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Abstract 

Physiological variability in bone mechanical properties may affect load transfer and biomechanical stability in dental 
implant systems. However, the influence of orthotropic elastic and shear properties on implant–bone biomechanics 
remains unclear. This study evaluated the sensitivity and robustness of a mandibular first molar implant system to 
variations in orthotropic bone properties using finite element analysis. A three-dimensional implant–bone model 
was analyzed under nine material configurations, including gradual orthotropic variations (±15% of baseline) and 
independent modifications of the elastic and shear modulus. Biomechanical responses were evaluated using von 
Mises stress, principal stresses, strains, and displacements. Stress concentrations were primarily located at the 
implant–abutment connection and crestal cortical bone, indicating the main load-transfer pathways. Increasing 
directional stiffness reduced peri-implant strain and displacement but increased cortical stress, revealing a trade-off 
between deformation reduction and local stress concentration. Elastic modulus predominantly influenced global 
stress redistribution, whereas shear modulus had a greater effect on local deformation and peri-implant stability. 
Strain and displacement were more sensitive to material variations than stress-based parameters. These findings 
emphasize the importance of orthotropic material representation for realistic biomechanical assessment of dental 
implant systems under physiological variations in bone quality. 
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INTRODUCTION 

The success of dental implants is highly 
influenced by the biomechanical response at the 
implant-bone interface during occlusal load transfer 
(González-Mederos et al., 2025; Kriswanto et al., 
2025; Sayed et al., 2025). Non-optimal distribution 
of stress and strain at the bone-implant interface 
can increase micromovement, bone resorption, and 
the risk of osseointegration failure (Ceddia et al., 
2025; Falcinelli et al., 2023; González-Mederos et al., 
2025). Thus, biomechanical evaluation plays an 
important role in optimizing implant design and 
assessing the long-term stability of the implant  
(Falcinelli et al., 2023; Sayed et al., 2025). 

Finite element analysis (FEA) has been 
widely used to evaluate the distribution of stress, 
strain, and displacement in implant systems that are 
difficult to measure in vivo (Alemayehu et al., 2024; 
Chang et al., 2025; Sayed et al., 2025). This approach 
allows for the simulation of various loading 
conditions, bone quality, and geometric 
configurations in a controlled and reproducible 
manner (Afazal et al., 2025; Alemayehu et al., 2024; 
Chang et al., 2025). In implant biomechanics, the 
posterior mandibular model and the first molar 
bone block are often used to simulate clinical 
loading conditions in finite element analysis (Chang 

et al., 2025; Has & Orbak, 2025; Kriswanto et al., 
2025). 

Although FEA is widely used in implantology, 
most studies still assume bone as a homogeneous, 
isotropic, and linearly elastic material to simplify 
calculations (Alemayehu et al., 2024; Gasik et al., 
2021; Li et al., 2025). This approach does not fully 
capture the mechanical behavior of bones because 
cortical and cancellous tissues exhibit direction-
dependent responses to loading (Li et al., 2025; 
Marangon et al., 2025; Mathai et al., 2021). The 
orientation of trabecular cancellous bone and the 
microstructure of cortical bone cause different 
elastic responses in each loading direction 
(Marangon et al., 2025; Mathai et al., 2021). 
Therefore, the orthotropic approach is considered 
more representative than the isotropic model in 
biomechanical bone simulations (Li et al., 2025; 
Marangon et al., 2025; Mathai et al., 2021; Wang et 
al., 2024).  

The mechanical properties of bones vary 
depending on factors such as density, 
microarchitecture, age, and the individual's 
biological and pathological conditions (Öhman-
Mägi et al., 2021; Osterhoff et al., 2016; Zhang et al., 
2023). Aging and decreased bone density are known 
to reduce bone stiffness, elastic modulus, and 
mechanical strength (Öhman-Mägi et al., 2021; 
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Osterhoff et al., 2016). The changes cause variations 
in the elastic modulus and shear modulus among 
individuals and bone conditions, so using a single 
material value has the potential to produce a less 
realistic biomechanical representation (Mathai et 
al., 2021; Öhman-Mägi et al., 2021; Zhang et al., 
2023).  

