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Titanium (Ti) and its alloys are attracting special attention in the field of dentistry and
orthopedic bioengineering because of their mechanical adaptability and biological
compatibility with the natural bone. The dental implant is subjected to masticatory
forces in the oral environment and transfers these forces to the surrounding bone
tissue. Therefore, by simulating the mechanical behavior of implants and surrounding
bone tissue we can assess the effects of implants on bone growth quite accurately. In this
study, dental implants with different gradient pore structures that consisted of simple cubic
(structure a), body centered cubic (structure b) and side centered cubic (structure c) were
designed, respectively. The strength of the designed gradient porous implant in the oral
environment was simulated by three-dimensional finite element simulation technique to
assess the mechanical adaptation by the stress-strain distribution within the surrounding
bone tissue and by examining the fretting of the implant-bone interface. The results show
that the maximum equivalent stress and strain in the surrounding bone tissue increase with
the increase of porosity. The stress distribution of the gradient implant with a smaller
difference between outer and inner pore structure is more uniform. So, a-b type porous
implant exhibited less stress concentration. For a-b structure, when the porosity is
between 40 and 47%, the stress and strain of bone tissue are in the range of normal
growth. When subject to lingual and buccal stresses, an implant with higher porosity can
achieve more uniform stress distribution in the surrounding cancellous bone than that of
low porosity implant. Based on the simulated results, to achieve an improved mechanical
fixation of the implant, the optimum gradient porous structure parameters should be:
average porosity 46%with an inner porosity of 13% (b structure) and outer porosity of 59%
(a structure), and outer pore sized 500 μm. With this optimized structure, the bone can
achieve optimal ingrowth into the gradient porous structure, thus provide stable
mechanical fixation of the implant. The maximum equivalent stress achieved 99MPa,
which is far below the simulation yield strength of 299MPa.
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INTRODUCTION

Titanium and its alloy materials have been extensively researched
and applied in the field of medical materials due to their good
mechanical properties, as well as good biocompatibility and
corrosion resistance (He et al., 2012; Yavari et al., 2013; Wally
et al., 2019); compared with other traditional medical metallic
materials. Since they have high specific strength and low elastic
modulus they can be used as the preferredmaterial for human hard
tissue substitutes (Lewis, 2013; Chia and Wu, 2015; Tane et al.,
2016). However, most of the medical titanium implants currently
used on the market are solid structures; Compared to bone tissue,
the dense titanium still has a higher elastic modulus, which
produces a larger stress shield and leads to bone tissue
resorption. Therefore, the development of porous titanium
implants has effectively addresses this shortcoming (Taniguchi
et al., 2016). In addition, the interconnecting pores are also
conducive to the adhesion and growth of osteoblasts and the
transportation of body fluids and nutrients. According to
statistics, the optimal pore size range for osteoblast growth is
400–800 µm and the optimal porosity range is 55–85%. The
porous titanium implant with large pore size and high porosity
can provide space for cell growth and facilitate cell attachment,
which can promote bone ingrowth and improve osseointegration.
However, the strength of porous titanium that meets this condition
is significantly reduced, and it cannot meet the needs of implants.
So there has been a lot of emphasis on designing the structure of
gradient porous implants and related research (Weissmann et al.,
2016; Chen et al., 2017; Liu et al., 2018; Roy et al., 2018).

