 65%.

2.1.3. Design Parameters

This study designed two variables to analyze the differences in the mechanical prop-
erties of the porous structures. The two variables were porosity and porous structure. By
controlling two porosity levels and designing four porous structures, eight models were
formed for comparison.

First, four types of porous structures were defined with a high porosity range of
80%-90% and a low porosity range of 60%—70%. Based on the porosity range, the strut
diameter was set between 250 and 700 um [20]. The edge length of the porous structures
was measured using the “distance” command in UG NX 11.0 software, and the solid
volume was measured using the “measure volume” command. The porosity was then
calculated using formula 2.1, and it was verified whether the porosity was within the
required range. The design parameters for the cubic, face-centered cubic, body-centered
cubic, and honeycomb porous structures are shown in Table 1.

Table 1. Design parameters for porous structures.

Porous Structure Strut Diameter Pore Size Porosity
(um) (um) (%)
Cubic 350 650 85
High Porosity Face-centered cubic 350 650 85
Level Honeycomb 450 450 85
Body-centered cubic 200 620 85
Cubic 700 300 65
Low Porosity Face-centered cubic 400 600 65
Level Honeycomb 350 350 65
Body-centered cubic 350 470 65

2.1.4. Material

One of the commonly used medical metal materials is 316 L stainless steel, which
has benefits such as good machinability, high strength, low cost, and strong corrosion
resistance [26-28]. It is currently used in clinical medicine as a bio-stent made of 316 L
stainless steel, which has mechanical properties similar to human bone tissue and good
biocompatibility. Traditional manufacturing techniques cannot meet the market demand
for complex shapes and various sizes of artificial joints, while the SLM technology can
produce complex stents and has been increasingly used in the field of biomedicine. The
material selected in this study is 316 L stainless steel, which has high strength and good
mechanical properties.

The 316 L stainless steel powder has a spherical shape, and the powder diameter is
about 40 um. The composition of the 316 L stainless steel material is shown in Table 2, and
the mechanical properties are shown in Table 3. The 3D printer used to manufacture porous
structures in SS 316 L is the FS121M metal additive manufacturing machine developed by
Hunan Huashu High-Tech Company Limited, Changsha City, China. The parameters of 3D
printing equipment are: laser power 150 W, scanning speed 500 mm/s, scanning distance
0.06 mm, and powder layer thickness 0.035 mm.

Table 2. Composition of 316 L stainless steel.

Grade

C

Si Mn P S Ni Cr Mo

00Cr17NiMo2

<0.03

<1.00 <2.00 <0.035 <0.03 <12.0-15.0 <16.0-18.0 <2.0-3.0
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Table 3. Mechanical properties of 316 L stainless steel.

Provert Yield Strength  Tensile Strength ~ Elongation Vickers Remarks
PEEY (MPa) (MPa) (%) Hardness (Hv)
Standard >205 >520 >40 <200 2B/15t
Typical 310 620 53 155

2.2. Porous Structure Models

According to the design parameters mentioned above, the designed unit cells were
used to construct four types of porous structures using UG NX 11.0 modeling software as
shown in Figure 3.

£
Cylindar Command i - 1 Hide
—— —

Merge

e ==
Boolean Subtract.
—

Figure 3. Modeling process for unit cell structures.

Four different types of unit cells were created using the designed parameters. The
porous structures were established using the array geometry feature options and Boolean
Operator commands, and the resultant porous structures’ geometric models are shown in
Figure 4. Geometry operations for the four porous structure models were checked. The
volume check included boundary, consistency, data structure, and surface intersection;
the surface check included spikes/cuts, smoothness, and self-intersection; the edge check
included smoothness and tolerance. After the four porous structures were checked, all four
were shown to pass the geometry check.

