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Abstract Background/purpose: Replacing missing teeth with implant-supported prostheses
is a common practice; however, function-induced early bone loss may exacerbate peri-
implantitis. Identifying factors that influence marginal bone loss is crucial. This study used
finite element (FE) simulation and in-vitro analysis to evaluate design concepts and their ef-
fects on stresses and strains in dental implants and surrounding bone.
Materials and methods: Five implant designs were analyzed: (1) full solid, (2) upper porous, (3)
lower porous, (4) lower porous: upper half, and (5) lower porous: lower half. The study
included stability measurements, three-dimensional FE modeling, in-vitro mechanical testing,
and simulations of long-term bone remodeling.
Results: The full-solid design showed the highest stress tolerance, followed by the lower
porous and upper porous designs. Stress concentration was higher with oblique forces. The up-
per porous design favored bone strain distribution but exhibited permanent deformation
beyond 350 N. Lower porous implants demonstrated similar strength to the full solid but supe-
rior marginal bone growth.
Conclusion: Within the scope of this study, the following conclusions were drawn: (1) A well-
designed porous structure enhances post-implantation bone growth; (2) An upper porous
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design facilitates bone ingrowth but exhibits reduced strength under stress; (3) Lowering
porosity adversely affects bone regeneration.
ª 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Replacing missing teeth with implant-supported prosthesis
has become a prevalent choice over the last few decades.1

Function/stress-induced early bone loss is likely to deepen
gingival sulcus/crevice, providing a conducive environment
for anaerobic bacteria, further exacerbating bone loss in
peri-implantitis.2 It becomes imperative to identify factors
influencing marginal bone loss (MBL). Lessons from the long
history of metallic stem prostheses in hip replacements
reveal that, in certain cases, bone loss around the implant
occurred due to the elasticity mismatch between the bone
and the implant, ultimately leading to aseptic loosening.3,4

To mitigate stress shielding, the Robert Mathys (RM) isoe-
lastic hip prosthesis, featuring a plastic (polyacetyl resin)
stem, was introduced in 1970s. Comparison of mechanical
consequences of different materials revealed that unce-
mented femoral stem with modulus similar to that of bone
resulted in minimal bone resorption.4 Long term clinical
follow-up of the RM isoelastic design demonstrated better
of periprosthetic bone preservation compared to metallic
implants.5 However, discontinued use of the RM isoelastic
design was attributed to a high incidence of loosening due
to poor bone growth onto the plastic material, large
micromotion, absence of osseointegration, poor initial fix-
ation, and increased formation of wear product.5e8 If the
stress shielding effect theory holds true, the manufacture
of isoelastic endosseous dental implants should be consid-
ered to provide similar elastic properties to the bone,
ensuring a secure anchorage for bone ongrowth/ingrowth.
Animal studies have shown that using isoelastic material
with surface loops or pores results in physiologic stress
distribution, better bone regeneration, and avoidance of
adverse effects associated with stiff materials on bone
remodeling.9,10

Previous studies suggest that 3D printed porous dental
implants made from titanium-aluminum-vanadium (Ti6Al4V;
grade V titanium) may be customized to meet patient’s
need, potentially encouraging bone ingrowth and improving
osseointegration by mitigating the mechanical shielding
effect.11,12 However, the increase in porosity may
compromise the mechanical properties of the implant. In
cases where insufficient bone is available for standard-
diameter implant placement, narrow-diameter dental im-
plants offer an alternative option. However, narrow-
diameter implants pose potential limitations, structurally
weaker and carrying a high risk of fatigue failure.13 More-
over, the reduced surface area for bone-implant contact
may affect the transfer of bone stress and strain, resulting
in elevated stress and strains in the surrounding bone.14

Previous studies have identified implant locations at the
maxillary canine and mandibular incisors as risk factors for
progressive MBL,15 areas where narrow-diameter implants
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are often chosen for implantation. While several studies
have examined the biomechanical factors of small-
diameter implants,16,17 none have explored the biome-
chanical performance of implants with both small diameter
and porous design.