Several studies have reported that variations 
in bone material properties contribute to changes in 
stress and strain distributions and the primary 
stability of the implant system (Afazal et al., 2025; 
Ceddia et al., 2025; Vautrin et al., 2025). Although 
FEA studies on dental implants have extensively 
evaluated implant geometry, thread design, and 
loading conditions, modeling realistic variations in 
bone material properties has not yet been widely 
explored (Afazal et al., 2025; Alemayehu et al., 2024; 
Kriswanto et al., 2025). Furthermore, the influence 
of variations in bone material properties on the 
orthotropic model of cortical and cancellous bone 
has not yet been extensively evaluated in FEA 
studies (Hindurao et al., 2024; Mathai et al., 2021; 
Vautrin et al., 2025).  

Sensitivity analysis is important for 
evaluating how variations in bone mechanical 
properties affect the biomechanical response of the 
implant system (Hindurao et al., 2024; Singh et al., 
2025; Vautrin et al., 2025). Although the orthotropic 
model has been used in various biomechanical 
studies, independent evaluation of the elastic 
modulus (E) and the shear modulus (G) remains 
relatively limited (Li et al., 2025; Mathai et al., 2021; 
Singh et al., 2025). In fact, the elastic modulus 
relates to the stiffness of the material under axial 
loading, while the shear modulus contributes to the 
response to shear deformation and load transfer at 
the bone-implant interface (Mathai et al., 2021; 
Singh et al., 2025). Because the elastic modulus and 
shear modulus represent different mechanical 
responses, variations in these two parameters have 
the potential to influence the biomechanical 
sensitivity of the implant system (Singh et al., 2025; 
Vautrin et al., 2025).  

Until now, limited research has evaluated the 
influence of variations in elastic modulus and shear 
modulus on the biomechanical response of the 
orthotropic bone model of the implant system 
(Hindurao et al., 2024; Mathai et al., 2021; Vautrin 
et al., 2025). As a result, the influence of biological 
variability in bone on the biomechanical stability of 
implant design remains poorly understood 
(Hindurao et al., 2024; Vautrin et al., 2025).   These 
limitations are important because an ideal implant 
design needs to maintain biomechanical stability 
even when physiological changes occur in the 
mechanical properties of the bone (Ceddia et al., 
2025; Falcinelli et al., 2023; Vautrin et al., 2025).  

Based on the aforementioned issue, this 
research proposes an analytical framework based 
on nine structured variations to represent the 
physiological changes in the properties of 
orthotropic bone material. Variations of up to ±15% 
from the baseline value are used to represent 
potential changes in bone mechanical properties 
related to density and aging (Öhman-Mägi et al., 
2021; Osterhoff et al., 2016; Zhang et al., 2023). This 
research specifically evaluates the biomechanical 
sensitivity of the implant system to gradual changes 
in the elastic modulus and shear modulus of 
orthotropic cortical and cancellous bone.  

Unlike the conventional approach, which 
uses fixed material parameters, this research 
separates the effects of elastic modulus and shear 
modulus to identify the contribution of each to the 
biomechanical response of the implant system. This 
approach enables the assessment of the 
biomechanical robustness of implant design against 
variations in loading conditions and bone quality by 
analyzing stress distribution, strain, displacement, 
and micromotion at the implant-bone interface 
(Ceddia et al., 2025; Falcinelli et al., 2023; Vautrin et 
al., 2025).  

This study aims to evaluate the sensitivity 
and biomechanical robustness of implant systems 
to physiological variations in elastic and shear 
moduli in cortical and cancellous orthotropic bone 
using finite element analysis. Specifically, this study 
assesses the distribution of stress, strain, and 
displacement as indicators of biomechanical 
stability and the potential success of 
osseointegration. 
 