Four different types of unit cell structures were designed in terms of support column
diameter, pore size, and pore volume ratio. First, the support column diameter that meets
the requirements of 3D printing technology was designed, as were pore sizes that facilitate
the transport of nutrients and metabolic waste in cells and are favorable for bone tissue
ingrowth. Four different types of unit cell structures, namely cubic, face-centered cubic,
honeycomb, and body-centered cubic structures, were established. The four types of unit
cell structures were arranged in an orderly manner in 3D space to form the geometric
models of the cubic, face-centered cubic, honeycomb, and body-centered cubic porous
structures, respectively. Finite element models were established based on the geometric
models of the four types of porous structures.
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Figure 4. Geometric models of different porous structures: (a) cubic porous structure, (b) hon-
eycomb porous structure, (c) face-centered cubic porous structure, and (d) body-centered cubic
porous structure.

3. Finite Element Simulation of the Porous Scaffold

Finite element simulation of the porous scaffold was carried out using the ANSYS
Workbench software (version17.0) module for unidirectional compression and tensile
calculation. Static mechanical performance analysis was conducted using adaptive grid
division by ANSYS. In the material library, 316 L stainless steel was selected. In the mesh-
method-geometry structure option, the porous structure to be meshed was selected, and the
method was changed to tetrahedron automatically. In the mesh-size adjustment-geometry
structure option, the mesh size was set to 0.005 mm to increase the calculation accuracy
and save computational time.

Different load forces and load directions directly or indirectly act on the model struc-
ture, resulting in stress and deformation inside the structure. Different load and load
direction choices were made in the study because of different applied loads and load
orientations. The humerus bone can be assumed to be lifting a weight when subjected to
tension. A tensile force of 1000 N was specified, assuming the human body can withstand
a force equivalent to carrying a 90.72 Kg object. The humerus bone can be assumed to
be doing push-ups when subjected to compression. A compressive force of 1000 N was
specified, assuming the human body weighs 90.72 Kg. Therefore, compression and tension
experiments only required changing the direction of the applied force.
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3.1. Compression Analysis

Figure 5a shows the simulation of the compression stress of the cubic porous struc-
ture with a porosity of 65%. It can be seen from Figure 5a that the stress concentration
phenomenon of the cubic structure mainly occurs near the columns and connection points,
while the transverse columns produce smaller forces. The reason for this stress concen-
tration is that the direction of the compression force is vertical, and the cubic structure is
composed of vertical and horizontal columns. The vertical columns bear more force in the
vertical direction, while the horizontal columns bear less. Figure 5b shows the simulation of
the compression stress of the face-centered cubic porous structure with a porosity of 65%. It
can be seen from the Figure 5 that the stress concentration phenomenon of the face-centered
cubic structure mainly occurs on the four sides of the unit cell, and the stress on the upper
and lower surfaces of the unit cell is smaller. The reason for this stress concentration is that
the porous scaffold is obtained by an array unit structure, and there will be certain defects
in the contact points of the unit columns, resulting in stress concentration.

232.3 Max
20654

180,73

15501

123.25

10349

TLIZE

51963

262

0.A3692 Min

385.12 Max
34235
200.58
256,82
214.05
17128
12851
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42879
0.21109 Min

@ (b)

Figure 5. (a) The compression stress cloud map of the cubic porous structure with a porosity of 65%.
(b) The compression stress cloud map of the face-centered cubic porous structure with a porosity
of 65%.

Figure 6a shows the simulation of the compression stress of the honeycomb porous
structure with a porosity of 65%. It can be seen from Figure 6a that the stress concentration
phenomenon of the face-centered cubic structure mainly occurs near the holes, especially
at the outer edge of the porous structure. The stress between adjacent holes in the vertical
direction is smaller. The holes close to the applied force appear significantly deformed,
showing irregular circular shapes. The reason for this is that the outer wall of this porous
structure is relatively thin, and spherical powder particles can be seen around the holes,
indicating incomplete sintering. Some concave edges are caused by excessive melting.
Figure 6b shows the simulation of the compression stress of the body-centered cubic
porous structure with a porosity of 65%. It can be seen from Figure 6b that the stress
concentration phenomenon of the body-centered cubic structure mainly occurs near the
connecting holes of the scaffold, and the stress on the cylinders is smaller. The reason for
this stress concentration is that the porous scaffold is obtained by an array unit structure,
and there will be certain defects in the contact points of the unit columns, resulting in
stress concentration.