However, the current evaluations of gradient porous implants are
mostly focused on the mechanical properties, and fewer researchers
have looked at the biological adaptation of gradient porous implants
in specific biological environments. The implant is affected by the
chewing force in the oral environment and transfers the force to the
surrounding bone tissue. Some scholars have studied the numerical
simulation of osteoblast growth under mechanical stress stimulation
in combinationwith osteoblast culture experiments, and revealed the
laws of mechanical stress stimulation and implant structure on cell
growth and proliferation (Carpenter et al., 2018; San et al., 2018; Liu
et al., 2019; Liu et al., 2020). The results show that the outer layer with
high porosity and large pore size has biological advantages. The
overall compressive strength of double-layer gradient structure is
higher than that of single-layer outer structure (Lee et al., 2019). At
the same time, the inner layer improves the higher strength, and the
outer layer improves the good bone conductivity (Jiang et al., 2015).
In this paper, the effect of the intrinsic properties of the material on
the biomechanical adaptation is considered. The fretting value of the
implanted bone should be less than 50 µm (Brunski et al., 2000; Trisi
et al., 2009). According to Frost’s minimum effective strain theory
(Forst, 2004); there are four thresholds for the influence of stress and
strain on bone tissue. Specifically, if the stress on the bone tissue is
less than 1–2MPa (strain less than 50–100 με), the bone resorption
rate is greater than the reconstruction rate, and the bone tissue is
resorbed; when the stress is in the range of 2–20MPa (strain is in the
range of 100–1,500 με), the bone formation rate and the absorption
rate are roughly the same, maintaining normal bone quality, and
increasing appropriately; when the stress is in the range of

20–60MPa (strain is in the range of 1,500–3,000 με) we are in
the active state of bone plastic construction, and bone stress can
promote the growth of bone tissue; when the stress is in the range of
60–120MPa (strain is in the range of 3,000–25,000 με), micro-
damage is accumulated in the bone tissue.

In order to make oral implants with better mechanical properties
under the condition of bone ingrowth, this experiment designed
gradient porous structure implants with different pore structures.
Using ANSYS Workbench numerical simulation software, the
implants with different gradient structures were placed in a
simulated oral environment. The compression strength of the
implant, the stress and strain distribution of the bone tissue
around the implant and the micro-motion of the bone tissue
interface are evaluated, and the influence of the gradient structure
on the performance of the implant is obtained, and the best gradient
porous structure tomeet the requirements of the implant is identified.

MATERIALS AND METHODOLOGY

Model Construction
In this study, lattice structural units were used to construct a
gradient porous implant model. Taking into account the strength
requirements of the gradient structure, the suitable aperture range
for bone ingrowth, and the uniform connection between the inner
and outer layers, the selected lattice structure units are cubic units
(a), cubic-centered units (b), and cubic-centered units (c), as shown
in Figure 1. The side length of the cube is 1 mm, and the change of
porosity can be controlled by changing the radius of its pillars.

The gradient porous implants are designed with a-b gradient
structure with b as the core and a-c gradient structure with c as the
core. The size of the gradient porous structure is 4mm × 4mm ×
10mm, of which the core structure is 2mm × 2mm × 10mm. The
overall cut is a gradient porous structure with a bottom diameter of
4mm and a height of 10mm. By adjusting the pillar radius of a, b, c
lattice structure, the porosity and pore diameter of the implant can be
adjusted. Figure 2 shows the model of a-b and a-c gradient porous
structure cylinders. The inner and outer layer porosity, outer layer
pore size and average porosity calculated by the gradient porous
structure of the two combinations are shown in Table 1. The
compressive performance test of the a-b structure gradient porous
cylinder is performed, and the stress-strain curve is shown inFigure 3.
The compressive specimens were manufactuer by the SLM-125 HL
machine (Solutions Gmbh, Germany) under a Ar atmosphere contain
below 0.02% oxygen. The laser power, laser scanning speed, layer
thickness, and hatching distance were 200W, 900mm/s, 30 μm, and
0.14mm. The compressive yield strength and elastic modulus values
of each gradient porous structure column are calculated from the
stress-strain curve, the results are shown in Figures 3A,B.