METHODS 

A three-dimensional geometric model was 
developed as an idealized bone block representing 
the first mandibular molar region with a vertical 
dimension of 22 mm and a horizontal dimension of 
20 mm. It consists of a homogeneous cortical bone 
layer with a thickness of 1.22 mm surrounding a 
cancellous bone core. This simplified configuration 
provides a standardized biomechanical model for 
evaluating the effects of variations in bone material 
properties on the biomechanical response of the 
implant–bone system, consistent with the virtual 
geometric modeling approach commonly adopted 
in finite element analysis. (Alqahtani et al., 2023; Ko 
et al., 2017). In this model, the implant system is 
represented as a three-component implant 
assembly consisting of a fixture, abutment, and 
fixation screw to simulate a two-piece implant 
configuration with an internal hexagonal 
connection.  The fixture has a 5 mm diameter, a 10 
mm length, and a reverse buttress thread profile, 
while the connection between the fixture and the 
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abutment is stabilized with a fixation screw. All 
geometric models, including the bone block and 
implant assembly, were constructed using Autodesk 
Inventor Professional 2025. The schematic 
visualization of the finite element geometry used in 
this study is shown in Figure 1, which displays the 

dimensions of the bone block, implant 
configuration, and the arrangement of the implant 
assembly components that form the basis of the 
biomechanical simulation.  

 

 

 
Figure 1. Schematic Geometry of the implant bone finite element model 

 
Tabel 1. Baseline Orthotropic Material Properties of Cortical and Cancellous Bone 

Component Young's Modulus 
(GPa) 

Shear Modulus (GPa) Poisson's Ratio 

Cortical Bone Ex = 12.7 
Ey = 22.8 
Ez = 17.9 

Gxy = 5.5 
Gyz = 7.4 
Gxz = 5.0 

νxy = 0.31 
νyz = 0.28 
νxz = 0.18 

Cancellous Bone Ex = 0.511 
Ey = 0.907 
Ez = 0.114 

Gxy = 0.434 
Gyz = 0.081 
Gxz = 0.078 

νxy = 0.31 
νyz = 0.30 
νxz = 0.22 

References: Ding et al. 
(2014) 

   

A finite element simulation was conducted 
using ANSYS Workbench 2023 R1 on a workstation 
with an Intel® Core™ i5-12500H processor and 32 
GB of main memory. The implant assembly is 
modeled as an isotropic, homogeneous, and linear-
elastic material using the Ti–6Al–4V (Grade 5) alloy, 
with an elastic modulus of 119 GPa and a Poisson's 
ratio of 0.37, adopted from material data available 
in (AzoM, n.d.) The orthotropic parameter material, 
which includes the elastic modulus, shear modulus, 
and Poisson's ratio in the main directions of the 

material, is obtained from (Ding et al., 2014) and 
summarized in Table 1. 

The orthotropic material variation strategy is 
summarized in Table 2. The baseline orthotropic 
properties of cortical and cancellous bone were 
adopted from Ding et al. (2014), while nine 
simulation cases (V1–V9) were generated to 
evaluate the sensitivity of the implant–bone system 
to physiological variations in bone mechanical 
properties. In V1–V7, both the elastic modulus (Ex, 
Ey, Ez) and shear modulus (Gxy, Gyz, Gxz) were 
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simultaneously varied from −15% to +15% relative 
to the baseline model. To independently evaluate 
the contribution of each orthotropic stiffness com-
ponent, V8 was generated by increasing only the 
elastic modulus while maintaining the baseline 

shear modulus, whereas V9 was generated by in-
creasing only the shear modulus while maintaining 
the baseline elastic modulus. Poisson's ratios re-
mained unchanged throughout all simulation cases. 