Considering that porous design may be a solution to
reduce the shielding effect and preserve peri-implant bone,
this study aimed to design and fabricate 3D printed Ti6Al4V
porous dental implants with small diameters capable of
meeting mechanical demands in a worst-case scenario (per
ISO 14801:2016). The primary focus was to compare stress
and strain distributions under loading on five types of two-
piece 3.5 mm-diameter implant with different porous de-
signs and their surrounding bone using finite element (FE)
simulation, with the results validated through mechanical
tests.
Materials and methods

Implant design

The fundamental configuration of the two-piece 3.5 mm-
diameter and 13 mm-length dental implants closely
resembled the commercially available Nobel Biocare
(Balsberg, Kloten, Switzerland) Implants. The study
encompassed five variations with distinct surface porosity:
(1) full solid, (2) upper porous, (3) lower porous, and two
subtypes, (4) lower porous: upper half, (5) lower porous:
lower half implants (Fig. 1A).

Three-dimensional finite element (FE) modeling

The implants geometries were meticulously crafted using
computer-aided design software (SolidWorks 2009, Solid-
Works Corporation, Concord, MA, USA) and imported into
ANSYS Workbench 19.3 (ANSYS, Inc., Canonsburg, PA, USA).
The three-dimensional FE model comprised the imported
implant, a titanium alloy abutment, a cap, and mandibular
bone (19.0 cm � 29.7 cm x 33.5 cm) with a 2-mm thick
cortical bone layer constructed from micro-CT images, as
shown in Fig. 1B (a). The model underwent meshing using
three-dimensional ten-node tetrahedral elements, with s
defined region of interest (ROI) around the implant and a
specific area around the first three threads (representing
the marginal bone area) of the implant for the further
analysis [Fig. 1B (b)]. The mesh size was set to be less than
or equal to 0.4 mm based on the results of convergence
tests.

Material properties, as outlined in Table 1, assumed the
entire model to be homogeneous and isotropic elastic.18,19

The implants and abutment were assigned the material
properties of titanium alloy.18 Frictional contact interfaces
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Figure 1 Five implant designs and three-dimensional finite element (FE) analysis models of the implant body and its surrounding
bone.
A: Five implant designs. Three major types: (1) full solid, (2) upper porous, (3) lower porous, and two subtypes: (4) lower porous:
upper half, and (5) lower porous: lower half implants.
B: Three-dimensional finite element (FE) analysis models of the implant body and its surrounding bone. (a) The entire three-
dimensional FE model, including a sectional view; (b) A cross-sectional diagram of the three-dimensional mesh model. The area
delineated by the red line corresponds to the region of interest (ROI). The blue-dotted line outlines the extent of the first three
threads (representing the marginal bone area). (c) Simulation of the early bone growth process, encompassing Stages 0e4. The
orange region indicates the filled bone during each stage.
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Table 1 Material properties used in the finite element
model.

Materials Young’s modulus
(MPa)

Poisson’s
ratio: n

Structural steel 200,000 0.3
Titanium alloy (Ti6Al4V) 96,000 0.36
Cortical bone 10,700 0.3
Cancellous bone 910 0.3
Fibrous tissue 2 0.17

Abbreviations: MPa, megapascals; Ti6Al4V, titanium alloy with
6 % aluminum and 4 % vanadium.
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were established between the bone and other components
with a frictional coefficient of 0.1. The mesial and distal
surfaces of the bone were constrained. Two loading sce-
narios were considered: (1) Vertical loading with a force of
150 N applied onto the top of the cap along the -y direction,
and (2) Oblique loading, incorporating a lateral buccal to
lingual side force of 20 N in addition to the vertical force.20

Simulation of bone growth and remodeling spanned six
stages, starting from Stage 0 (immediately post-
implantation with no bone growth) to Stage 4 (complete
filling with bone). Fig. 1B (c) illustrated the simulation of
the early bone growth for the upper and lower porous im-
plants. The ‘s/p bone remodeling’ stage represented the
long-term status of post-surgery (s/p) bone remodeling
after implantation. Based on the theories of Minimum
Effective Strain (MES) and the mechanostat theories pro-
posed by Harold Frost,21e25 strain responses categorized
bone reactions into “over yield point,” “bone gain,”
“adapted,” and “bone loss.” By adjusting Young’s modulus
according to these categories, the strain and stress distri-
butions of the modified model were calculated to simulate
s/p bone remodeling under the same conditions as Stage 4.

For the outcomes derived from the Stage 0e4 models and
s/p bone remodeling, an assessment was conducted on the
volume fractions of healthy and diseased bone around the
implant in the ROI. In this context, healthy bone encom-
passed elements with strain falling within the “bone gain”
and “adapted” ranges, while diseased bone was defined as
those with strain in the “over yield point” and “bone loss”
ranges. It was assumed that a higher volume fraction of
healthy bone and a lower volume fraction of diseased bone
would indicate superior implant performance.