0.0075124 Max £906.7 Max
00066783 2000000 e 6139.4
0.0055443 53721
00050103 46049
Q004762 38376
00033422 3070.3
00025082 23031
0.001574 15358
000034012 76852
5.0%-6 Min 1.2552 Min

Figure 6. (a) The compression stress cloud map of the honeycomb porous structure with a porosity
of 65%. (b) The compression stress cloud map of the body-centered cubic porous structure with a
porosity of 65%.
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3.2. Compression Analysis of Low-Porosity Structures

By applying a uni-axial compression to the top of the porous scaffold, strain cloud
maps and deformation maps of the different porous scaffold structures were obtained.
Figure 7 shows the strain maps of four low-porosity structures, and Figure 8 shows the
deformation maps of four low-porosity structures under compression experiments. Com-
paring the deformation maps of the four structures under compression experiments, it
can be seen that the shape and unit structure of the porous structure underwent signifi-
cant deformation compared to their original shape, and the pore size underwent severe
deformation. In particular, during the compression process of the face-centered cubic
structure, its deformation trend was to expand laterally from the middle part, and the final
shape tended to be a mostly bulging round shape in the lateral central axis direction. As
the simulation method used here is numerical analysis, fracture and failure phenomena
cannot be easily observed. However, the values and distributions of the data can be used
to indicate such phenomena. Table 4 shows the average strain and average deformation
of the four structures. It can be observed from Table 4 that the body diagonally arranged
structure has better mechanical properties in terms of strain, while the cubic structure has
the smallest deformation under compression.

00013492 Max

0,0022445 Max
00011995 0001935
00010499 0.0017472
000090023 0.0014083
000075058 0.0012404
000020033 0.0010006
000045129 0.00075172
000030164 0.00050286
000015199 0.000254
2.3445e-6 Min 5.13672-6 Min
00075124 Max 0.007375 Max
Q00667 000R5562
00058443 00057375
00050103 00043137
00041762 00040523
00033422 00032811
00025052 00024623
0001674 00016436
000084012 0.00032477
6.0%-6 Min 5.8886e-6 Min

(d)

Figure 7. The strain maps of four low-porosity structures under compression experiments. (a) The

strain map of the cubic porous structure with a porosity of 65%. (b) The strain map of the face-
centered cubic porous structure with a porosity of 65%. (c) The strain map of the honeycomb porous
structure with a porosity of 65%. (d) The strain map of the body-centered cubic porous structure with
a porosity of 65%.

Table 4. The strain and deformation of the four low-porosity porous structures under compression

experiments.
. Body-Centered Face-Centered
Cubic Cubic Honeycomb Cubic
Strain (mm) 0.000312 0.001013 0.000841 0.000438

Deformation (mm) 0.000968 0.008143 0.003922 0.002768
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Figure 8. The deformation maps of these four low-porosity structures under compression experiments.
(a) The deformation map of the cubic porous structure with a porosity of 65%. (b) The deformation
map of the face-centered cubic porous structure with a porosity of 65%. (c) The deformation map of the
honeycomb porous structure with a porosity of 65%. (d) The deformation map of the body-centered
cubic porous structure with a porosity of 65%.

3.3. Compression Analysis of High-Porosity Structures

Figure 9a shows the compression stress cloud map of the cubic porous structure with
a porosity of 85%. It can be seen from Figure 9a that the stress concentration phenomenon
of the cubic structure mainly occurs near the columns and connecting points, while the
transverse beams produce smaller forces. Its stress concentration phenomenon is basically
the same as that of the same structure with a low porosity, only the range is slightly
larger. Figure 9b shows the compression stress cloud map of the face-centered cubic porous
structure with a porosity of 85%. Its stress concentration phenomenon is basically the same
as that of the same structure with a low porosity, only the range is slightly larger.