Using Solidworks modeling software, the gradient porous
implant model and the mandible model of the implant
environment were constructed. Since the actual model of the
human mandible is relatively complicated, the implant has a
certain effect on the surrounding strong bone tissue when the
implant is loaded. For the convenience of calculation, the
constructed mandible model is a simple cuboid shape. 1) The
implant body has a gradient porous structure with the length of
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10mm and the diameter of 4 mm; the neck height is 1.8 mm, the
upper diameter is 4.8 mm, and the lower bottom diameter is 4 mm.
A 5mm high abutment is designed on the upper part of the
implant. The top diameter of the abutment is 3 mmand the bottom
diameter is 4 mm, which is simplified as a whole with the implant.
2) The simplified mandibular bone model has a total height of
28.6 mm, a mesiodistal length of 25.4 mm, a buccal-lingual length
of 10 mm, and an outer cortical bone thickness of 1.3 mm, The
thickness of the constructed cortical bone is close to that of the
biological bone, and the total depth of the entire implant inserted
into the mandible is 11.3 mm. The model is shown in
Figures 3C,D.

Implant Static Analysis
The finite element analysis software used in this experiment is
ANSYSWorkbench 18.0. The basic parameters of the Ti material
used are the characteristics obtained by the research team in the
previous study: density 4.46 g‧cm−3, elastic modulus 110 GPa,
compressive yield strength 607 MPa, tensile strength 894 MPa.
Because the porous structure of this experiment is irregular, the
method of freely dividing the grid is adopted by manually
adjusting the grid accuracy, using a hexahedral grid with a size
set to 0.5 mm. For the convenience of calculation, the lower
surface is added as a fixed constraint, the bite force is 120 N, and

FIGURE 1 | Geometrical sketch of designed unit structures. (A) cubic structure (B) cubic center (C) cubic edge center

FIGURE 2 |Model diagram of gradient porous structure column (A) a-b
type structure (B) a-c type structure.

TABLE 1 | Structural parameters of gradient porous structure model.

Structure Pillar radius/mm Porosity (%) Core porosity
(%)

Outer porosity
(%)

Outer diameter/μm

a-b 0.1 87.32 75.72 91.71 800
0.15 74.50 53.16 82.61 700
0.175 67.30 42.00 77.00 650
0.2 60.00 30.56 71.35 600

0.225 52.86 21.00 65.00 550
0.25 46.08 13.12 58.77 500
0.275 39.83 0.80 52.00 450
0.3 34.08 0.40 46.00 400

a-c 0.1 86.23 72.30 91.71 800
0.15 72.57 47.12 82.61 700
0.2 57.52 22.78 71.35 600
0.25 43.67 5.55 58.77 500
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the upper surface is applied vertically. The restraint and loading
methods are shown in Figure 4. Each model contains 160 units.

Analysis of Biological Fit of Implants in Oral
Environment
Material Parameter Setting
The use of three-dimensional finite element analysis for
biomechanical analysis requires simplified processing of
complex human tissues and materials. The implant material is

titanium. The mandibular model is composed of cancellous bone
and cortical bone. The relevant parameters of bone tissue and
implant materials are shown in Table 2 (Santos et al., 2015).

FIGURE 3 | Actual measured value of SLM samples: (A) Compression yield strength, (B) Elasticity modulus; (C) Gradient porous dental implant mode, (D)
Simplified mandible model.

FIGURE 4 | Compression simulation parameter settings (A) Load mode (B) Constraint conditions (a-b structure with porosity of 46.08% as an example).

TABLE 2 | Elastic modulus and Poisson’s ratio of bone tissue and implant
material.