Dynamic loading test for laser-sintered Ti6Al4V
dental implants

The three primary implant types (full solid, upper porous,
lower porous) were fabricated using the laser-sintered ad-
ditive technique as previously described.11,12 Failure eval-
uation of the implants was conducted using a material
testing machine (JSV-H1000, Japan Instrumentation Sys-
tem, Nara, Japan). Fatigue testing followed the procedures
outlined in the dynamic loading test for dental implants as
per ISO 14801 requirements. A custom-made jig constrained
the sample on the testing platform of the loading machine.
At least three specimens for each design met the ISO 14801
standards without failures, after which subsequent
1019
experiments were conducted. Detailed records of the fail-
ure mode and photographs of the failed implants were
documented.

Bone specimen preparation

For this study, the density of trabecular bone chosen
simulated Type 2 bone, following Misch’s bone-density
classification.26 A Sawbone model of trabecular bone
(density: 0.4 g/cm3, elastic modulus: 759 MPa; model 1522-
05) (Pacific Research Laboratories, Vashon Island, WA, USA)
was used, featuring a 2-mm thick synthetic cortical layer
(elastic modulus: 16.7 GPa; model 3401-02) (Pacific
Research Laboratories). The synthetic bone block, rectan-
gular in shape, measured 41 mm � 30 mm x 43.5 mm in
dimension.

Implant stability measurement

The Periotest device (Periotest Classic, Medizintechnik
Gulden, Modautal, Germany) gauged the mobility of the
three major types of laser-sintered Ti6Al4V dental implants
after the implants post-insertion into the bone blocks.
Positioned perpendicularly 2 mm from the abutment, the
measurement device’s tip delivered impacts to the implant
at a rate of four times per second for a duration of 4 s, after
which Periotest values (PTVs) were measured.27

Statistical analysis

Both implant stability and peak minimum principal strains
under loading were measured, and the results were sum-
marized as median and interquartile range values. Com-
parisons between these implant systems were analyzed
with Wilcoxon’s rank-sum test with commercial statistical
software (SAS version 9.1, SAS Institute, Cary, NC, USA) with
a significant value of 0.05.

Results

Mechanical experiments

Examining the loadedeformation curve, the full-solid
design exhibited the highest tolerance, followed by lower
porous design, while the upper porous design possessed the
lowest stress tolerance (Fig. 2A). In the measurement of
implant stability, the smaller the periotest values (PTV),
the higher the stability.28 Across all three different designs,
the PTV consistently demonstrated excellent stability.
However, discernible differences were noted among the
groups, with the stability of full solid and upper porous
designs surpassing that of lower porous design (Fig. 2A).

Failure characteristics of implant assemblies

For the upper porous design, permanent deformation
occurred when the applied force exceeded 350 N. Removal
of the cap revealed a crooked internal screw beneath the
abutment (Fig. 2B). This area displayed a distinct



Figure 2 The loadedeformation curves, periotest values (PTV) of the various implant designs and Failure characteristics of
implant assemblies.
A: The loadedeformation curves and periotest values (PTV) of the various implant designs. The loadedeformation curve revealed
that the full-solid design exhibited the highest tolerance to stress, followed by lower porous design, with the upper porous design
showing the lowest stress tolerance. Regarding periotest values (PTV), all three designs demonstrated excellent stability, with the
lower porous design exhibiting the least stability. (N Z 11; **: P < 0.01, ***: P < 0.001)
B: Failure characteristics of implant assemblies.
In the upper porous design, visible permanent deformation became apparent when the applied force exceeded 350 N. Upon
disassembly, it was observed that the internal screw under the abutment was crooked.
Abbreviations: IQR, interquartile range; P, probability value; SD, standard deviation.
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Figure 3 Maximum and average stress distribution in cortical bone (A), cancellous bone (B) and implant body (C).
A: Maximum and average stress distribution in cortical bone, encompassing Stages 0e4 and post-surgery (s/p) bone remodeling.
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discontinuity in geometric shape, leading to stress con-
centration and, consequently, the initial deformation at
this site.

