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ABSTRACT 
Posterior tooth loss in the mandibular region may reduce masticatory performance and compromise biomechanical 
stability, thereby requiring predictable and well-designed implant rehabilitation strategies. This study evaluates the 
mechanical behavior of an implant–bone system by considering variations in bone material representation 
(isotropic and orthotropic models), implant–bone interface conditions (fully bonded and frictional contact), and 
loading orientations (axial and oblique) through a validated three-dimensional finite element analysis (3D-FEA) 
framework. A full factorial design comprising eight simulation configurations was implemented to assess 15 
biomechanical output parameters, including von Mises stress, principal strain, and displacement across implant 
components and surrounding cortical and cancellous bone tissues. The results indicate that the biomechanical 
response of the system is strongly dependent on both structural components and loading context. The orthotropic 
bone model tends to increase stress and deformation responses under specific conditions, whereas oblique loading 
generally produces higher peak mechanical responses than axial loading. Furthermore, the influence of contact 
conditions is not uniform but varies according to material assumptions and loading direction, suggesting that 
simplified fully bonded interfaces may not fully capture realistic implant–bone interactions. Overall, the findings 
highlight the importance of incorporating anisotropic bone behavior, realistic interface modeling, and clinically 
relevant loading directions to improve the accuracy of stress prediction around dental implants. This study provides 
numerical evidence that may support improved implant design strategies and enhance the reliability of future finite 
element–based biomechanical investigations. 

Keywords: implant biomechanical response, bone–implant mechanical behavior, computational implant modeling, 
orthotropic bone model, loading direction. 

 
INTRODUCTION 

Tooth loss in the posterior mandibular 
region is a common clinical condition that can lead 
to reduced masticatory efficiency and compromised 
stability (Kriswanto et al., 2026; Nakamura et al., 
2025). Dental implants have become a widely used 
restorative treatment for replacing posterior teeth 
because they can restore the biomechanical 
function of the stomatognathic system through 
stable osseointegration between the implant and 
the alveolar bone (Yorioka et al., 2024). However, 
the long-term success of implant therapy is greatly 
influenced by the biomechanical conditions within 
the implant–bone system during masticatory 
loading, particularly in the posterior region, which 
bears the greatest occlusal forces in the human 
masticatory system (Lin & Su, 2020). 

The mechanical characteristics of the 
mandibular bone are a key factor influencing the 
load-transfer pattern from the implant to the peri-
implant tissues. The mandibular bone consists of 
dense cortical and trabecular (cancellous) bone, 
which have different mechanical properties. These 
differences result in heterogeneous stress 
responses in both tissues when the implant is 
subjected to functional loads, leading to increased 
stress concentrations that can trigger adverse 

remodeling or marginal resorption in the peri-
implant region (Di Stefano et al., 2021; Hosseini-
faradonbeh & Katoozian, 2022; Park et al., 2022). 
Understanding the distribution of stress in the 
cortical and cancellous bone around the implant is 
crucial for minimizing the risk of biomechanical 
failure and maintaining the long-term integrity of 
the peri-implant bone. However, the complex 
interaction between bone and implants makes 
direct experimental assessment difficult (Hosseini-
faradonbeh & Katoozian, 2022; Qiu et al., 2024). 

Numerical methods such as Finite Element 
Analysis (FEA) have emerged as reliable tools for 
predicting the biomechanical response of the 
implant–bone system before clinical application. 
FEA simulations enable the evaluation of complex 
variables, including the anisotropic properties of 
bone tissue, contact interactions between implant 
components and bone, and variations in the 
direction and magnitude of functional loads—
factors that are difficult to measure empirically in 
humans. Furthermore, FEA models can more 
realistically represent the material properties of 
cortical and cancellous bone, thereby aiding in the 
understanding of stress distribution around the 
implant and supporting design optimization and 
clinical strategies to enhance the long-term stability 
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of dental implants (Hosseini-faradonbeh & 
Katoozian, 2022; Prados-privado et al., n.d.). 

Although Finite Element Analysis (FEA) has 
been used to evaluate the biomechanical behavior 
of dental implant systems and peri-implant bone 
tissue, most numerical studies still assume bone 
material is isotropic, even though cortical and 
trabecular bone are biologically and mechanically 
anisotropic/orthotropic. Various studies indicate 
that isotropic models still dominate FEA research 
due to their ease of numerical implementation, 
while studies directly comparing the effects of 
isotropic and orthotropic models on stress and 
strain distributions around the implant remain 
limited. These differences in material definition can 
affect the accuracy of biomechanical predictions, 
particularly in peri-implant bone tissue that 
undergoes complex load transfer (Prados-Privado 
et al., 2020; Taheri et al., 2018). 

Most FEA studies on dental implants assume 
fully bonded contact conditions at the implant–
bone interface to represent perfect 
osseointegration. This approach does not fully 
represent actual clinical conditions, as the 
interaction between the implant and bone may also 
involve frictional contact. Although some studies 
have evaluated the influence of contact conditions 
on stress distribution, comprehensive analyses 
combining variations in bonded and frictional 
contact conditions with different bone material 
models are still rarely performed within a single 
integrated simulation framework. In fact, these 
contact characteristics directly influence the 
distribution of stress, strain, and displacement in 
cortical and cancellous bone, as well as in the 
implant system components (Dhatrak et al., 2023). 

On the other hand, the direction of functional 
loading also plays a significant role in the 
biomechanical response of the implant system. 
Oblique loading has been reported to produce 
higher stress concentrations than axial loading due 

to the presence of lateral forces and bending 
moments in the implant structure and its 
supporting tissues. However, most previous studies 
have been limited to partial evaluations, focusing 
either solely on bone tissue or on specific implant 
components. Systematic comparisons of the effects 
of axial and oblique loading on multi-parameter 
biomechanical responses—including stress, strain, 
and displacement in the fixture, screw, abutment, 
and peri-implant bone tissue—under various 
combinations of material and contact conditions 
have not yet been widely reported (Azhdari et al., 
2026; Falcinelli et al., 2023). 

Most studies treat bone material modeling, 
interface conditions, or load direction as 
independent factors. However, such a separate 
approach risks overlooking the interaction effects 
between the orthotropic behavior of bone, implant-
bone contact mechanics, and non-axial loads, 
resulting in incomplete predictions of the stress-
strain-displacement response in both the implant 
component and the surrounding bone (Falcinelli et 
al., 2023). 