 
Table 2. Orthotropic Material Properties Assigned to Each Simulation Case 

Component Property Gradual Variation Independent Variation 
V1 

-15% 
V2 

-10% 
V3 
-5% 

V4 
0% 

V5 
+5% 

V6 
+10% 

V7 
+15% 

V8 
E↑ 

V9 
G↑ 

Cortical Bone Ex (GPa) 10.795 11.430 12.065 12.700 13.335 13.970 14.605 14.605 12.700 
 Ey (GPa) 19.380 20.520 21.660 22.800 23.940 25.080 26.220 26.220 22.800 
 Ez (GPa) 15.215 16.110 17.005 17.900 18.795 19.690 20.585 20.585 17.900 
 Gxy (GPa) 4.675 4.950 5.225 5.500 5.775 6.050 6.325 5.500 6.325 
 Gyz (GPa) 6.290 6.660 7.030 7.400 7.770 8.140 8.510 7.400 8.510 
 Gxz (GPa) 4.250 4.500 4.750 5.000 5.250 5.500 5.750 5.000 5.750 

Cancellous Bone Ex (GPa) 0.434 0.460 0.485 0.511 0.537 0.562 0.588 0.588 0.511 
 Ey (GPa) 0.771 0.816 0.861 0.907 0.952 0.998 1.043 1.043 0.907 
 Ez (GPa) 0.097 0.103 0.108 0.114 0.120 0.125 0.131 0.131 0.114 
 Gxy (GPa) 0.369 0.391 0.412 0.434 0.456 0.477 0.499 0.434 0.499 
 Gyz (GPa) 0.069 0.073 0.077 0.081 0.085 0.089 0.093 0.081 0.093 
 Gxz (GPa) 0.066 0.070 0.074 0.078 0.082 0.086 0.090 0.078 0.090 

 
All interfaces between the fixture, 

abutment, screw, and bone tissue are modeled using 
fully bonded contact conditions to represent an 
ideal osseointegration state, with no relative slip at 
the contact interfaces. This assumption represents 
full biomechanical integration and does not account 
for partial bonding conditions or the initial healing 
phase. Physiological loading is applied to the 
occlusal surface of the abutment using three-
dimensional force components based on in vivo 
data in the mandibular first molar region, which are 

-175.5 N in the Y direction, -5.8 N in the X direction, 
and -25.1 N in the Z direction (Bing et al., 2020). The 
boundary condition is set by applying a fully fixed 
constraint to the inferior bone block to prevent rigid 
body motion during the simulation. The 
physiological stiffness of the mandible in the region 
of interest is modeled through fixed support on the 
mesial and distal surfaces of the cortical and 
cancellous bone. The load configuration and 
boundary conditions are shown in Figure 2  

 
 

 
Figure 2. Finite element boundary conditions and physiological loading applied to the implant bone model 

with mesial distal fixed support. 
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 Mesh convergence testing is performed be-
fore the simulation to verify the solution's inde-
pendence of mesh density. The finite element model 
used three-dimensional tetrahedral elements with a 
global element size ranging from 5.0 to 4.3 mm. Lo-
cal mesh refinement was applied at the implant–
bone interface area through face sizing of 0.5 mm 
for cortical bone and 0.6 mm for cancellous bone 
(Figure 3). The mesh size variations produce mod-
els with 23.049–23.163 elements and 41.061–
41.342 nodes. Convergence was evaluated using 
von Mises stress on the implant components (σvmF, 
σvmS, and σvmA) as well as maximum principal 

stress on cortical and cancellous bone (σCt and 
σCn). As shown in Table 3, successive mesh refine-
ments within the global mesh size range of 4.7–4.5 
mm produced variations below the 1% convergence 
criterion for all evaluated stress parameters, con-
firming that the numerical solution had reached 
mesh independence. Consequently, a global mesh 
size of 4.6 mm, comprising 23,134 elements and 
41,251 nodes, was adopted for all subsequent simu-
lations, as it ensures sufficient numerical accuracy 
while maintaining computational efficiency. 
 

 
Figure 3. Finite element mesh distribution with global meshing and local face sizing around the implant 

bone interface. 
 