Three-dimensional FE analysis: simulations of
immediate post-implantation conditions

When a vertical force of 150 N was applied, the cortical
bone’s highest stress occurred around the necks of all three
designs [Fig. 3A (aec)]. The upper porous implant exhibited
the highest stress in the cortical bone [131.38 MPa in Fig. 3A
(b)]. Stress in the cancellous bone peaked around the apical
tip of the implants, showing comparable maximum and
average values for all three designs [Fig. 3B (aec)].
Notably, the lower porous implant demonstrated a more
uniform stress distribution in contrast to the full-solid and
upper porous implants [Fig. 3B (c)].

For the implant body, the maximum stress occurred at
the apical tip of the full solid implant [Fig. 3C (a)], whereas
it took place at the top interface between the solid and
porous portions in the upper porous and lower porous im-
plants [Fig. 3C (b) and (c), respectively]. The upper porous
design introduced higher stress in the cortical bone layer,
with the maximum stress on the upper porous implant body
(872.13 MPa) significantly exceeding that on the full-solid
(97.81 MPa) and lower porous (122.54 MPa) implants. This
elevated stress was attributed to the sharp corners of the
helical structure [Fig. 3C (b)].

Under oblique loads, the stress distribution shifted to-
wards the side opposite to the direction of force applica-
tion [Fig. 3AeC (def)], with an overall increase stress
magnitude, particularly within the implant body. The upper
porous implant experienced the highest stress value
[1315.2 MPa, Fig. 3C (e)] among the three designs, attrib-
uted to significant bending at the interface between the
solid and porous portions, possibly leading to mechanical
failures. The stress distribution trends under the oblique
loads mirrored those under vertical loads.

Three-dimensional FE analysis: simulations for
bone growth and remodeling

Fig. 4(aec) illustrated the distribution of healthy and
diseased bone for the three implants under vertical loads.
Bone loss typically occurred around the threads and bone
gain occurred at the tip. Table 1 presented volume frac-
tions of healthy and disease bone around the first three
threads (the marginal bone area). The upper (78.2 %) and
lower porous (74.3 %) implants outperformed the full solid
implant (69.5 %) in terms of volume fraction of healthy
(a)e(c) Stress results under vertical loads;
(d)e(f) stress results under oblique loads.
B: Maximum and average stress distribution in cancellous bone, enc
(a)e(c) Stress results under vertical loads;
(d)e(f) stress results under oblique loads.
C: Maximum and average stress distribution in implant body, enco
(a)e(c) Stress results under vertical loads;
(d)e(f) stress results under oblique loads.
Abbreviations: Avg, average; Max, maximum; s/p, post-surgery.
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bone. Additionally, the volume fractions of diseased bone
around the first three threads of the upper (21.8 %) and
lower porous (25.7 %) implant were lower than that in full
solid implant (30.5 %). These findings indicated superior
performance of both the upper and lower porous implants
under vertical loads.

Fig. 4(def) demonstrated that bone loss typically
occurred in the cortical bone layer near the site of oblique
force application. Table 2 highlighted that the volume
fractions of healthy bone around the first three threads of
the upper, lower porous, and full solid implants were
65.7 %, 59.0 %, and 57.3 %, respectively, while those of
diseased bone were 34.3 %, 41.0 %, and 42.7 %, respec-
tively. These results indicated that the superior perfor-
mance of both the upper and lower porous implants
compared to the full solid implant under oblique loads.

Discussion

The onset and progression of peri-implant bone loss has
been extensively documented in the literature, with
various measurements and disease thresholds used to di-
agnose peri-implant disease. Numerous studies have
focused on MBL within the first year of dental implant in
function,29,30 and consensus statements often consider
radiographic crestal bone loss of less than 2 mm from initial
implant insertion surgery as successful outcome.2 We
speculate that the mismatch of elasticity between bone
and implant is suspected to contribute to early MBL, akin to
observations in orthopedics. The FE analysis supports this
concept, showing that the maximum stress in the cortical
bone concentrates around the neck under vertical loading,
while bone loss occurs in the cortical layer near the site of
oblique force application. Notably, the solid implant
exhibited the lowest volume fractions of healthy bone and
higher volume fractions of diseased bone around the initial
three threads when subjected to both vertical and oblique
loads. A 10-year prospective cohort study demonstrated the
importance of addressing early bone loss, as implants with
early bone loss �0.5 mm during the first year of function
have a significantly higher likelihood of developing future
peri-implantitis.31 To mitigate potential complications
associated with conventional implants, the development of
isoelastic dental implants with enhanced osseointegration
capabilities becomes imperative.