Material Elastic modulus/GPa Poisson’s ratio

Titanium 110 0.35
Cortical bone 13.7 0.3
Cancellous bone 1.37 0.3
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Contact Conditions and Constraints
The implant body and neck, implant neck and abutment, and
cortical bone and cancellous bone are all set to be in binding
contact. When analyzing the maximum equivalent stress and
maximum equivalent strain of the bone tissue, it is assumed that
complete osseointegration occurs between the implant and the
surrounding bone, That is to simulate the changes in stress and
strain at the end of planting. Therefore, the binding contact
between the implant and the surrounding bone is set as a binding
contact without sliding friction. When measuring the micro-
movement of the implant-bone tissue interface, it is assumed that
a fter the implant is stressed, there will be a pressing effect
between the implant and the bone interface, and there will be
a slight sliding along the interface, the friction coefficient is set to
0.3, That is, it simulates the micro-movement of the interface
between the implant and the surrounding bone tissue at the early
stage of implantation. In the simulation process, the buccal-
lingual surface, mesiodistal surface, and bottom surface of the
bone block model are set as rigid constraints, that is, it is assumed
that the mandible does not move and does not shift. The setting of
the above situation may have a certain error with the actual
planting situation, but it has a certain guiding effect for the
exploration of general rules. This is also to more conveniently and
quickly find the best implant structure parameters.

Meshing
The implants in the oral environment are divided into tetrahedral
meshes. The size of the grid will have a certain impact on the
accuracy of the calculation result. The tighter the grid, the more
accurate the result, but the larger the calculation amount.
Therefore, dense grids are used for the implants and
surrounding tissues. The rest uses a relatively loose grid. The
0.6 mm thickness of the implant-bone tissue interface adopts a
dense grid, the grid size of this part is set to 0.3 mm, and the grid
size of other parts is set to 0.5 mm, and the models of each group
are consistent.

Loading Method
In this experiment, an average bite force of 120 N was used as the
vertical load. At the same time, the combined force is set to

simulate the limit bite force, which are 114.6 N in the axial
direction, 17.1 N in the buccal and tongue direction, and
23.4 N in the proximal and distal directions. The combined
force of the three directions is 15% with the long axis of the
implant, and the size is 118.2 N. The two loading methods are
shown in Figure 5.

Calculation Analysis and Observation Index
We usedse ANSYS Workbench software to perform static
analysis on the model, obtain the stress and strain distribution
cloud diagram of the implant and the bone tissue around the
implant, calculate the stress dispersion of the implant and the
cancellous bone, and analyze the distribution of the equivalent
strain interval of the cancellous bone. The stress dispersion is
defined as the ratio of the width of the stress distribution to the
average stress. The smaller the dispersion, the more uniform the
stress distribution. The definition formula of dispersion is shown
in Eq. 1.

D � (SMax−SMin)/SSavr (1)

Where D represents the degree of dispersion, SMax is the
maximum value of the stress or strain data, SMin is the
minimum value of the data, and SSavr is the average value of
the data.

The calculation of fretting is to define a node on the surface of
the implant and determine the node at the corresponding
position of the bone interface. After the loading force is
applied, the relative displacement between the two nodes on
the x-axis, y-axis and z-axis of the three-dimensional coordinate
system is calculated. Therefore, when measuring implant
micromotion, we took a reference point on the neck, body,
and end of the implant, and measured the buccal-lingual
(x-axis), vertical (y), and near-distal (z-axis) directions. The
directional displacements are dx1, dy1, dz1, and the
displacements of the corresponding points on the bone tissue
interface are measured at the same time as dx2, dy2, dz2.
According to Eq. 2, the comprehensive relative displacement,
that is, the fretting value, is calculated:

S �
�����������������������������������
(dx1 − dx2)2 + (dy1 − dy2)2 + (dz1 − dz2)2

√
(2)

FIGURE 5 | Load regime. (A) vertical loading (120 N) and (B) oblique loading (118.2 N).
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RESULTS AND DISCUSSION

The Effect of Structural Elements on the
Mechanical Properties of Implants
The maximum equivalent stresses of the a-b structure and the
a-c structure obtained by the axial force loading and
compression simulation of the implant are shown in
Figure 6. When the pillar radius of the two structures is
0.1°mm, the porosity is 87.32 and 86.23%, and the maximum
equivalent stress is 948.3 and 940.2°MPa, respectively. The
compressive yield strength of titanium is 607 MPa, therefore,
yield occurs during use. When the pillar radius is the same, the
overall porosity of the a-c structure is lower than that of the a-b
structure, and the supporting area of the porous structure is
larger, and the equivalent stress is smaller. But when the pillar
radius is the same, the maximum equivalent stress of the a-b
structure and the a-c structure is not much different, so the
compressive performance of the two structures is basically
the same.