517 Max B 8 E o b o S o
:;;!IBMax 45957 5 ’Aﬂ >A4 "}Aﬂ"’A4
0445 402,14 e T
4673 5447 e ]
bt 287.28 S e
2128 22985 : Pt P e
17355 17242 ’_Ai Podrra A
11583 11498 i g
52106 5756 pid-p A poid plg.
0.38155 Min 0.1299 Min o = e =

(b)

Figure 9. (a) The compression stress cloud map of the cubic porous structure with a porosity of 85%.

(b) The compression stress cloud map of the face-centered cubic porous structure with a porosity
of 85%.

Figure 10a shows the compression stress cloud map of the honeycomb porous structure
with a porosity of 85%. It can be seen from Figure 10a that the stress concentration of the
honeycomb structure mainly occurs near the pores, especially around the periphery of the
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porous structure. The stress between adjacent pores in the longitudinal direction is small,
and the pores near the applied force deform significantly, appearing as irregular circles. Its
stress concentration phenomenon is basically the same as that of the same structure with
a low porosity, but the range is slightly smaller. Figure 10b shows the compression stress
cloud map of the body-centered cubic porous structure with a porosity of 85%. As can be
seen from Figure 10b, the stress concentration of the body-centered cubic structure mainly
occurs near the connecting parts around the holes of the bracket. The stress on the cylinder
is smaller, and its stress concentration phenomenon is basically the same as that of the same
structure with a low porosity, only the range is slightly larger.

11874 Max 517 Max
10555 459,57
92354 0214
19162 34471
65969 818
nnI 22985
39584 17242
2639.2 11499

1320 57.56 .
0.70752 Min 0.1292 Min

(b)

Figure 10. (a) The compression stress cloud map of the honeycomb porous structure with a porosity

of 85%. (b) The compression stress cloud map of the body-centered cubic porous structure with a
porosity of 85%.

A uni-axial force was applied to the top of the porous scaffold to obtain the strain
and deformation maps of different porous scaffold structures. Figure 11 shows the strain
maps of four high-porosity structures, and Figure 12 shows the deformation maps of the
compression experiments of the four structures. By comparing the deformation maps of
the four structures in the compression experiments, it can be seen that the shape and unit
structure of the porous structures have undergone significant deformation compared to
the original shape, and the pore size has undergone severe morphological deformation,
especially the face-centered cubic structure. During the compression process, its deforma-
tion trend is the horizontal expansion of the middle part of the structure, and the final
shape tends to be a horizontally central axis with a maximum bulge. Since the simulation
uses numerical analysis methods, the fracture mechanism cannot be intuitively observed,
but it can be identified by the size and distribution of data values. The average strain and
deformation values of the four structures are shown in Table 4. From Table 5, it can be seen
that the cubic porous structure has better strain mechanical properties and the smallest
deformation after compression.

Table 5. The strain and deformation values of the four high-porosity porous structures in the
compression experiments.

. Body-Centered Face-Centered
Cubic Cubic Honeycomb Cubic
Strain (mm) 0.000704 0.003176 0.002791 0.005581
Deformation 0.004098 0.072260 0.023360 0.041275

(mm)




Coatings 2023, 13, 912

11 of 17

00086798 Max
00077153
00087509
00057865
00045221
00038577
00028933
00019288
00009644,

0 Min

0.060493 Max

0053772
004705

0040329
0033607
0026386
0020164
0013443
00067215
0 Min

00027527 Max
0.0024472
00021413
00015363
00015305
00012253
0.00021977
000061428
0.00030575
3.2873e-6 Min

0.062307 Max
0055385
0045463
004154
0034619
0027656
0020776
0013354
00068319
9.3927¢-6 Min

0030534 Max
0027145
0023755
0020366
0016977
0013555
0010199
00083095
00054203
3.1132e-5 Min

4

b, 4
7%
v
-
B, 4

4
“r

> >4

4

<>

iy, o

)

v
7
-~
) 4
-

2 of .
-

90000000 0035519 Max
000000 oo N
00000000 o
00000000 oors7as
00000000 0015758
00000000 0011853
00000000 00073030
00000000 oot