Therefore, this study aims to evaluate the 
simultaneous effects of the material properties of 
the posterior mandibular bone (orthotropic and 
isotropic), implant–bone contact conditions (fully 
bonded and frictional contact), and loading 
direction (axial and oblique) on the biomechanical 
response of the dental implant system using three-
dimensional finite element analysis simulations. 
The evaluation was conducted on 15 biomechanical 
parameters, including the distribution of stress, 
strain, and displacement in the implant and 
cortical-cancellous bone components. This study is 
expected to provide a more realistic understanding 
of the biomechanical behavior of dental implants 
and improve the accuracy of numerical modeling in 
dental implantology FEA studies. 

 

 
METHODS 

 

 
Figure 1. Components and assembly of the dental implant system: (a) Exploded view showing the 

abutment, screw, and fixture; (b) Assembled implant illustrating the final configuration. 
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A three-dimensional model of a dental 

implant system was developed to simulate the 
biomechanical response of a single implant in the 
posterior region of the lower first premolar using 
the finite element analysis (FEA) approach, as 
shown in Figure 1. The model consists of five 
main components: the fixture, the abutment, the 
screw, the cortical bone, and the cancellous bone. 
The model consists of five main components: the 
fixture, abutment, screw, cortical bone, and 
cancellous bone. Each component is modeled as 
a separate solid domain, allowing mechanical 
interactions between structures to be explicitly 
defined during the numerical analysis. 

The implant geometry, which includes the 
fixture, abutment, and screw, was designed using 
Autodesk Inventor Professional 2025 computer-
aided design (CAD) software based on clinical 
implant dimensions suitable for single-tooth 
rehabilitation in the mandibular posterior 
region. The fixture has a diameter of 5 mm, a 
length of 11.5 mm, a pitch of 0.8 mm, a thread 
height of 0.4 mm, and a V-shaped thread profile. 
Key geometric features, including the shape of 
the implant body and the fixture threads, are 
retained in the model to represent the 
mechanical characteristics relevant to load 
transfer from the prosthetic components to the 
peri-implant bone tissue. 

The mandibular bone model is 
represented as a posterior alveolar bone 
segment, consisting of two tissue domains: 
cortical bone, the denser outer layer, and 
cancellous bone, the internal trabecular tissue. 
These two domains were separated so that the 
material properties of each tissue could be 
defined independently based on its 
biomechanical characteristics. The implant was 
positioned vertically in the first mandibular 
premolar region as a clinically relevant single-
implant rehabilitation scenario. Figure 2 
illustrates the reconstructed implant–bone 
geometry, showing the separation of cortical and 
cancellous bone domains used for independent 
material assignment in the FEA model. The 
mandibular bone geometry was developed as a 
solid bone block using CAD software, with a 
height of 15 mm, a width of 20 mm, and a cortical 
layer thickness of 0.5 mm, followed by Boolean 
segmentation into cortical and cancellous 
regions to represent anisotropic bone 
characteristics. (Alqahtani et al., 2023). The final 
model was exported to the ANSYS Workbench 
2023 R1 FEA software in IGES format for further 
numerical analysis. 

 

 
Figure 2. 3D geometric reconstruction of the implant–bone model. (a) Structural configuration of cortical 
and cancellous bone domains. (b) Sectional visualization of the dental implant positioned within the bone 

block. 
 

Based on the three-dimensional model 
developed, the simulation was designed to 
evaluate the effects of bone material properties, 
implant–bone contact conditions, and loading 
direction on the biomechanical response of the 
implant–bone system. These three factors were 
varied in a full 2 × 2 × 2 factorial design, with 

isotropic/orthotropic materials, fully 
bonded/frictional contact, and axial/oblique 
loading, yielding eight simulation scenarios. In 
each scenario, fifteen biomechanical outputs 
were evaluated, including stress, strain, and 
displacement in the implant components and 
peri-implant bone. Comparisons between 
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scenarios were performed to assess changes in 
biomechanical response and the sensitivity of 

each parameter. The simulation combination 
matrix is presented in Table  1.

 
Table 1. The matrix of bone material properties, implant-bone contact, and loading direction used in the 

FEA analysis 

Run Bone material Implant-bone contact Loading direction 

1 Isotropic Fully bonded Axial 

2 Isotropic Fully bonded Oblique 

3 Isotropic Frictional contact Axial 

4 Isotropic Frictional contact Oblique 

5 Orthotropic Fully bonded Axial 

6 Orthotropic Fully bonded Oblique 

7 Orthotropic Frictional contact Axial 

8 Orthotropic Frictional contact Oblique 

Note: The design matrix represents the full factorial combination of two bone material definitions, two implant-bone 
contact conditions, and two loading directions. 
 

The material properties of all 
components in the 3D model were determined 
based on the latest biomechanical literature and 
applied in a Static Structural finite element 
analysis (FEA) simulation. The mandibular bone 
was analyzed using both orthotropic and 
isotropic material approaches. At the same time, 

the components of the implant system—
including the fixture, abutment, and screw—
were modeled as isotropic Ti-6Al-4V titanium 
alloy. The detailed values of Young’s modulus, 
shear modulus, and Poisson’s ratio for each 
material are presented in Table 2. 

 
Table 2. Material Properties. 

Material / 
Component 

Young's Modulus 
(GPa) 

Shear Modulus (GPa) Poisson Ratio 
(ν) 

Reference 

Implant system 113.8                           - 0.342 (MatWeb, 
2026) 

Cortical Bone 
(Isotropic) 

13.7 5.27 0.30 (Le et al., 2016) 

Cancellous Bone 
(Isotropic) 

1.37 0.53 0.30 (Le et al., 2016) 

Cortical Bone 
(Orthotropic) 

Ex=12.7, Ey=22.8, 
Ez=17.9 

Gxy=5.5, Gyz=7.4, 
Gxz=5.0 

νxy=0.31, 
νyz=0, νxz=0.18 

(Ding et al., 
2014) 

Cancellous Bone 
(Orthotropic) 

Ex=0.551,Ey=0.907, 
Ez=0.114 

Gxy=0.434, Gyz=0.81, 
Gxz=0.078 

νxy=0.31, 
νyz=0, νxz=0.22 

(Ding et al., 
2014) 