The experiment further carried out simulation analysis for the
a-b type structure with a small difference between the inner and
outer layer structures. According to the principle of finite element
analysis, the whole object is decomposed into finite structural
elements, and the stress of each element is calculated, and the
overall stress is obtained. The stress data of each cell in the model is
derived, analogous to the calculation principle of the dispersion of
particle size distribution, and the stress value of each element is
analogous to the particle size, and the equivalent stress distribution
is calculated. The result is shown in Figure 7. Overall, according to
the obtained uniform stress distribution, under the action of axial
force, as the porosity decreases, the effective bearing area of the
force increases, and the stress distribution of the implant becomes
more uniform; under the action of lateral force, the porosity is
respectively 60.00, 52.86, 46.08% of the gradient structure and
implants have good stress uniformity.

The Effect of Porosity on the Mechanical
Properties of Implants
Figure 8 shows the simulated maximum equivalent stress and
theoretical yield strength of implants with different porosity
gradient structures under two loads. The Compressive yield
strength of the solid implant model is 607 MPa, and the finite
element simulation results of the maximum equivalent stress
under axial force and lateral force are 19.00 and 48.86 MPa,
respectively, which are far lower than the yield strength of the
material, and the compressive performance is optimum. In each
group of gradient porous structure implants: under the action of
axial force, as the porosity increases, the peak equivalent stress of
the implant increases and the theoretical yield strength and
compressive performance decrease. When the porosity is
74.50%, it cannot meet the mechanical performance

FIGURE 6 | Maximum equivalent stress of two structures with different
porosity. FIGURE 7 | Variation of stress distribution of implant with porosity for

implant with a-b gradient structure and compact structure.

FIGURE 8 | Variation of maximum equivalent stress and compressive
yield strength of the implant with porosity under two loading regimes.
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requirements; when the porosity is less than 60.00% under lateral
force, the maximum equivalent stress of the implant should be
less than 50% of the yield strength to meet the requirements of
stomatology for the mechanical performance of the implant. The
minimum equivalent stress peak value of 46.08% implants is
96.33 MPa. Therefore, it is believed that the implants with 46.08%
porosity have higher compressive strength and show better
mechanical properties under lateral force.

The Effect of Porosity on the Biological Fit of
the Implant
According to the theory of bone mechanics, if the stress of bone
tissue is less than 2 MPa (strain is less than 100 με), bone tissue
will resorb; when the stress is in the range of 2–20 MPa (strain is
in the range of 100–1,500 με), the bone tissue maintains normal
bone quality and grows appropriately; when the stress is in the
range of 20–60 MPa (strain is in the range of 1,500–3,000 με), it is
in an active state of bone plastic construction; when the stress
exceeds 60 MPa (strain exceeds 3,000 με), the bone tissue is in a
pathologically over-loaded state, and a small load can cause a
fracture. In addition, the micro-motion value of the implant-bone
tissue should not exceed 50–100 μm in order to achieve the bone
tissue surrounding the implant and good osseointegration. In the
experiment, the critical value of bone tissue stress and the
proportion within the interval were used as the analysis basis
to evaluate the biocompatibility of implants with gradient
structures with different porosities.

The bone tissue mainly in contact with the gradient structure
of the implant is cancellous bone, and the bone tissue within
4.2 mm from the surface of the implant (Liu et al., 2019) is the
main stress-affected area. Therefore, this part of the cancellous
bone block was cut and observed. Under the action of axial force
and oblique force, the implants with the porosity of 46.08 and
74.50%, and the surrounding bone tissue stress cloud diagrams
are shown in Figures 9, 10, respectively. It can be seen from the
stress cloud diagram that when the axial force is applied, the stress
concentration of high-porosity implants is in the neck, and the
stress concentration of low-porosity implants is around the body
pores, which can reduce the tooth damage caused by excessive

stress. When the lateral force is applied, the stress concentration
of the implants of all structures appears in the neck.