2.0185%-5 Min

(o) (d)

Figure 11. The strain maps of the four high-porosity structures in the compression experiments.
(a) Strain map of the cubic porous structure with a porosity of 85%. (b) Strain map of the face-centered
cubic porous structure with a porosity of 85%. (c) Strain map of the honeycomb porous structure with

a porosity of 85%. (d) Strain map of the body-centered cubic porous structure with a porosity of 85%.
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Figure 12. The deformation maps of the compression experiments of the four high-porosity structures.

(a) Deformation map of the cubic porous structure with a porosity of 85%. (b) Deformation map of the

face-centered cubic porous structure with a porosity of 85%. (¢) Deformation map of the honeycomb

porous structure with a porosity of 85%. (d) Deformation map of the body-centered cubic porous
structure with a porosity of 85%.
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Table 6 shows the stress and strain values of high and low porosity obtained from
compression simulations of different porous structures. By comparing and analyzing the
data in Table 6, it can be seen that the maximum stress formed in the structure of the porous
material increases significantly with an increase in porosity. This is consistent with the
results of the calculation because as the porosity increases while the pore size remains
constant, the distance between the pores decreases significantly, resulting in thinning of
the microstructures of the pore walls and a change in the structural strength. Overall, for
the porous model with material properties assigned as 316 L stainless steel, porosity is the
main factor influencing its mechanical properties.

Table 6. The stress and strain values of high and low porosity obtained from compression simulations
of different porous structures.

. orous Structures Cubic Body-Cer.ltered Honeycomb Face-Cer}tered
Porosity Cubic Cubic

Stress values high 132.88 103.61 488.42 561.52
(MPa) low 59.52 75.422 152.58 178.75

Strain values high 0.000704 0.002791 0.002791 0.003318
(mm) low 0.000318 0.000841 0.000841 0.001013

By comparing and analyzing the stress, strain, and deformation of the four structures,
it can be concluded that, in terms of stress concentration during compression, the cubic
porous structure is the best. In terms of a combination of strain and deformation, the cubic
porous structure exhibited the best mechanical properties.

4. Porous Bracket Forming Simulation
4.1. Stress Analysis of Low-Porosity Porous Structures in Additive Manufacturing

Figure 13a shows the stress distribution of the cubic porous structure with low porosity
after the forming simulation. It can be seen from the Figure 13a that the residual stress
concentration mainly occurs at the crossbar and inner column, and the stress on the outer
surface and bottom of the porous structure is relatively small. Figure 13b shows the
stress distribution of the honeycomb porous structure with low porosity after the forming
simulation. It can be seen that the residual stress mainly concentrates on the upper part of
the hole and the outer periphery of the porous structure, and small forces are generated on
the bottom and inside of the porous structure. The reason for this phenomenon may be
that uneven heating occurs due to the heat input during welding, causing some areas to be
overheated, resulting in the melting of the welding gap. The material next to the melting
pool, which is subjected to higher temperatures, is constrained by nearby materials and
forms an uneven compressive plastic deformation during cooling. When the materials
that have undergone plastic deformation are constrained by surrounding materials, they
cannot contract actively, resulting in tensile stress; after the weld metal is completely cooled,
obstacles to smooth contraction can also result in corresponding tensile stress.