In finite element analysis (FEA) 
simulations of dental implants, the contact 
interface between the implant and the bone 
determines the load transfer mechanism as well 
as the distribution of stress, strain, and 
micromotion. This interface is generally modeled 
as fully bonded or frictional contact, depending 
on the assumed degree of osseointegration. 
(Dhatrak et al., 2023). In fully bonded contact, the 
surfaces of the implant and bone are assumed to 
be perfectly bonded, without slip, mimicking 
complete osseointegration in which loads are 
transmitted directly without tangential friction;  

 
Thus, it is often used as a reference condition for 
assessing interface stability after biological and 
mechanical integration. (Han et al., 2016). In 
contrast, frictional contact involves partial 
interface contact, such as during the early stages 
of osseointegration or immediate loading, where 
normal contact is maintained, and the coefficient 
of friction controls the tangential response. 
(Niroomand & Arabbeiki, 2020). Contact 
interactions in the FEA model are applied at the 
interfaces between the implant and bone, 
namely: (i) the abutment with cortical bone, (ii) 
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the fixture with cortical bone  
 
 
and (iii) the fixture with cancellous bone, with μ  
= 0.38 in accordance with parameters from 
previous numerical and experimental studies, 
allowing the interfaces to undergo limited 
micromotion during loading (Fodor & Pałka, 
2025). This approach to the two contact 
conditions allows a comparative evaluation of 
full and partial osseointegration, providing a 
systematic biomechanical framework for 
assessing stress concentrations, strains, 
micromotion, and the mechanical stability of the 
implant–bone system. (Niroomand & Arabbeiki, 
2020). 

The load was applied to the abutment 
surface, as reported in the literature, to simulate 
clinical conditions in the posterior premolar 
region. As shown in Figure 3, an axial load was 
applied parallel to the implant long axis with a 

vertical component of 140 N, assumed as the 
physiological bite force in the first premolar 
region, and a tangential component of 16.45 N. 
Meanwhile, an oblique load was applied with a 
vertical component of 100 N at a 30° angle to the 
implant long axis, representing lateral forces 
during unilateral mastication. The load 
application point was located at the apex of the 
abutment to simulate physiological force 
distribution on the prosthesis. Fixed support was 
applied at the mesial and distal cut surfaces of the 
bone block, including cortical and cancellous 
bone, to restrict translation and represent the 
mechanical constraint of the surrounding 
mandibular bone segments. The oblique force 
components (Fx, Fy, Fz) were calculated via 
vector decomposition for stress and 
micromotion analysis (Kamal et al., 2025; Luo et 
al., 2022). 

 
Figure 3. Loading directions and fixed support. (a) Oblique load. (b) Axial load. 

 
The loads are static and linear, applied to 

evaluate the distribution of stress and strain 
throughout the implant structure and the peri-
implant bone, assuming linear-elastic materials. 
At the frictional interface, contact behavior is 
calculated nonlinearly, ensuring numerical 
consistency without dynamic inertial effects. The 
lateral and basal surfaces of the mandible are 
constrained against translation to simulate 
simplified clinical fixation conditions, consistent 
with standard FEA methodology in dental 
implant studies (Has, 2025). 

The mesh was discretized using 
quadratic tetrahedral elements, with local mesh 
refinement at the implant-bone interface to 

improve stress distribution accuracy in critical 
areas (Alemayehu & Todoh, 2024). The local 
element size is set to 0.5 mm in cortical bone and 
0.6 mm in cancellous bone, with a global mesh 
size of 4.7 mm. Convergence is evaluated based 
on changes in von Mises stress at the fixture, 
screw, and abutment, as well as the maximum 
principal stress in cortical and cancellous bone, 
using a criterion of <5% change between 
refinement levels to ensure numerical stability. A 
summary of the convergence test results is 
shown in Table 3. The results include the 
distributions of stress, strain, and micromotion 
throughout the implant-bone complex, analyzed 
under linear-elastic and static conditions. 
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Figure 4. Finite element mesh configuration of the implant–bone model employing quadratic tetrahedral 

elements. 
 

Table 3. Mesh Convergence Analysis of Global Element Size on von Mises Stress and Strain 
Global Element 

Size (mm) 
σvonF (MPa) σvonS (MPa) σvonA (MPa) σCt (MPa) σCn (MPa) 

4.8 45.8 154.97 96.32 0.234 6.312 
4.7 45.8 154.89 96.16 0.238 6.312 
4.6 45.8 154.95 96.2 0.246 6.335 

Variation 4.8:4.7 
(%) 

0.00 0.06 -0.16 -1.70 0.00 

Variation 4.7:4.6 
(%) 

0.00 -0.04 -0.04 -3.47 0.37 

 
To verify the reliability of the finite 

element model, the von Mises stress results were 
systematically compared with a previously 
published dental implant simulation by 
Talmazov et al., which used Y-TZP zirconia and a 
load of 178 N. The observed deviation of 0.9% 
indicates excellent agreement between the two 
models. This close agreement confirms that the 
current FEA model is robust and sufficiently 
accurate to support further biomechanical 
analysis of stress distribution in dental implant 
structures (Kriswanto, Bayuseno et al., 2025). 

The numerical analysis focused on 15 
biomechanical parameters representing the 
distribution of stress, strain, and displacement in 
the implant–bone system. The parameters 
evaluated included von Mises stress and von 
Mises strain in each implant component (fixture, 
abutment, and screw), as well as principal stress 
and principal strain in the cortical and cancellous 
bone. Additionally, displacements in each 
implant component and bone tissue were 
extracted to evaluate global deformation and 
peri-implant micromotion. All parameters were 
selected as key biomechanical indicators to 

quantify the influence of material properties, 
contact conditions, and loading direction on the 
structural stability of the implant–bone system. 
All outputs were then analyzed across scenarios 
to assess model consistency and the sensitivity of 
biomechanical responses to parameter 
variations within a validated finite-element 
analysis framework. 

Data analysis was performed by 
comparing biomechanical responses across 
scenarios that included variations in bone 
material properties, implant–bone contact 
conditions, and loading directions. Each output 
was evaluated to identify the effects of 
orthotropic and isotropic material assumptions, 
bonded and frictional contact conditions, and 
axial and oblique loading configurations on the 
distribution of stress, strain, and displacement in 
the implant–bone system. Quantitative response 
changes were calculated using percentage delta 
(%) for each output variable to assess 
biomechanical sensitivity to each simulation 
parameter. 