Figure 11 shows the comparison of the maximum equivalent
stress and maximum equivalent strain of each group of gradient
structure implant models and compact implant models. For
compact implants, due to the stress shielding effect, the
equivalent stress of the cancellous bone is lower than the
normal growth value regardless of the axial force or the
oblique force. When the porosity is lower than 39.83%, the
maximum equivalent stress is lower than 2 MPa, which is the
inactive mode threshold of bone tissue, and osteoblasts do not
receive sufficient mechanical stimulation, resulting in disuse
resorption of bone tissue. When the porosity is higher than
46.08%, and the maximum equivalent strain exceeds 3000 με
of the bone repair micro-fatigue damage strain value, it results in
pathological overload. The micro-fatigue damage accumulated in
the bone in these areas can easily cause pathological fractures. The
porosity of the gradient structure implant is in the range of
39.83–46.08%, which can meet the normal growth of bone tissue.

When the strain of the bone tissue is 100–1,500 με, the existing
surrounding bone tissue can be maintained to prevent bone loss,
and when the strain is high, it is conducive to the formation of
bone (Liu et al., 2019). For the cancellous bone within
100–1,500 με, we plotted the frequency histogram of the strain
data and calculated the average equivalent strain, the porosity of
the gradient structure implants with 46.08 and 74.50%, and the
strain distribution of cancellous bone around the dense structure
implant. As shown in Figures 12, 13, as the porosity decreases,
the strain distribution width decreases, the peak value increases,
and the strain distribution in the bone tissue become more
uniform. The comparison of the average equivalent strain
results of each group of gradient structure implants is shown
in Figure 14. According to the statistical results, under the action
of axial force, the larger average equivalent strain is the implant
with porosity 39.83 and 46.08%; under the action of lateral force,
the larger average equivalent strain is the porosity 39.83 and
46.08% and 52.86% of implants. The larger the average equivalent
strain, the greater the strain on the whole cancellous bone, which
is considered to be closer to the range of active reconstruction of
bone tissue and beneficial to bone formation. In the two loading

FIGURE 9 | Stress nephrogram of cancellous bone under 120 N vertical loading. (A) porosity of 46.08% (B) porosity of 74.50%.
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modes, the average equivalent strain of the implants with the
porosity of 39.83 and 46.08% is larger, which is more conducive to
bone formation.

When the strain of bone tissue is in the range of
1,500–3,000 με, the rate of bone formation is faster than that
of bone resorption, and lamellar bone formed on the bone
surface. The proportion of unit cells that have an equivalent
strain in the range of 1,500–3,000 με in the cancellous bone
around the implant under two loading regimes are calculated,

and are shown in Figure 15. It can be seen that with the porosity
increase, the proportion of cells with an equivalent strain in the
range of 1,500–3,000 με increases, that is, there are more bone
tissues in an active bone-forming state, and the quantitative
binding capacity increases. Compared with the porosity of
39.83%, when the porosity is 46.08%, there are more unit cells
in the surrounding cancellous bone for active bone formation.

The optimal gradient structure implant in this experiment was
compared with the gradient structure implant [23] that has been

FIGURE 10 | Stress nephrogram of cancellous bone under 118.2 N oblique loading (a) porosity of 46.08% b) porosity of 74.50%.

FIGURE 11 | The variation of maximum equivalent strain (A) and stress (B) in the cancellous bone around the implant with the porosity of the implant.