Figure 14a illustrates the stress distribution during the formation process of a low-
porosity face-centered cubic porous structure. Residual stresses mainly concentrate at the
center of the porous structure and at the interface between the porous structure and the
substrate. The initial temperature of the substrate also affects the residual stress distribution.
Figure 14b clearly depicts the existence of large residual stresses in the support before the
substrate is removed. Such stresses concentrate on the bottom and are caused by the
construction process, which initially involves a large area of construction and a relatively
small number of powder layers. The high-energy laser beam burns the substrate, resulting
in increased thermal stress. In addition, SLM’s rapid cooling and heating characteristics
cause constrained shrinkage of the support structure at the bottom, leading to a large strain
and residual stress. However, this phenomenon is effectively alleviated after the substrate
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is removed, resulting in a reduced residual stress in the completed structure as shown in
Figure 14c.
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Figure 13. (a) Stress cloud image of the cubic porous structure with a porosity of 65%. (b) Stress
cloud image of the honeycomb structure with a porosity of 65%.
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Figure 14. Stress cloud images of a 65% porosity face-centered cubic porous structure (a) during the
formation process, (b) before the substrate is removed, and (c) after the substrate is removed.
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Figure 15a shows the stress distribution of a low-porosity body-centered cubic porous
structure, with residual stresses mainly concentrated at the center of the porous structure
and at the interface between the porous structure and the substrate. After the completed
structure is cut off from the substrate as shown in Figure 15¢, the residual stress at the
interface between the porous structure and the substrate is released due to the relaxation of
stress. The residual stresses in both the face-centered cubic and body-centered cubic porous
structures are caused by the increased thermal stress and the constraints from the lower
layers during the construction process with a large area, particularly at the beginning of
the construction.
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Figure 15. Stress cloud images of a 65% porosity body-centered cubic porous structure (a) during the
formation process, (b) before the substrate is removed, and (c) after the substrate is removed.

Table 7 shows the simulated stress values of four low-porosity porous structures. It
can be seen from Table 7 that the honeycomb porous structure has the smallest residual
stress after construction, resulting in improved fatigue performance and better mechanical
properties. This allows the bone scaffold to withstand certain impact forces, and it has
higher strength, hardness, and processability.
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Table 7. Simulated stress values of four low-porosity porous structures.

Porous Structures Cubic Face-Cer}tered Honeycomb Body-Cer.ltered
Cubic Cubic

Stress values (MPa) 370.10 373.99 302.46 371.99

4.2. Analysis of Stress Results for Additively Manufactured High-Porosity Porous Structures

Figure 16a shows the stress simulation image of a high-porosity cubic porous structure.
It can be seen from Figure 16a that residual stresses after construction mainly concentrate
in the crossbars and inner pillars of the cubic structure, while the stress on the outer surface
and bottom of the porous structure is relatively small. The concentration of residual stress
after construction is basically the same as the low-porosity structure, with only a slightly
larger range. Figure 16b shows the stress simulation image of a high-porosity honeycomb
porous structure. It can be seen from Figure 16b that residual stresses after construction
mainly concentrate in the upper part of the holes and the periphery of the porous structure,
while the stress on the bottom and inside of the porous structure is relatively small. The
concentration of residual stress after construction is basically the same as the low-porosity
structure, with only a slightly larger range.

Effective stress [MPa]
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Figure 16. (a) Stress cloud images of an 85% porosity cubic porous structure during the formation

process. (b) Stress cloud images of an 85% porosity honeycomb cubic porous structure during the
formation process.

Figure 17a shows the stress simulation image of a high-porosity face-centered cubic
porous structure during the formation process. It can be seen from Figure 17a that residual
stresses after construction mainly concentrate at the center of the unit cells and where the
porous structure bottom contacts the substrate. The concentration of residual stress after
construction is basically the same as the low-porosity structure, with only a slightly larger
range. Figure 17b shows the stress simulation image of a high-porosity body-centered cubic
porous structure. It can be seen from Figure 17b that residual stresses after construction
mainly concentrate at the center of the unit cells and where the porous structure bottom
contacts the substrate. The concentration of residual stress after construction is basically
the same as the low-porosity structure, with only a slightly larger range.