The results are then systematically 
presented based on output categories, including 
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stress, strain, and displacement, to facilitate 
direct comparisons between scenarios. This 
approach enables a structured evaluation of the 
interactions among key biomechanical factors. It 
enhances the reliability of numerical 

interpretations within a validated finite element 
analysis (FEA) framework for dental implants 
(Qiu et al., 2024). 
 
 

RESULTS AND DISCUSSION 
Results of biomechanical simulations of the 

implant–bone system for eight model 
configurations are shown in Figures 6–8. These 
configurations represent combinations of two bone 
material assumptions (isotropic and orthotropic), 
two contact conditions (bonded and frictional), and 
two loading directions (axial and oblique). The 
output parameters analyzed include Von Mises 
stress and strain at the fixture, screw, and 
abutment; maximum principal stress and strain in 
cortical and cancellous bone; and displacement in 
each implant component and bone tissue. 

In general, the simulation results show that 
the biomechanical response does not follow a single 
pattern but varies with component type, bone 
tissue type, contact conditions, and loading 
direction. Changing the material model from 
isotropic to orthotropic yields non-uniform 
responses across all parameters. In some 

configurations, the orthotropic model produces 
higher stress or displacement in certain 
components, whereas in others it yields lower 
values than the isotropic model. This indicates that 
the influence of bone material definition is specific 
to the observed biomechanical outputs. 

The highest von Mises stress value in the 
implant components was found in the fixture, at 
503.12 MPa, in the isotropic–frictional–oblique 
configuration. Meanwhile, the highest maximum 
principal stress in cortical bone was recorded at 
18.065 MPa in the orthotropic–bonded–axial 
configuration, while the highest value in cancellous 
bone reached 88.099 MPa in the isotropic–bonded–
oblique configuration. These findings indicate that 
the locations of maximum stress differ between the 
implant component and the bone tissue, so the 
biomechanical response cannot be generalized 
from a single simulation configuration. 

 

 
 

Figure 5. Maximum von Mises stress distribution in implant components: (a) fixture, (b) abutment screw, 
and (c) abutment. The contour plots show the location of peak equivalent stress in each component, with 

stress values reported in MPa. 
 

Based on the displacement parameter, the 
maximum value was found in the cancellous bone 
at 27.59 µm in the orthotropic–bonded–oblique 
configuration. The same configuration also 
produced the highest displacements in the 
fixture, screw, abutment, and cortical bone, at 
15.59 µm, 15.72 µm, 16.33 µm, and 13.99 µm, 
respectively. This pattern indicates that the 
combination of orthotropic material, bonded 
contact, and oblique loading produces the 

greatest displacement response in all analyzed 
components. 

A comparison between bonded and 
frictional contact conditions shows that the 
contact effect depends on the material 
combination and loading direction. Under certain 
axial loading conditions, frictional contact results 
in higher stress and displacement than bonded 
contact, particularly in implant components. 
However, in certain configurations involving 
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orthotropic materials and oblique loading, 
frictional contact does not always increase 
biomechanical response. Therefore, the influence 

of contact conditions must be evaluated 
specifically for each output     parameter.

 

 
 

Figure 6. The figure shows the highest directional deformation along the Y-axis for each implant 
component: (a) fixture, (b) screw, and (c) abutment. Values are extracted from FEA simulation to 

highlight peak displacement regions. 
 

The loading direction also clearly affects 
the distribution of stress, strain, and 
displacement. Oblique loading tends to produce 
higher biomechanical responses in several 
parameters, particularly at the fixture and in 
cancellous bone, compared to axial loading. 
However, this pattern is not consistent across all 
material and contact combinations. Therefore, 
these results emphasize that biomechanical 

evaluation of the implant–bone system must 
simultaneously consider the interactions 
between bone material, contact conditions, and 
loading direction. A safety factor (FoS) of 
approximately 1.75 under the most critical 
conditions indicates that the implant structure 
remains mechanically safe (FoS > 1), even though 
the oblique loading configuration with frictional 
contact produces the highest stress. 

Table 4. Effect of bone material modeling on biomechanical outputs. 

Biomechanical 
output 

Load Contact Isotropic Orthotropic Δ (%) 

σvonF (MPa) Axial Bonded 45.8 54.084 18.09% 
σvonS (MPa) Axial Bonded 154.89 153.51 -0.89% 
σvonA (MPa) Axial Bonded 96.166 96.192 0.03% 
σCt (MPa) Axial Bonded 0.23804 18.065 7489.06% 
σCn (MPa) Axial Bonded 6.3122 3.393 -46.25% 
εF (-) Axial Bonded 4.87E-04 5.27E-04 8.21% 
εS (-) Axial Bonded 1.31E-03 1.30E-03 -0.89% 
εA (-) Axial Bonded 8.13E-04 8.13E-04 0.03% 

εCt (-) Axial Bonded 3.60E-04 9.65E-04 168.06% 
εCn (-) Axial Bonded 4.06E-04 5.68E-03 1299.61% 
δF (µm) Axial Bonded 1.07 0.67 -37.38% 
δS (µm) Axial Bonded 1.46 1.48 1.37% 
δA (µm) Axial Bonded 1.87 2.01 7.49% 
δCt (µm) Axial Bonded 1.26 1.48 17.46% 
δCn (µm) Axial Bonded 1.08 1.48 37.04% 
σvonF (MPa) Axial Frictional 76.161 81.312 6.76% 
σvonS (MPa) Axial Frictional 171.92 194.17 12.94% 
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Biomechanical 
output 

Load Contact Isotropic Orthotropic Δ (%) 

σvonA (MPa) Axial Frictional 96.025 96.271 0.26% 
σCt (MPa) Axial Frictional 3.2586 12.607 286.88% 
σCn (MPa) Axial Frictional 9.7093 2.1367 -77.99% 
εF (-) Axial Frictional 7.33E-04 7.59E-04 3.53% 
εS (-) Axial Frictional 1.51E-03 7.59E-04 -49.74% 
εA (-) Axial Frictional 8.13E-04 8.15E-04 0.25% 
εCt (-) Axial Frictional 1.83E-03 6.80E-04 -62.96% 
εCn (-) Axial Frictional 5.60E-04 3.05E-03 445.64% 
δF (µm) Axial Frictional 1.18 1.91 61.86% 

