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Abstract

This study evaluates the biomechanical effects of angulated abutments (15°, 17°, and 20°) in posterior maxillary
implants using three-dimensional Finite Element Analysis (FEA). Due to low bone density and complex anatomy, the
posterior maxilla presents a high implant failure risk. Yet, the impact of specific abutment inclinations on internal
implant components remains underexplored. Models of D4 bone with bonded implants were created using Autodesk
Inventor and simulated in ANSYS under a 276 N vertical load. Von Mises stress, strain, and safety factors were
analyzed for abutment and screw components. Results showed increasing angulation significantly elevated stress
and strain, especially in screws, though safety factors remained above the 1.5 clinical threshold. Stress concentration
occurred at the abutment’s U-profile and screw head. These findings suggest angled abutments up to 20° remain
biomechanically safe but highlight the need for careful planning to prevent long-term failure.
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INTRODUCTION

Dental implants have emerged as a globally
utilized therapeutic option to replace lost teeth. The
use of dental implants has significantly increased,
totaling nine million individuals over the last decade
(Sartoretto et al., 2023). Dental implants have
numerous benefits compared to alternative
techniques for repairing absent teeth, including
enduring stability and enhanced quality of life. A
meta-analysis indicated that the average durability
rate of implants was 92% in prospective trials and
88% in retrospective studies over 20 years (Kupka
et al, 2024). Prospective research demonstrated
that 97.1% of implants retained functionality after
63 months, significantly improving patients' quality
of life. This effect increased chewing efficiency and
enhanced speech capability post-treatment
(Hockova etal., 2025). Although dental implants are
commonly used, the likelihood of implant failure
from biomechanical issues is significantly
heightened in some areas of the mouth cavity,
especially in the posterior maxilla.

Wu et al. (2021) reported that the failure
rate of dental implants in the posterior maxilla was
2.73 times greater than that of implants in other jaw
regions. This condition is related to diminished
bone volume in the posterior maxilla resulting from
post-extraction bone resorption. The maxillary
sinus above this region adds to its anatomical
complexity (M. King & Schofield, 2023). Moreover,
the posterior maxilla demonstrates the lowest bone
density relative to other areas of the human jaw.
Misch (2008) classifies the posterior maxilla as D4-
density bone, defined by robust cancellous bone and
a slender cortical layer. Moreover, the burden

22

experienced by this region is very significant
(Edmonds & Glowacka, 2020). One option to
mitigate this issue is the utilization of an angled
abutment (Cavallaro & Greenstein, 2011). However,
the use of angled abutments presents certain
challenges.

Lin et al. (2025) asserted that using an
angled abutment alters the occlusal stress from an
axial to an angular direction. This transition may
result in an uneven distribution of pressure and
concentration within the implant's structural
integrity. Kasari et al. (2023) clarified that this
focused pressure may lead to microfractures and
bone resorption surrounding the implant. The
findings indicate that the design of angled
abutments requires a thorough assessment to
reduce the likelihood of structural failure of
implants from the design phase. Performing a
biomechanical assessment of angled abutment
designs requires applying dependable and
quantifiable techniques.

The finite element analysis (FEA) method is
the dominant technique for assessing biomechanics.
This method is deemed conservative as it permits
actions that do not require direct physical
interaction with the human body (Hong & Choi,
2024). This approach may conduct thorough and
precise assessments of the intricate human
anatomical structure (Shivakumar et al,, 2021). It is
essential to determine the load capability of dental
implant components without failure (Koletsi et al.,
2019). Therefore, a safety factor analysis is essential
to assess the structural integrity of dental implants,
encompassing abutments and screws. The safety
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factor is the yield strength ratio to maximum stress
(Budynas & Keith Nisbett, 2015).

Numerous research has examined the
impact of differences in abutment angle on
biomechanical behavior. Uppalapati et al. (2023)
found that increasing the abutment angle from 0 to
25 degrees increased von Mises stress levels in
cortical bone. A study by Bhapkar et al. (2022)
indicated that an increase in the abutment angle
correlates with heightened stress at the implant-
abutment interface. Moreover, Chen et al. (2024)
discovered that the inclination of the abutment and
the implant insertion angle affect stress, with
greater angles leading to elevated stress levels.

Moreover, additional research has utilized
safety factor analysis to assess the structural
integrity of dental implants. Canté-navés et al.
(2021) performed a safety factor analysis of dental
implants subjected to dynamic loading conditions.
Furthermore, a study by Menacho-Mendoza et al.
(2022) assessed the safety factor in three models of
platform switching and internal connections
subjected to axial and oblique loading. Kriswanto et

al (2025) thoroughly assessed the safety factor in
implants utilizing different material combinations
and thermal stresses.