The fatigue strength of the small-diameter implants,
particularly those below 3 mm, is markedly lower,13 posing
a fracture risk in clinical practice. Implant diameter plays a
crucial role in determining its ability to withstand repeated
stress over time. Our study aims to enhance the biome-
chanical performance of two-piece 3.5 mm-diameter
ompassing Stages 0e4 and post-surgery (s/p) bone remodeling.

mpassing Stages 0e4 and post-surgery (s/p) bone remodeling.



Figure 4 The distribution of healthy and diseased bone for the five implant designs, encompassing Stages 0e4 and post-surgery
(s/p) bone remodeling. (aec) results under vertical loads; (def) results under oblique loads.
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implants by comparing various porous designs through FE
analyses. Our findings highlight that, despite the upper
porous design exhibiting the highest volume fractions of
healthy bone and the lowest volume fractions of diseased
bone around the first three threads (the marginal bone
area) under loading, it experienced maximum stress at the
top interface between the solid and porous portions of the
implant body. This maximum stress was significantly
exceeded that of other designs, reaching over 1300 MPa
under oblique loads, potentially leading to mechanical
failures. This stress concentration issue was confirmed by
mechanical tests, where upper porous implants displayed
permanent deformation when the applied force exceeded
350 N. Consequently, although the upper porous design
encourages better bone ingrowth, its inability to withstand
mechanical tests due to stress concentration at the solid-
porous junction makes it unsuitable for clinical practice.
This limitation may persist even after full regeneration of
bone ingrowth and during subsequent bone remodeling.
Consequently, the upper porous implant may not be suit-
able for clinical practice. To address this, improvements in
the upper porous design’s connection, influencing both
stability and the strength of the titanium grade material,32

are necessary to enhance resistance to deformation under
static overloading.

Various mechanical and biological factors, including
principal tensile strain, hydrostatic stress, hydro-static
pore pressure, deviatoric strain, and fluid flow, have been
considered pivotal for achieving an accurate and more
realistic tissue differentiation process. Mechano-
regulation theories, assessing bone remodeling in
response to diverse mechanical stimuli, have been pro-
posed by scientists.33 Research indicates that a single
parameter, deviatoric strain, can effectively simulate the
tissue (callus) differentiation process.34 Building upon our
1023
previous study, where a mechano-regulation algorithm
implemented by finite element models to accurately
predict tissue differentiation around or within the porous
implants,18 we applied a similar algorithm in this study to
enhance the design efficiency and minimize the need for
animal sacrifices. In contrast to the upper porous design,
our results revealed that the lower porous did not lead to
stress concentration within the implant body, making it
more clinically desirable due to specific geometric shapes.
While stress values in the cortical layer and cancellous
bone surrounding the lower porous design were compa-
rable to those of full solid implant under loading, the
stress distribution in the lower porous implant was more
uniform, displaying a blend of light and dark blue regions.
Although the volume fractions of healthy and diseased
bone around the entire implant body in the ROI between
solid and lower porous implants under loading were very
similar, the volume fraction of healthy bone for the first
three threads was higher for the lower porous implant
compared to the full solid implant. This difference
became more pronounced in the s/p bone remodeling
stage. However, regardless of the implant design, in the
post-surgery (s/p) bone remodeling stage, the proportion
of healthy bone decreased, while the proportion of
diseased bone increased compared to the early bone
growth stage (Stages 0e4). Most of the adapted bone
turned into bone loss, particularly evident in the lower
porous: upper and lower half variants. Diseased bone
increased by more than 20 %, especially at the first three
threads of the lower porous: lower half design when under
the vertical load. Consequently, bone ongrowth/ingrowth
is more favorable in the lower porous design compared to
the full solid type and it demonstrates similar mechanical
strength to the full solid type. However, this effect di-
minishes if we reduce the volume of the porous portion.



Table 2 The volume fractions of healthy and diseased bone at each stage. The total bone within the region of interest showed similar volume fractions of healthy bone, with
differences of approximately 2w3 %, across all implant designs. During post-surgery (s/p) bone remodeling stage, the volume fractions of healthy bone surpassed 50 % in both
the upper porous and lower porous designs at the first three threads (representing the marginal bone area).