δS (µm) Axial Frictional 2.97 4.24 42.76% 
δA (µm) Axial Frictional 4.29 5.67 32.17% 
δCt (µm) Axial Frictional 1.53 2.31 50.98% 
δCn (µm) Axial Frictional 1.21 2.01 66.12% 
σvonF (MPa) Oblique Bonded 457.05 43.358 -90.51% 
σvonS (MPa) Oblique Bonded 39.267 36.92 -5.98% 
σvonA (MPa) Oblique Bonded 96.025 98.037 2.10% 
σCt (MPa) Oblique Bonded 0.94895 16.364 1624.43% 
σCn (MPa) Oblique Bonded 88.099 6.9625 -92.10% 
εF (-) Oblique Bonded 5.13E-03 3.65E-04 -92.89% 
εS (-) Oblique Bonded 3.43E-04 3.28E-04 -4.38% 

εA (-) Oblique Bonded 8.28E-04 8.29E-04 0.11% 
εCt (-) Oblique Bonded 7.08E-04 9.38E-04 32.56% 
εCn (-) Oblique Bonded 9.55E-03 1.39E-02 45.81% 
δF (µm) Oblique Bonded 5.51 15.59 182.94% 
δS (µm) Oblique Bonded 5.2 15.72 202.31% 
δA (µm) Oblique Bonded 6.25 16.33 161.28% 
δCt (µm) Oblique Bonded 3.06 13.99 357.19% 
δCn (µm) Oblique Bonded 21.65 27.59 27.44% 
σvonF (MPa) Oblique Frictional 503.12 53.443 -89.38% 
σvonS (MPa) Oblique Frictional 46.189 36.839 -20.24% 
σvonA (MPa) Oblique Frictional 97.947 100.65 2.76% 

σCt (MPa) Oblique Frictional 0.28687 4.4476 1450.39% 
σCn (MPa) Oblique Frictional 82.938 7.4902 -90.97% 
εF (-) Oblique Frictional 5.50E-03 4.83E-04 -91.22% 
εS (-) Oblique Frictional 4.04E-04 3.19E-04 -21.15% 
εA (-) Oblique Frictional 8.82E-04 8.52E-04 -3.37% 
εCt (-) Oblique Frictional 2.46E-04 3.12E-04 26.89% 
εCn (-) Oblique Frictional 9.67E-03 3.62E-04 -96.26% 
δF (µm) Oblique Frictional 4.01 1.21 -69.83% 
δS (µm) Oblique Frictional 4.01 3.79 -5.49% 
δA (µm) Oblique Frictional 3.35 5.51 64.48% 
δCt (µm) Oblique Frictional 0.86 1.62 88.37% 

δCn (µm) Oblique Frictional 22.88 0.89 -96.11% 
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Table 5. Effect of implant-bone contact condition on biomechanical outputs. 

Biomechanical 
output 

Material Load Bonded Friction Δ (%) 

σvonF (MPa) Isotropic Axial 45.80 76.16 66.3% 
σvonS (MPa) Isotropic Axial 154.89 171.92 11.0% 

σvonA (MPa) Isotropic Axial 96.17 96.03 -0.1% 
σCt (MPa) Isotropic Axial 0.24 3.26 1268.9% 
σCn (MPa) Isotropic Axial 6.31 9.71 53.8% 
εF (-) Isotropic Axial 4.87E-04 7.33E-04 50.6% 
εS (-) Isotropic Axial 1.31E-03 1.51E-03 15.3% 
εA (-) Isotropic Axial 8.13E-04 8.13E-04 0.1% 
εCt (-) Isotropic Axial 3.60E-04 1.83E-03 409.8% 
εCn (-) Isotropic Axial 4.06E-04 5.60E-04 37.9% 
δF (µm) Isotropic Axial 1.07 1.18 10.3% 
δS (µm) Isotropic Axial 1.46 2.97 103.4% 
δA (µm) Isotropic Axial 1.87 4.29 129.4% 
δCt (µm) Isotropic Axial 1.26 1.53 21.4% 
δCn (µm) Isotropic Axial 1.08 1.21 12.0% 
σvonF (MPa) Orthotropic Axial 54.084 81.312 50.3% 
σvonS (MPa) Orthotropic Axial 153.51 194.17 26.5% 
σvonA (MPa) Orthotropic Axial 96.192 96.271 0.1% 
σCt (MPa) Orthotropic Axial 18.065 12.607 -30.2% 
σCn (MPa) Orthotropic Axial 3.393 2.1367 -37.0% 
εF (-) Orthotropic Axial 5.27E-04 7.59E-04 44.1% 
εS (-) Orthotropic Axial 1.30E-03 7.59E-04 -41.5% 
εA (-) Orthotropic Axial 8.13E-04 8.15E-04 0.3% 
εCt (-) Orthotropic Axial 9.65E-04 6.80E-04 -29.6% 
εCn (-) Orthotropic Axial 5.68E-03 3.05E-03 -46.2% 

δF (µm) Orthotropic Axial 0.67 1.91 185.1% 
δS (µm) Orthotropic Axial 1.48 4.24 186.5% 
δA (µm) Orthotropic Axial 2.01 5.67 182.1% 
δCt (µm) Orthotropic Axial 1.48 2.31 56.1% 
δCn (µm) Orthotropic Axial 1.48 2.01 35.8% 
σvonF (MPa) Isotropic Oblique 457.05 503.12 10.1% 
σvonS (MPa) Isotropic Oblique 39.27 46.189 17.6% 
σvonA (MPa) Isotropic Oblique 96.03 97.947 2.0% 
σCt (MPa) Isotropic Oblique 0.949 0.287 -69.8% 
σCn (MPa) Isotropic Oblique 88.099 82.938 -5.9% 
εF (-) Isotropic Oblique 5.13E-03 5.50E-03 7.0% 

εS (-) Isotropic Oblique 3.43E-04 4.04E-04 18.1% 
εA (-) Isotropic Oblique 8.28E-04 8.82E-04 6.6% 
εCt (-) Isotropic Oblique 7.08E-04 2.46E-04 -65.3% 
εCn (-) Isotropic Oblique 9.55E-03 9.67E-03 1.3% 
δF (µm) Isotropic Oblique 5.51 4.01 -27.2% 
δS (µm) Isotropic Oblique 5.2 4.01 -22.9% 
δA (µm) Isotropic Oblique 6.25 3.35 -46.4% 
δCt (µm) Isotropic Oblique 3.06 0.86 -71.9% 
δCn (µm) Isotropic Oblique 21.65 22.88 5.7% 
σvonF (MPa) Orthotropic Oblique 43.358 53.443 23.3% 
σvonS (MPa) Orthotropic Oblique 36.92 36.839 -0.2% 