Much research has looked at how dental
implants work biomechanically, but not many have
examined how varied abutment orientations affect
biomechanics and safety issues. Also, past research
has not looked at the consequences of certain
inclination angles—15°, 17°, and 20°—in a
consistent way within the same analytical
framework. This study fills in the gaps by looking at
how these changes in the angle of the abutment
(shown in Figure 1) affect the biomechanical
performance of the abutment and screw. It also uses
athree-dimensional finite element analysis (FEA) to
check the safety factor under realistic loading
circumstances. This study differs from others
because it focuses on changes in abutment
inclination as a primary research parameter, which
has not been looked at in depth before. This study
aims to help doctors choose the best abutment
designs for posterior maxillary implants in a helpful
way.

_Cortical bone
~Fixture

_-Screw

/Cancellous bone

LA

Figure 1. Implant model and structures: (a) 15° (b) 17°;(c) 20°

METHODS

This study employed three-dimensional
finite element analysis (FEA) to evaluate the
biomechanical behavior of dental implant
components with varying abutment inclinations in
the posterior maxilla. The first molar's posterior
macxilla bone block model was created using
Autodesk Inventor Professional 2025 software. The
implant structures used were abutment, screw, and
fixture; the bone block was modeled into cancellous
and cortical. The dental implant fixture design
refers to the commercial design of Branemark
System MKIII TiUnite from Nobel Biocare (Nobel
Biocare, 2024). The abutment design was based on
the Nobel Biocare Replace® Titanium Angled

Abutment design. The abutment was designed with
15° 17° and 20° inclinations, selected based on
clinical use and manufacturer references. The 15°
angulation was based on the Nobel Biocare
Replace® Titanium Angled Abutment, while the 17°
and 20° angulations were adopted from other
commercially available systems (BioHorizons,
2020; Osstem Implant Co., 2023).

The three-dimensional model was assumed
to be the posterior bone of the maxilla, precisely at
the first molar region. The bone model was designed
as a block with dimensions of 20 mm (buccolingual)
x 20 mm (mesiodistal) x 22 mm (apical-coronal)
(Figure 2), based on dimensions from a previous
research model (Algahtani et al., 2023). The bone
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structure was divided into two layers: the cortical
(0.5 mm thickness) and the cancellous at the top.
The bone in this study was classified as Type D4,
based on Misch's classification of bone density,
which is characterized by a very thin cortex and
smooth cancellous in the interior (Misch, 2008). The
coordinate system used in the modeling refers to
the anatomical orientation of the tooth as follows: X-
axis points from mesial to distal, Z-axis points from
buccal to lingual, and Y-axis. Points upward
(coronal-apical direction) (Figure 2). In this study,
the implants were placed with an inclination toward
the distal direction.
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The implant structure consists of three
main components: fixture, abutment, and screw
(Figure 3). The fixture has a V-shape thread, 4 mm
diameter, 7 mm length, 0.6 mm thread pitch, and 0.3
mm thread depth. The abutment includes variations
in tilt angles of 15°, 17°, and 20°. In this study, three
models were used (Table 1), namely Model 1, Model
2, and Model 3, each of which has a V-shape thread,
4 mm diameter, 7 mm length, 0.6 mm thread pitch,
and 0.3 mm thread depth, with the only difference
being the abutment tilt angles of 15°, 17°, and 20°,
respectively.

Table 1. Implant Model Classification

. Thread Thread FixtureDi  FixtureLe Abutment
Name Thread design ) ameter ngth .
pitch (mm)  depth (mm) (mm) (mm) angulation (°)
Model 1 V-Shape 0.6 0.3 4 7 15
Model 2 V-Shape 0.6 0.3 4 7 17
Model 3 V-Shape 0.6 0.3 4 7 20

nt) I

‘___,_——(lmp]a
(b) ; :

M: Mesial; D: Distal B: Buccal; L: Lingual

Figure 2. Entire geometry: (a) bone block dimensions; (b) anatomical directions
-
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Figure 3. Dental implant configurations: (a) fixture; (b) screw; (c) abutment 15°; (d)
abutment 17°; (e) abutment 20°; (f) implant assembly
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The general equations in finite element
analysis (FEA) are derived from the principle of
force equilibrium and can be expressed in matrix
form as shown in Equation 1. The matrix {K} is
defined as the global stiffness matrix representing
the overall stiffness of the system, {d} is the nodal
displacement vector indicating the displacement at
each node due to the applied load, and {F} is the
nodal force vector containing the external forces
acting on each node (Logan, 2012).