Tabel 3. Mesh Convergence Analysis of Stress Predictions Across Successive Element Sizes 
Global Mesh Size (mm) σvmF σvmS σvmA σCt σCn 

5.0 → 4.9 0.33% 1.53% 4.42% 13.55% 0.79% 

4.9 → 4.8 -0.05% 0.18% -0.19% 3.53% -5.01% 

4.8 → 4.7 0% 0% 0% 0% 0% 

4.7 → 4.6 0% 0% 0% 0% 0% 

4.6 → 4.5 0% 0% 0% 0% 0% 

4.5 → 4.4 -0.24% -1.15% 8.65% -13.06% -6.31% 

4.4 → 4.3 -0.46% 0.02% -10.11% 13.58% -64.80% 

Note: σ = vm Mises stress; F = fixture; S = screw; A = abutment; Ct = cortical bone; 
Cn = cancellous bone.

  
Biomechanical response of the implant 

system in bone evaluated using von Mises stress, 
principal stress, strain, and displacement on the 
implant components and peri-implant tissue  
(Falcinelli et al., 2023; Prados-Privado et al., 2020). 

The parameter is chosen to represent the stress 
distribution, load redistribution, and defor-
mation response related to the biomechanical 
stability of the implant-bone system under 
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physiological loading conditions (Falcinelli et al., 
2023; Marangon et al., 2025).  

 A deterministic one-at-a-time (OAT) par-
ametric sensitivity analysis was performed to 
quantify the influence of the orthotropic material 
variations defined in Table 2 on the biomechani-
cal response of the implant–bone system. For the 
gradual orthotropic variations (V1–V7), the eval-
uation focused on von Mises stress on the screw 
and fixture, principal stress on the bone, cortical 
strain, and cortical displacement as the main in-
dicators of biomechanical response. Further-
more, in the independent sensitivity evaluation 
between elastic modulus and shear modulus (V8–
V9), screw stress, cortical principal stress, and 
cortical displacement were used as representa-
tive parameters to assess changes in stress distri-
bution, peri-implant load transfer, and local de-
formation response (Ding et al., 2014; Marcián et 
al., 2018; Taheri et al., 2018).  

 Sensitivity of biomechanical response to 
material variations analyzed using relative 

percentage change (%Δ) and coefficient of varia-
tion (CV) (Hindurao et al., 2024; Vautrin et al., 
2025). 

%Δ =
𝑋௜ − 𝑋଴
𝑋଴

× 100 

where Xi represents the biomechanical re-
sponse value for each material variation, while X0 
incates the response value on the baseline model. 
The coefficient of variation is used to evaluate the 
relative variability of the biomechanical response 
across all orthotropic material configurations and 
is calculated using Equation (2): gunakan Persa-
maan (2): 

𝐶𝑉 =
𝜎

𝜇
× 100 

where σ denotes the standard deviation 
and μ represents the mean value of the evaluated 
biomechanical parameter. Lower CV values indi-
cate lower variability of the biomechanical re-
sponse across orthotropic material configura-
tions

 
RESULTS AND DISCUSSION 
3.1 Stress Distribution in the Implant–Bone 
System 

Tabel 4. Maximum von Mises and Principal 
Stress Values for the Baseline Model 

Output Stress (Mpa) 
σvmF 32.339 
σvmS 41.381 
σvmA 34.362 
σ1Ct  35.255 
σ1Cn  3.5275 

 
The stress distribution on the baseline 

model shows the highest von Mises stress 
concentration at the implant–abutment and 
screw connection areas, especially around the 
internal hex connection and the cervical part of 
the implant (Figure 4). The screw shows a 
maximum stress value of 41.38 MPa, followed by 
the abutment at 34.36 MPa and the fixture at 
32.34 MPa (Table 4). The stress concentration at 
the internal connection indicates that this area is 
a critical location for load accumulation during 
occlusal loading due to direct mechanical contact 
between implant assembly components 

To verify the numerical model used, the 
maximum von Mises stress value on the implant 
assembly is compared with the results of a 
reference study that uses a comparable loading 
configuration and implant system. (Talmazov et 
al., 2020). The validation results show a 
difference of 0.9%, indicating a very good 
agreement between the developed model and the 
reference model. This finding supports the 
validity of the finite element model used as the 
basis for the sensitivity analysis of orthotropic 
material in this study. 