σvonA (MPa) Orthotropic Oblique 98.037 100.65 2.7% 
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Biomechanical 
output 

Material Load Bonded Friction Δ (%) 

σCt (MPa) Orthotropic Oblique 16.364 4.4476 -72.8% 
σCn (MPa) Orthotropic Oblique 6.9625 7.4902 7.6% 
εF (-) Orthotropic Oblique 3.65E-04 4.83E-04 32.2% 
εS (-) Orthotropic Oblique 3.28E-04 3.19E-04 -2.6% 
εA (-) Orthotropic Oblique 8.29E-04 8.52E-04 2.9% 
εCt (-) Orthotropic Oblique 9.38E-04 3.12E-04 -66.7% 
εCn (-) Orthotropic Oblique 1.39E-02 3.62E-04 -97.4% 

δF (µm) Orthotropic Oblique 15.59 1.21 -92.2% 
δS (µm) Orthotropic Oblique 15.72 3.79 -75.9% 
δA (µm) Orthotropic Oblique 16.33 5.51 -66.3% 
δCt (µm) Orthotropic Oblique 13.99 1.62 -88.4% 
δCn (µm) Orthotropic Oblique 27.59 0.89 -96.8% 

 

Table 6. Effect of loading direction on biomechanical outputs. 

Biomechanical 
output 

Material Contact Axial Load Oblique Load Δ (%) 

σvonF (MPa) Isotropic Bonded 45.8 457.05 897.93% 
σvonS (MPa) Isotropic Bonded 154.89 39.267 -74.65% 
σvonA (MPa) Isotropic Bonded 96.166 96.025 -0.15% 
σCt (MPa) Isotropic Bonded 0.23804 0.94895 298.65% 
σCn (MPa) Isotropic Bonded 6.3122 88.099 1295.69% 
εF (-) Isotropic Bonded 4.90E-04 5.13E-03 946.94% 
εS (-) Isotropic Bonded 1.31E-03 3.40E-04 -74.05% 
εA (-) Isotropic Bonded 8.10E-04 8.30E-04 2.47% 
εCt (-) Isotropic Bonded 3.60E-04 7.10E-04 97.22% 
εCn (-) Isotropic Bonded 4.10E-04 9.55E-03 2229.27% 
δF (µm) Isotropic Bonded 1.07 5.51 414.95% 

δS (µm) Isotropic Bonded 1.46 5.2 256.16% 
δA (µm) Isotropic Bonded 1.87 6.25 234.22% 
δCt (µm) Isotropic Bonded 1.26 3.06 142.86% 
δCn (µm) Isotropic Bonded 1.08 21.65 1904.63% 
σvonF (MPa) Isotropic Frictional 76.161 503.12 560.60% 
σvonS (MPa) Isotropic Frictional 171.92 46.189 -73.13% 
σvonA (MPa) Isotropic Frictional 96.025 97.947 2.00% 
σCt (MPa) Isotropic Frictional 3.2586 0.28687 -91.20% 
σCn (MPa) Isotropic Frictional 9.7093 82.938 754.21% 
εF (-) Isotropic Frictional 7.30E-04 5.50E-03 653.42% 
εS (-) Isotropic Frictional 1.51E-03 4.00E-04 -73.51% 

εA (-) Isotropic Frictional 8.10E-04 8.80E-04 8.64% 
εCt (-) Isotropic Frictional 1.83E-03 2.50E-04 -86.34% 
εCn (-) Isotropic Frictional 5.60E-04 9.67E-03 1626.79% 
δF (µm) Isotropic Frictional 1.18 4.01 239.83% 
δS (µm) Isotropic Frictional 2.97 4.01 35.02% 
δA (µm) Isotropic Frictional 4.29 3.35 -21.91% 
δCt (µm) Isotropic Frictional 1.53 0.86 -43.79% 
δCn (µm) Isotropic Frictional 1.21 22.88 1790.91% 
σvonF (MPa) Orthotropic Bonded 54.084 43.358 -19.83% 
σvonS (MPa) Orthotropic Bonded 153.51 36.92 -75.95% 
σvonA (MPa) Orthotropic Bonded 96.192 98.037 1.92% 

σCt (MPa) Orthotropic Bonded 18.065 16.364 -9.42% 
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Biomechanical 
output 

Material Contact Axial Load Oblique Load Δ (%) 

σCn (MPa) Orthotropic Bonded 3.393 6.9625 105.20% 
εF (-) Orthotropic Bonded 5.30E-04 3.70E-04 -30.19% 
εS (-) Orthotropic Bonded 1.30E-03 3.30E-04 -74.62% 
εA (-) Orthotropic Bonded 8.10E-04 8.30E-04 2.47% 
εCt (-) Orthotropic Bonded 9.60E-04 9.40E-04 -2.08% 
εCn (-) Orthotropic Bonded 5.68E-03 1.39E-02 145.07% 
δF (µm) Orthotropic Bonded 0.67 15.59 2226.87% 
δS (µm) Orthotropic Bonded 1.48 15.72 962.16% 

δA (µm) Orthotropic Bonded 2.01 16.33 712.44% 
δCt (µm) Orthotropic Bonded 1.48 13.99 845.27% 
δCn (µm) Orthotropic Bonded 1.48 27.59 1764.19% 
σvonF (MPa) Orthotropic Frictional 81.312 53.443 -34.27% 
σvonS (MPa) Orthotropic Frictional 194.17 36.839 -81.03% 
σvonA (MPa) Orthotropic Frictional 96.271 100.65 4.55% 
σCt (MPa) Orthotropic Frictional 12.607 4.4476 -64.72% 
σCn (MPa) Orthotropic Frictional 2.1367 7.4902 250.55% 
εF (-) Orthotropic Frictional 7.60E-04 4.80E-04 -36.84% 
εS (-) Orthotropic Frictional 7.60E-04 3.20E-04 -57.89% 
εA (-) Orthotropic Frictional 8.20E-04 8.50E-04 3.66% 