{F}=K{d} (1)

In evaluating stress and strain distributions
in the model, this study employs the Von Mises
stress approach. The Von Mises equivalent stress is
calculated to evaluate the possibility of yielding in
ductile materials due to multiaxial loading by
comparing the equivalent stress value with the
material's yield stress using the distortion energy
theory approach, as shown in Equation 2 (Budynas
& Keith Nisbett, 2015). Additionally, the Von Mises
equivalent strain shown in Equation 3 is also

t
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analyzed to evaluate the distribution of equivalent
strain as a representation of the total deformation
that occurs. This equivalent strain describes the

total distortional deformation wunder three-
dimensional stress conditions, incorporating
normal and shear strain components, and

considering the Poisson's ratio (v) as a correction
for material elasticity. This value is used as an initial
indicator of plastic deformation (ANSYS, n.d.-a).

This study also evaluates the safety factor
in mechanical design, defined as the ratio between
material strength and the parameter causing failure,
and generally expressed as the design factor (nd)
(Equation 4). The basic equation has shown in
Equation 4. Where S is the material strength against
a specific failure mechanism, and o or 7 is the
normal or shear stress acting on the component.
The value of nd indicates the safety margin against
failure; the higher the value, the safer the design
(Budynas & Keith Nisbett, 2015). In this study, the
minimum safety factor used is 1.5 (ANSYS, n.d.-b;
Cantdé-navés et al., 2021).

1
Oym = \/E [(0y — 02)% + (0, — 03)* + (03 — 01)?] (2)
2 2
1 (exx — &yy) + (€yy — €22) + (€22 — €1)? + 6(€2, + €2, + €2,)
Fear = 14y 2 (3)
_ loss-of-function strength S @)
Mta = allowable stress " o(orT)

Simulations were performed using ANSYS
Workbench 2023 R1 software. The model was
exported to ANSYS for meshing and simulation. The
elements used were 10-node tetrahedral elements
(SOLID187). The meshing process used an element
size of 0.74 mm. Mesh convergence testing was
performed to ensure the reliability of the simulation
results, with the convergence criterion being a von
Mises stress difference between consecutive models
of less than 5% (Table 2). Element quality in the
meshing process was evaluated using the skewness
parameter. The average skewness value of the three
simulation models used in this study is 0.42546 +
0.23092. This value falls within the range of 0.25-
0.5, which is classified as good (ANSYS, n.d.-b). The
meshing process produced the following number of
elements and nodes: Model 1 has 115,439 nodes
and 72,341 elements, Model 2 consists of 116,977
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nodes and 73,310 elements, while Model 3 has
120,080 nodes and 75,395 elements.

The analysis was performed with the Static
Structural module. As shown in Figure 4, fixed
supports were applied to all sides of the bone block,
except the bottom surface, which was left
unconstrained. A vertical load of 276 N was applied
axially to the occlusal surface of the abutment,
corresponding to the maximum human bite force in
the first molar area (Srinivasan et al., 2024). All
interfaces between the implant components and
between the implant and bone were assumed to be
bonded contacts, representing a state of complete
osseointegration with no relative displacement
between surfaces. The parameters analyzed include
the Von Mises stress distribution and the equivalent
strain and total deformation in both components of
the implant system (abutment and screw) to
evaluate the effect of varying the angle of inclination
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of the abutment. The implant structure in this study
uses Ti-6Al-4V alloy material, which is modeled as a
homogeneous, isotropic, and linearly elastic. The

bone material is modeled as orthotropic. The
material parameters are presented in Table 3.