The principal stress distribution shows 
that the cortical bone experiences a maximum 
stress of 35.26 MPa, localized in the crestal 
cortical region around the implant neck, while the 
cancellous bone only exhibits a stress of 3.53 MPa 
with a more dispersed distribution in the 
trabecular tissue (Figure 5). This pattern 
indicates that the cortical bone more 
predominantly supports physiological load 
transfer due to its higher elastic modulus 
compared to cancellous bone (Prados-Privado et 
al., 2020). This pattern may be associated with 
the substantially higher elastic modulus of corti-
cal bone compared with cancellous bone, which 
influences load distribution within the implant–
bone system (Ding et al., 2014; Nokar et al., 2020)
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Figure 4. Von Mises stress distribution in the implant assembly for the baseline orthotropic model (V4)

 

 
Figure 5. Maximum principal stress distribution in cortical and cancellous bone for the baseline ortho-

tropic model (V4).
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3.2 Effect of Orthotropic Material Variation 
Variations in the orthotropic material 

properties directly influence the biomechanical 
response of the implant–bone system, 
particularly through stress redistribution and 
interfacial deformation. Increasing the material 
stiffness from V1 to V7 gradually reduces screw 
stress (σvmS) from 42.06 MPa to 39.72 MPa, 
accompanied by a slight decrease in fixture stress 
(σvmF) from 32.20 MPa to 32.00 MPa. 
Conversely, the principal stress (σ1Ct) in the 
cortical bone increases from 30.8 MPa to 36.8 
MPa. 

The pattern indicates that increasing 
directional stiffness shifts load transfer toward 
the crestal cortical bone around the implant neck. 
A stiffer orthotropic structure limits internal 
deformation in the trabecular area, causing stress 
concentrations to shift to the cortical bone. These 
findings are consistent with previous studies 
showing that orthotropic material representation 
alters stress distribution patterns and reduces 
localized stress concentrations relative to 
isotropic models (Ding et al., 2014).  

 

 
Figure 6. Combined biomechanical response of the implant–bone system under orthotropic material vari-

ations (V1–V7) 
 

Changes in material stiffness also affect 
peri-implant deformation. Cortical strain (𝜀1Ct) 
decreases from 0.00184 at V1 to 0.00152 at V7, 
while cortical displacement (δCt) decreases from 
−11.92 µm to −10.10 µm. The reduction in strain 
and displacement indicates an increase in the 
structural stiffness of the implant–bone system, 
thereby limiting local deformation during 
physiological loading. These findings suggest an 
increase in structural stiffness and a more stable 
mechanical response of the peri-implant during 
physiological loading. However, the increase in 
stiffness is also accompanied by increased stress 
on the crestal cortical bone, indicating a 
mechanical trade-off between reducing 
deformation and increasing local stress 
concentration. The peri-implant cortical bone, 
particularly in the crestal region surrounding the 
implant neck, exhibited the highest stress con-
centrations during functional loading (Ding et al., 
2014; Nokar et al., 2020).  

Biomechanical sensitivity analysis shows 
that an independent increase in elastic modulus 
(V8) raises screw stress to 43.2 MPa and cortical 
stress to 36.7 MPa compared with the baseline 
model (V4). In comparison, an increase in shear 
modulus (V9) decreases screw stress to 40.8 MPa 
and cortical stress to 34.0 MPa (Figure 7 and 
Table 5). These results indicate that the elastic 
modulus plays a dominant role in the overall 
stress distribution on the implant assembly. In 
contrast, the shear modulus has a greater 
influence on local deformation and interfacial 
stability at the implant–bone interface. The dis-
tinct biomechanical responses observed follow-
ing independent variations in elastic modulus 
and shear modulus indicate that different ortho-
tropic stiffness components contribute differ-
ently to stress redistribution and local defor-
mation within the implant–bone system. This ob-
servation is consistent with previous studies 
showing that bone anisotropy and material stiff-
ness influence stress distribution and load-
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transfer behaviour under physiological loading 
conditions (Raffa et al., 2021; Taheri et al., 2018).  
 