FIGURE 12 | The variation of the relative frequency with Von-mizes strain in the cancellous bone under 120 N vertical loading. Average porosity: (A) 0% (compact
structure); (B) 46.08%; (C) 74.50%.
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studied. The comparison results are shown in Table 3. It can be
seen that the pore parameters of the two structures are basically
the same. In vivo, animal experiments were carried out in the

research of Wang Yaling[23], and it was concluded that the
designed gradient structure implant has good osseointegration
performance. The maximum equivalent stress of the bone tissue
in this experiment is similar to the results[23]. It can be seen that
the best gradient structure implant obtained in this experiment
also has considerable osseointegration capacity. This experiment
adopts a gradient lattice structure, compared with the gradient
structure obtained by directly opening the holes in the reference,
it is also a side load stress. The maximum equivalent stress of the
optimal gradient structure implant obtained in this experiment is
96.33 MPa. The proposity of structure in this study is lower than
the design of the Wang Yaling, and it is not easy to break. In
addition, the compression strength of the implant in the work of
Wang Yaling (Wang, 2017) is 259.39 MPa, while the compression
strength of the implant in this experiment is 299.25 MPa.

Gradient Structure Implant-Bone Tissue
Section Micro-movement
The initial stability of the implant means that in the initial stage of
implantation into the bone tissue, the implant will not have a large
relative displacement between the interface and the bone tissue due to
external force. The small mobility between the implant and the bone
interface in the early stage of implantation is not conducive to the
adhesion of osteoblasts around the implant. It will also repeatedly
interfere with the normal bone reconstruction process, reduce the
osseointegration effect, and affect the area that has reached healing and
causes damage. The calculation of fretting is to define a node on the
surface of the implant and determine the node at the corresponding
position of the bone interface. After the loading force is applied, the
relative displacement between the two nodes on the x-axis, y-axis and
z-axis of the three-dimensional coordinate system is calculated. This
experiment calculated the micro-movements of the implant-cortical
bone interface, the implant-cancellous bone (top) interface, and the
implant-cancellous bone (bottom) interface in each group of implant
models. For the implant-bone tissue in each group, the fretting value of
the interface is between 6.63 and 22.53 µm. It is generally believed that
the fretting value of the implant-bone tissue should not exceed
50–100 µm to achieve the bone tissue surrounding the implant
instead of fibrous tissue surrounding the implant. Therefore, the
micro-movement of the implant-bone tissue interface of each
gradient structure does not exceed 50 μm, and it has the ability to
complete osseointegration.

FIGURE 13 | The variation of the relative frequency with Von-mizes strain in the cancellous bone under 118.2 N oblique loading. Average porosity: (A) 0% (compact
structure); (B) 46.08%; (C) 74.50%.

FIGURE 14 | The variation of equivalent strain in the cancellous bone
around implants with porosity.

FIGURE 15 | The variation of the proportion of cancellous bone around
the implant that have strain in the range of 1,500–3,000°μεwith the porosity of
the implant.
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CONCLUSION

1) As the porosity decreases, the compressive strength of the
gradient porous implant increases. For the a-b structure with a
porosity of 46.08%, the maximum equivalent stress is the
lowest under the lateral force environment, and the stress
distribution is uniform.

2) With the increase of porosity, the maximum equivalent
stress and maximum equivalent strain in the bone tissue
increase. When the porosity of the implant is 39.83–46.08%,
the stress and strain of the bone tissue are in the range that
satisfies normal growth. As the porosity decreases, the
average equivalent strain of cancellous bone first
increases and then decreases, and the proportion of
strain decreases in the range of 1,500–3,000 με. Under the
action of axial force, the stress distribution in the cancellous
bone becomes more uniform as the porosity decreases;
under the action of lateral force, the stress distribution in
the cancellous bone becomes more even when the porosity is
higher.

3) The best gradient porous structure parameters were:
average porosity 46.08%, inner porosity 13.12%, outer
porosity 58.77%, outer pore size 500 um. Under this
structure, the equivalent strain is in a suitable range for
the active bone growth and integration. The maximum
equivalent stress under the oral ultimate stress is
99.33 MPa, much lower than the yield strength of
269.72 MPa.
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