εCt (-) Orthotropic Frictional 6.80E-04 3.10E-04 -54.41% 
εCn (-) Orthotropic Frictional 3.05E-03 3.60E-04 -88.20% 
δF (µm) Orthotropic Frictional 1.91 1.21 -36.65% 
δS (µm) Orthotropic Frictional 4.24 3.79 -10.61% 
δA (µm) Orthotropic Frictional 5.67 5.51 -2.82% 
δCt (µm) Orthotropic Frictional 2.31 1.62 -29.87% 
δCn (µm) Orthotropic Frictional 2.01 0.89 -55.72% 

 
Modeling bone material results in clear 

numerical changes in the biomechanical 
response of the implant–bone system, 
particularly in the peri-implant bone tissue. The 
abutment exhibits relatively small changes in 
stress and strain in most scenarios. In contrast, 
the fixture and screw continue to exhibit 
responses that depend on the loading direction 
and contact conditions. The transition from an 
isotropic to an orthotropic model consistently 
alters the distribution of stress and strain in 
cortical and cancellous bone, without 
substantially affecting the abutment’s response. 
These findings emphasize that the assumption 
regarding bone material is not merely a technical 
aspect of the simulation but determines the 
interpretation of load transfer at the bone–
implant interface, consistent with previous 
studies showing differences in stress distribution 
when bone is modeled as anisotropic versus 
isotropic (Geraldes & Phillips, 2014). 

Cortical bone exhibits the highest 
sensitivity to orthotropic modeling. Principal 
stresses increase under all load and contact 
combinations, whereas stresses in cancellous 

bone decrease. This pattern is more accurately 
interpreted as a redistribution of load from 
cancellous to cortical bone, given the stiffness 
and direction-dependent mechanical behavior of 
cortical bone. This is consistent with the 
biomechanical principle that the mandibular 
bone is direction-dependent and that isotropic 
models may underestimate local stress gradients, 
particularly in the crestal cortical region (Lettry 
et al., 2003; Ün & Çalık, 2016). 

The effect of the material is more limited 
to the abutment and screw, but the fixture 
exhibits a complex response. Under axial loading, 
the orthotropic model produces moderate stress 
changes, whereas oblique loading significantly 
reduces fixture stress compared to the isotropic 
model. This indicates that the effect of the 
material model depends on the direction of 
loading; thus, the orthotropic model does not 
universally increase biomechanical risk, but 
rather alters the load transfer pathway in the 
implant–bone system. 

The strain and displacement results 
support this interpretation. Orthotropic 
modeling does not yield uniform increases or 
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decreases; the response varies with load 
direction and contact conditions. Some large 
percentage changes are primarily due to very 
small isotropic baseline values, so it is relatively 
more accurate to present absolute magnitudes 
alongside percentages to avoid overstatement.  

Overall, an orthotropic model is more 
representative for evaluating peri-implant bone 
response and provides greater biomechanical 
realism (Falcinelli et al., 2023). Isotropic models 
remain useful as comparative reference models, 
but they may obscure direction-dependent stress 
and strain patterns (Di Stefano et al., 2021). 
These findings underscore that the choice of 
bone material model must be explicitly justified 
in dental implant FEA studies, particularly when 
conclusions are drawn from peri-implant stress 
and strain distributions. 

The implant–bone contact conditions 
clearly influence the distribution of stress, strain, 
and displacement in the implant–bone system. 
Compared to the fully bonded model, frictional 
contact tends to increase the von Mises stress in 
the metal components, particularly the fixture 
and screw. In isotropic bone under axial loading, 
for example, von Mises stress in the fixture 
increases by approximately 66.3%, while in the 
screw it increases by approximately 11%. This 
pattern indicates that a contact representation 
allowing micro-movement at the interface can 
alter the load transfer path, shifting some 
mechanical stress to the prosthetic components, 
particularly in areas directly involved in implant 
stability (Wazen et al., 2013). 

The bone tissue response exhibits a 
more complex pattern compared to the metal 
component. In the isotropic axial model, 
frictional contact significantly increases stress 
and strain in the cortical bone, with σCt rising 
from 0.24 MPa to 3.26 MPa and cortical strain 
increasing by approximately 409.8%. This 
indicates that cortical bone, as the stiffer peri-
implant tissue, remains the primary area bearing 
the load concentration when contact conditions 
are not perfectly integrated (Yang et al., 2023). 
Conversely, changes in cancellous bone appear 
more moderate, suggesting that the effects of 
frictional contact on bone tissue are not uniform 
but depend on the mechanical characteristics of 
each bone structure. 

In the orthotropic model, the effect of 
changing the contact from bonded to frictional 
becomes more heterogeneous. Although the 
fixture and screw still exhibit increased stress, 
some parameters in the cortical and cancellous 
bone actually decrease, particularly under 
oblique loading. The very large relative changes 
in εCn, including decreases of up to -97.4%, must 
be interpreted with caution because they may be 

influenced by very small baseline values or by 
changes in the direction of the strain response. 
Thus, these results should not be interpreted 
merely as simple increases or decreases, but 
rather as an indication that bone anisotropy can 
modify load transfer pathways in a direction-
specific manner when the interface is modeled as 
frictional. 

Changes in displacement further 
support the influence of material modeling, 
contact conditions, and loading direction. In the 
isotropic model under axial loading, frictional 
contact increased screw and abutment 
displacements by 103.4% and 129.4%, 
respectively, while fixture displacement 
increased only slightly by 10.3%. Conversely, 
under oblique loading, frictional contact reduced 
displacement in the fixture, screw, abutment, and 
cortical bone, whereas displacement in the 
cancellous bone showed a slight increase. In the 
orthotropic-frictional model under oblique 
loading, most components exhibited reduced 
displacement compared with bonded contact. 
These findings indicate that frictional contact 
does not uniformly increase mechanical 
responses but instead modifies load transfer, 
depending on the interaction among bone 
material, contact conditions, and loading 
direction. 

Overall, these results confirm that the 
choice of contact conditions is a critical 
methodological aspect in dental implant FEA. 
Fully bonded contact can simplify the model by 
assuming perfect integration between the 
implant and bone, but it may limit the 
representation of micro-movements at the 
interface. Conversely, frictional contact provides 
a more flexible representation of bone–implant 
mechanical interactions, yet yields a more 
complex stress–strain distribution that is highly 
influenced by bone material and load direction 
(Falcinelli et al., 2023). Therefore, the rationale 
for contact selection must be explicitly stated to 
ensure that biomechanical predictions do not 
result in overestimation or underestimation of 
mechanical risks to prosthetic components or 
peri-implant tissues. 