Tabel 5. Comparative sensitivity analysis between elastic modulus and shear modulus variations. 
Parameter Baseline (V4) Elastic Modulus (V8) E ↑ Shear Modulus (V9) G ↑ 

σvmS 41.381 43.2 40.8 
σ1Ct 35.255 36.7 34 
δCt -11.34 -10.97 -10.68 

Note: σvmS, von Mises stress in the screw; σ1Ct, maximum principal stress in cortical bone; δCt, cortical 
bone displacement. 
 

 
Figure 7. Comparative sensitivity between elastic modulus and shear modulus variations on  

biomechanical responses of the implant–bone system 
 
3.3 Relative Percentage Change and Coefficient of 
Variation 

The relative percentage change (%Δ) 
analysis shows that variations in orthotropic 
material properties result in different 
biomechanical sensitivities for each evaluation 
parameter (Figure 8). Deformation parameters, 
particularly cortical strain and displacement, 
exhibit greater relative changes than the stress 
distribution. Cortical strain in the cancellous 
region increased up to 18.55% at the −15% 
variation (V1) and decreased to −13.71% at the 
+15% variation (V7), while cortical displacement 
changed from 17.01% to −12.59% over the same 
variation range. Conversely, screw stress only 
showed a maximum deviation of 5.46% at V1 and 
−4.02% at V7. 

 
The results indicate that the deformation 

response is more sensitive to changes in 
directional stiffness than is the global stress 
distribution. The high sensitivity of strain and 
displacement suggests that changes in 
orthotropic mechanical properties heavily 
influence local deformation in the peri-implant 
area. Conversely, the stress response in the 

implant assembly tends to remain consistent 
compared to that in the peri-implant tissue, 
indicating that variations in orthotropic material 
properties primarily affect the local stress 
distribution in the bone rather than the overall 
response of the implant structure (Hindurao et 
al., 2024).  

The evaluation of the coefficient of 
variation (CV) shows that the stress distribution 
parameters have relatively high numerical 
stability against variations in orthotropic 
material (Figure 9). The CV values for σvmF, 
σvmS, and σvmA are 0.37%, 3.05%, and 2.22%, 
respectively, while the principal stress in cortical 
and cancellous bone are recorded at 1.98% and 
1.55%. Conversely, the deformation parameters 
exhibit higher variation, especially for ε1Ct at 
9.63%, ε1Cn at 10.43%, δF at −9.60%, and δCt at 
−9.57%. 

The higher coefficients of variation 
observed for strain and displacement indicate 
that deformation-related parameters are more 
responsive to orthotropic material variations 
than stress-based metrics within the present 
finite element model. This finding suggests that 
local deformation responses are particularly 
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sensitive to changes in directional stiffness and 
may therefore provide a useful indicator for 
evaluating peri-implant biomechanical 
adaptation. Similar observations have been 

reported in studies emphasizing the influence of 
bone mechanical properties on local deformation 
patterns and implant stability (Marcián et al., 
2018; Taheri et al., 2018)

 

 
Figure 8. Sensitivity analysis of biomechanical outputs based on relative percentage change across ortho-
tropic material property variations. Abbreviations: σvm, von Mises stress; σ1, principal stress; ε, strain; δ, 

displacement; F, fixture; S, screw; A, abutment; Ct, cortical bone; Cn, cancellous bone.
 