Implant type Simulation stage Under vertical loads Under oblique loads

Healthy Diseased Healthy Diseased

(Bone gain þ adapted) (Over yield point þ bone loss) (Bone gain þ adapted) (Over yield point þ bone loss)

Total First 3 threads Total First 3 threads Total First 3 threads Total First 3 threads

Full solid Stage 0 80.6 69.5 19.4 30.5 78.3 57.3 21.7 42.7
After bone remodeling 73.4 45.5 26.6 54.5 74.4 48.6 25.6 51.4

Upper porous Stage 0 79.8 78.2 20.2 21.8 80.3 65.7 19.7 34.3
Stage 1 77.3 79.1 22.7 20.9 76.1 67.4 23.9 32.6
Stage 2 77.8 76.9 22.2 23.1 77.0 68.8 23.0 31.2
Stage 3 76.5 75.8 23.5 24.2 76.4 68.4 23.6 31.6
Stage 4 77.1 75.4 22.9 24.6 76.6 68.2 23.4 31.8
After bone remodeling 70.9 64.0 29.1 36.0 72.8 61.2 27.2 38.8

Lower porous Stage 0 81.4 74.3 18.6 25.7 79.2 59.0 20.8 41.0
Stage 1 80.4 74.1 19.6 25.9 78.8 58.9 21.2 41.1
Stage 2 80.4 74.0 19.6 26.0 78.1 58.8 21.9 41.2
Stage 3 79.0 74.2 21.0 25.8 76.7 58.7 23.3 41.3
Stage 4 79.4 74.2 20.6 25.8 76.8 58.7 23.2 41.3
After bone remodeling 73.5 56.9 26.5 43.1 72.4 51.3 27.6 48.7

Lower porous: Upper half Stage 0 81.3 71.1 18.7 28.9 77.2 55.8 22.8 44.2
Stage 1 80.9 71.0 19.1 29.0 76.9 55.6 23.1 44.4
Stage 2 80.3 71.1 19.7 28.9 76.2 55.9 23.8 44.1
Stage 3 78.5 71.0 21.5 29.0 75.1 55.7 24.9 44.3
Stage 4 78.9 70.9 21.1 29.1 75.3 55.6 24.7 44.4
After bone remodeling 70.9 47.3 29.1 52.7 70.8 47.2 29.2 52.8

Lower porous: Lower half Stage 0 80.2 70.2 19.8 29.8 77.8 56.1 22.2 43.9
Stage 1 80.7 70.7 19.3 29.3 78.2 56.5 21.8 43.5
Stage 2 80.2 70.7 19.8 29.3 77.2 56.4 22.8 43.6
Stage 3 78.9 70.6 21.1 29.4 76.4 56.4 23.6 43.6
Stage 4 79.2 70.6 20.8 29.4 76.5 56.4 23.5 43.6
After bone remodeling 71.1 46.7 28.9 53.3 71.9 47.9 28.1 52.1
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Limitation of this study include the use of a simplified
bone shape, as strain patterns can vary with bone geometry,
such as the complex nature of bone remodeling and the
variability of loading conditions in vivo. The overly simplified
model may not fully capture the porous nature and complex
material properties of bone, such as inhomogeneity,
anisotropy, and viscoelasticity. Future finite element studies
should aim for more sophisticated simulations that accu-
rately represent the shape and material properties of bone
to reduce inconsistencies between simulated and experi-
mentally measured surface strains. Additional limitation is
that, the study applied only static occlusal forces (vertical
and oblique) in both mechanical experiments and finite
element simulations, assuming lateral force represents a
realistic occlusal direction.35 Future investigations incorpo-
rating chewing simulations should consider the presence of
sliding and friction phenomena during mastication.36

In summary, meticulous consideration of the implant’s
structural characteristics is crucial for optimal performance
in both biological and mechanical aspects. Within the scope
of this study, the conclusions are outlined: (1) A well-
designed porous structure significantly enhances post-
implantation bone ongrowth and ingrowth; (2) An upper
porous design demonstrates superior bone integration but
shows reduced stress resistance during mechanical testing
in a 3.5 mm-diameter two-piece implant; and (3) Reducing
porous proportion negatively impacts bone regeneration.
Achieving an optimized design is crucial to balance me-
chanical strength and bone integration effectively. Here,
we have demonstrated areas for future research that could
help elucidate the mechanisms driving bone resorption,
such as incorporating biological models or dynamic loading
conditions in future simulations. In the future, the use of
advanced materials (e.g., titanium alloys, bioactive coat-
ings, or polymer-composite hybrids) and hybrid structures
(e.g., combining porous and solid sections) may have the
potential to improve the balance between mechanical
strength and biological performance.
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