The phenomenon of mass movement due to a gradient of tension between the in-
terfaces of two liquids with different surface tensions is known as the Marangoni effect.
The energy density that can be absorbed by the metal material during construction easily
induces a strong Marangoni effect, which can easily form cracks at the weld seam while
adding to the risk of stress corrosion after implantation, as the human blood is weakly
alkaline, which can accelerate stress corrosion near the weld seam.
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Figure 17. (a) Stress cloud images of an 85% porosity face-centered cubic porous structure during the

formation process. (b) Stress cloud images of an 85% porosity body-centered cubic porous structure
during the formation process.

Table 8 shows the stress values of the four types of low-porosity porous structures
during the formation simulation. It can be seen from Table 8 that the honeycomb porous
structure has the smallest residual stress after construction, which leads to an improvement
in its fatigue performance, and thus has better mechanical properties, enabling the scaffold
to withstand some impact and possessing high strength, hardness, and machinability.

Table 8. Stress values of the four types of low-porosity porous structures during the formation simulation.

Porous Structures Cubic Face-Cer}tered Honeycomb Body-CeI}tered
Cubic Cubic
Stress values (MPa) 388.02 396.75 325.68 344.62

Calculation of the residual stress values after construction for the high- and low-
porosity porous structures can be obtained from the formation simulation results. For the
cubic porous structure, the residual stress after construction for the high- and low-porosity
structures are 388.02 Pa and 370.10 MPa, respectively, showing a decrease of 4.6% in the
high-porosity structure. For the face-centered cubic porous structure, the residual stress
after construction for the high- and low-porosity structures are 396.75 MPa and 373.99 Pa,
respectively, showing a decrease of 5.7% in the high-porosity structure. For the honeycomb
porous structure, the residual stress after construction for the high- and low-porosity
structures are 325.68 MPa and 302.46 Pa, respectively, showing a decrease of 7.1% in the
high-porosity structure. For the body-centered cubic porous structure, the residual stress
after construction for the high- and low-porosity structures are 344.62 MPa and 371.99 Pa,
respectively, showing an increase of 7.9% in the high-porosity structure. As indicated
in Tables 7 and 8, the honeycomb porous structure has the smallest residual stress after
construction, whether it is of low or high porosity.

5. Conclusions

The finite element simulation analysis of the renewable bone porous scaffold with
the optimization of the additive manufacturing process provides a reference value and
scientific guidance for the feasibility of porous humeral bone scaffolds, and it provides
a basis for the research and design of clinical humeral bone scaffolds. We can derive the
following conclusions:

1. Astrut diameter that meets the manufacturing requirements of 3D printing technology
was designed, followed by a pore size that can facilitate cellular transport of nutrients
and metabolic waste. The porosity was also conducive to the growth of bone tissue
into it, and four different types of unitary structures and finite element models of
cuboid, diagonal, honeycomb, and body-centered cuboid were established;
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2. Combining the four different porous structures with different porosities, compression
simulations were carried out, and the stresses were increased in the high-porosity
more than in the low-porosity structures. The cubic structure was the best in low-
porosity structures, and the face-centered cubic structure was the best in high-porosity
structures; the cubic structure was the best from the point of view of strain combined
with deformation volume. For the influence of mechanical properties, porosity is the
main factor;

3. Forming simulation analysis of porous structures shows that when fewer layers of
suspended structures are constructed, the shrinkage force during the cooling phase
is weakened by the limiting effect of the underlying powder, resulting in increased
shrinkage. The energy density that can be absorbed by the metal material during
construction easily induces a strong Marangoni effect, which can easily form cracks
at the weld seam while adding to the risk of stress corrosion after implantation, as
the human blood is weakly alkaline, which can accelerate stress corrosion near the
weld seam;

4.  The greater the height, the lower the stress level of the base plate itself and the more
uniform the stress level of the part before dismantling. The stress distribution before
dismantling includes large tensile stress zones in the upper area of the part being built.
The maximum stress (equal to the yield stress) is reached at the surface of the part.
The removal of the part significantly reduces the residual stresses present in the part;
the residual stresses are relaxed by uniform shrinkage and bending deformation. The
stresses in the part after disassembly are much less than before disassembly.
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