 
Figure 8. Coefficient of variation (CV) of biomechanical responses under orthotropic material variations
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3.4 Comparison with Previous Studies and 
Limitations  

The stress distribution pattern in this 
study shows a concentration of stress primarily 
in the crestal cortical bone area and the implant–
abutment connection area. This finding is 
consistent with previous finite element studies 
that reported the crestal cortical bone as the 
primary load-transfer area during functional 
loading of implant-supported restorations, 
making it the location with the highest stress 
concentration around the implant (Nokar et al., 
2020; Prados-Privado et al., 2020).  

The increase in principal stress in cortical 
bone observed in this study indicates that 
changes in bone material properties affect load 
redistribution in the peri-implant tissue (Ding et 
al., 2014), which reports that representing bone 
as an orthotropic material results in different 
stress and strain distributions compared to an 
isotropic model and significantly influences the 
biomechanical response of the bone around the 
implant. In this study, increasing the material 
stiffness decreases the strain and displacement of 
cortical bone but simultaneously increases the 
principal stress in the peri-implant cortical area, 
indicating a trade-off between reducing local de-
formation and increasing stress concentration.  

Sensitivity analysis shows that 
deformation parameters, particularly strain and 
displacement, experience greater relative 
changes compared to stress parameters when 
evaluating variations in material properties. The 
results of the relative percentage change and 
coefficient of variation indicate that the 
biomechanical response of the developed model 
is more sensitive to deformation parameters than 
to stress parameters. Additionally, increasing the 
elastic modulus independently results in greater 
increases in screw and cortical stress than 
increasing the shear modulus. In contrast, 
variations in shear modulus have a relatively 
smaller effect on the observed biomechanical 
response. These findings suggest that the elastic 
modulus is a more dominant material parameter 
influencing load redistribution in the implant–
bone system within the model configuration 
used. Overall, these results are consistent with 
previous studies showing that changes in bone 
material properties and modeling assumptions 
can lead to different biomechanical responses in 
the implant–bone system (Hindurao et al., 2024; 
Vautrin et al., 2025).  

Sensitivity analysis shows that 
deformation parameters, particularly strain and 
displacement, experience greater relative 
changes compared to stress parameters when 

evaluating variations in material properties. The 
results of the relative percentage change and 
coefficient of variation indicate that the 
biomechanical response of the developed model 
is more. This study has several limitations. The 
finite element model assumes homogeneous, 
linear-elastic material behavior and fully bonded 
contact conditions, which represent ideal 
osseointegration. Additionally, the simulation 
considers only physiological static loading, 
without accounting for cyclic loading, bone 
remodeling, or patient-specific anatomical 
variations. Therefore, the developed model does 
not fully represent the complexity of actual 
clinical conditions during long-term mastication 
function. 

Nevertheless, the sensitivity analysis 
approach based on variations in elastic modulus 
and shear modulus in the orthotropic bone model 
used in this study provides a systematic 
framework for evaluating the influence of 
physiological variability in bone mechanical 
properties on the biomechanical response of the 
implant–bone system. Future research should 
integrate patient-specific geometry, nonlinear, 
anisotropic material behavior, fatigue-loading 
simulations, and bone-remodeling mechanisms 
to enhance the biomechanical and clinical 
relevance of finite element predictions. 

 
CONCLUSIONS   

This study demonstrated that physiologi-
cal variations in the orthotropic mechanical prop-
erties of cortical and cancellous bone significantly 
influence the biomechanical response of a man-
dibular first molar implant system. Finite element 
sensitivity analysis showed that increasing ortho-
tropic stiffness reduced peri-implant strain and 
displacement while increasing stress concentra-
tion in the crestal cortical bone, indicating a bio-
mechanical trade-off between deformation re-
duction and local stress redistribution. Further-
more, independent sensitivity evaluation re-
vealed that the elastic modulus primarily governs 
global stress distribution within the implant as-
sembly, whereas the shear modulus has a greater 
influence on local deformation and peri-implant 
stability. Overall, these findings confirm that or-
thotropic material representation provides a 
more realistic assessment of implant biomechan-
ics under physiological variations in bone prop-
erties and can improve the reliability of finite ele-
ment analyses for evaluating implant biomechan-
ical performance. 
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