The direction of loading significantly 
influences the biomechanical response of the 
implant–bone system, but this influence is not 
uniform across all components, material models, 
or contact conditions. A shift from axial to oblique 
loading not only increases the lateral load 
component but also enhances the bending and 
shear characteristics of the system (Mie et al., 
n.d.). Consequently, the distribution of stress, 
strain, and displacement becomes more 
dependent on the interaction between the bone 
material model and the interface conditions. 
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Based on the data patterns, the effects of oblique 
load are most pronounced in the fixture, 
cancellous bone, and system deformation, 
whereas the abutment exhibits a relatively stable 
response. 

In the isotropic model, oblique loading 
tends to substantially increase the mechanical 
response of the fixture and cancellous bone. 
Under isotropic–bonded conditions, the von 
Mises stress of the fixture increases from 45.8 
MPa to 457.05 MPa, or approximately tenfold. 
Under isotropic–frictional conditions, an 
increase is also observed, from 76.161 MPa to 
503.12 MPa. This pattern indicates that when 
bone is modeled as an isotropic material, oblique 
loads result in stronger mechanical 
concentrations at the fixture. Biomechanically, 
this can be explained by the increased bending 
moment when the force direction is no longer 
parallel to the implant axis, thereby increasing 
the transfer of lateral load to the peri-implant 
tissue (Sugiura et al., 2017).  

The response of cancellous bone in the 
isotropic model also showed a clear increase, 
particularly under bonded conditions. The stress 
in cancellous bone increased from 6.3122 MPa to 
88.099 MPa in the isotropic–bonded case and 
from 9.7093 MPa to 82.938 MPa in the isotropic–
frictional case. In contrast, the response of 
cortical bone was not entirely linear. In bonded 
contact, an oblique load increases cortical bone 
stress, whereas in frictional contact, cortical bone 
stress actually decreases. These findings indicate 
that the effect of loading direction cannot be 
understood separately from the contact 
assumption. At a fully bonded interface, an 
oblique load is transmitted more directly to the 
cortical bone. In contrast, in frictional contact, 
load redistribution likely occurs, altering the 
stress-transfer path between cortical and 
cancellous bone. 

 In the orthotropic model, the effect of 
oblique loading becomes more complex. Under 
bonded conditions, oblique loading reduces 
stress in the fixture and cortical bone, but still 
increases stress in the cancellous bone as well as 
displacement in nearly all components. 
Conversely, under orthotropic–frictional 
conditions, most stress, strain, and displacement 
parameters tend to decrease, except for certain 
responses such as stress in the cancellous bone 
and the abutment. This pattern indicates that the 
direction-dependent properties of orthotropic 
bone significantly alter the load-transfer path. 
Thus, an oblique load does not always increase 
the absolute stress but can alter the load 
distribution, depending on the direction of 

material stiffness and the interface contact 
characteristics. 

The screw exhibited a different pattern 
compared to the fixture. Across all material and 
contact combinations, the transition from axial to 
oblique loading actually reduced the screw’s 
stress and strain. This finding reinforces the 
notion that oblique loading cannot be reduced to 
a single factor that consistently increases all 
mechanical parameters. Rather, oblique loading 
is more accurately understood as a factor that 
alters the load transfer path between 
components within the implant–prosthetic 
system. Meanwhile, the abutment exhibits the 
most stable response, with relatively small 
changes in stress across all scenarios. This 
indicates that biomechanical risks arising from 
changes in load direction are more pronounced 
in the fixture and peri-implant bone tissue than 
in the abutment. 

The displacement parameter 
underscores the importance of loading direction 
in assessing the system’s deformation response. 
In the isotropic–bonded case, the displacement of 
the cancellous bone increased from 1.08 µm to 
21.65 µm, while the displacement of the fixture 
increased from 1.07 µm to 5.51 µm. In the 
orthotropic–bonded case, the increase in 
displacement was more pronounced across 
nearly all components, including the fixture, 
screw, abutment, cortical bone, and cancellous 
bone. However, in the orthotropic–frictional 
model, the oblique load actually reduced 
displacement across all components. These 
findings indicate that system deformation is 
significantly influenced by the combination of 
loading direction, bone material properties, and 
contact conditions; therefore, the interpretation 
of displacement must not be divorced from the 
model configuration. 

Overall, these results indicate that the 
loading direction is a critical variable in FEA 
simulations of dental implants. Axial loads tend 
to produce a more controlled response because 
the force acts parallel to the implant axis. In 
contrast, oblique loads result in a more complex 
biomechanical response through increased 
bending moments, stress redistribution, and 
changes in system deformation (Brune et al., 
2019). However, the effects of oblique loading 
cannot be generalized as an increase in all 
parameters, as the response is highly dependent 
on the bone material model and contact 
conditions. Therefore, the interpretation of FEA 
results should not only directly compare axial 
and oblique loads but also consider the 
interactions between loading direction, 
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isotropic–orthotropic assumptions, and bonded–
frictional conditions at the interface. 

 
CONCLUSION 

The results of this study indicate that the 
biomechanical response of the implant–bone 
system is influenced by the interaction between 
bone material modeling, implant–bone contact 
conditions, and loading direction, rather than by 
any single factor acting independently. Within 
the limitations of this model, cortical and 
cancellous bone tissue exhibit a more 
pronounced sensitivity to variations in material 
properties than the abutment. The nature of the 
implant–bone contact affects load-transfer 
mechanisms, but this effect is context-dependent. 
Frictional contact does not always lead to an 
increase in mechanical response; however, it can 
alter the distribution of stress and strain in both 
the metal components and the peri-implant 

tissues, depending on the combination of 
simulation parameters. The direction of loading 
plays a crucial role in determining the 
distribution of biomechanical responses. Axial 
loads tend to produce more controlled 
mechanical patterns, whereas oblique loads 
introduce bending and shear components that 
can alter the distribution of stress, strain, and 
displacement in the fixture, screw, abutment, 
cortical bone, and cancellous bone. In practical 
terms, these findings underscore the importance 
of simultaneously selecting material models, 
defining interfaces, and varying loading 
directions in FEA of dental implants. The 
resulting implications should be understood as 
simulation-based biomechanical guidance to 
support the interpretation of implant and 
prosthetic designs, rather than as direct clinical 
recommendations.
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