Table 2. Convergence test

I\;Ifzseh Number of Number of  ovon Abutment OVvon SCrew Difference (%) Difference (%)
Elements Nodes (Mpa) (Mpa) Abutment Screw
(mm)
0.75 67623 107895 104.62 111.39 4.02% 0.46%
0.74 72341 115439 104.48 107.53 -0.20% -0.13%
0.73 69530 111299 107.18 111.9 0.64% 2.58%
A: Static Structural
Static Structural
Time: 1.5
6/30/2025 11:39 AM
B Force: 276.N
[BJ Fixed Support
Figure 4. Boundary Conditions
Table 3. Material properties
Component of Young’s Modu-  Shear Modu- Poisson’s  Yield Strength
. References
Model lus (MPa) lus (MPa) Ratio (Mpa)
Cortical Ex=12,600 Gyw=4850 vy =0.300 -
Ey=12,600 Gy2=5700 vyz=0.253 -
E>=19,400 Gxz=5700 Vvxz=0.253 - (Algahtani et al,,
Cancellous Ex=1148 Gy =68 vy =0.055 - 2023)
Ey=210 Gyzz 68 Vyz=0.010 -
E.=1148 Gxz =434 vxz=0.322 -
Implant (ASM Aerospace
p 113.8 - 0.342 880 Specification Met-
structures
als Inc, n.d.)
RESULTS AND DISCUSSION On the screw, the increase was more pronounced,

This section outlines the findings from the
finite element analysis, simulation results demon-
strated that an increase in abutment angulation
from 15° to 20° corresponded with a substantial rise
in von Mises stress in both the abutment and screw
components (Table 3). On the abutment, maximum
stress increased from 104.48 MPa at 15°, to 127.74
MPa at 17°, and reached 133.82 MPa at 20°, repre-
senting an overall increase of approximately 28.1%.
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with stress rising from 107.53 MPa at 15°, to 139.89
MPa at 17°, and sharply peaking at 253.66 MPa at
20°, a total increase of 136% (Figure 5). The graph-
ical trend in Figure 5 clearly illustrates a steeper in-
cline in stress for the screw than the abutment.
Stress concentration was consistently observed at
the U-profile of the abutment and at the outer mar-
gin of the screw head across all angulations (Figures
7).
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Equivalent strain values also increased
consistently with higher abutment angulations (Fig-
ure 6). For the abutment, strain rose from
0.0009200 at 15°, to 0.0011228 at 17°, and slightly
further to 0.0011777 at 20°, marking an increase of
approximately 28%. On the screw, strain increased
from 0.0011495 to 0.0015148, and then rose
sharply to 0.0022890 at 20°, nearly doubling over
the angular range with a total increase of 99.1%.
The strain curve in Figure 6 shows a steeper gradi-
ent for the screw, indicating greater sensitivity to

angulation. Similar to stress distribution, strain con-
centration was located at the U-profile of the abut-
ment and the outer edge of the screw head (Figure
8).

The factor of safety (FOS) decreased with
increasing abutment angulation for both compo-
nents (Table 4). On the abutment, FOS declined from
8.42 at 15°,to 6.88 at 17°, and to 6.57 at 20°. In the
screw, the FOS dropped from 8.18 to 6.29 and
reached its lowest value of 3.46 at 20°.

Table 3. Maximum von Mises Stress and Strain on Abutment and Screw at Varying Abutment Angula-

tions
Abutment Max ovon (Mpa) Max &von
Angula-
tion (°) Abutment Screw Abutment Screw
15 104.48 107.53 0.0009200 0.0011495
17 127.74 139.89 0.0011228  0.0015148
20 133.82 253.66 0.0011777  0.0022890
Tabel 4. Factor of Safety
Abutment Angulation Factor of Safety Factor of Safety
) Abutment (Max 1.5)  Screw (Max 1.5)
15 8.42 8.18
17 6.88 6.29
20 6.57 3.46
E 350.00
s e=dr= Abutment
~ 300.00
S —@=Screw 253.66
$ 25000
A
%)
& 200.00
=
<
S 150.00
>
S 100.00
104.48
50.00
15 17.0 20.0

Abutment Angulation (°)

Figure 5. Graph of Maximum von Mises Stress on Abutment and Screw
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- == Abutment

W 0.0025 =@ Screw 0.00228900
£
IS 0.0020
2 0.00151480
QL
g 09915 900114950
<
S 0.0010 ‘/——_‘
i 0.00112280 0.00117770
S 0.00092000
= 0.0005

0.0000

15 17.0 20.0

Abutment Angulation (°)

Figure 6. Graph of Maximum von Mises Strain on Abutment and Screw

Figure 7. von Mises Stress on the Abutment: (a) 15° (b) 17°; and (c) 20°; and on the Screw: (d) 15°; (e)
17° (f) 20°

(@]
(f

Figure 8. von Mises Strain on the Abutment: (a) 15°; (b) 17°; and (c) 20°; and on the Screw: (d) 15° (e)
17° (f) 20°
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The simulation findings suggest that all of
the examined abutment angle configurations are
safe from a biomechanical point of view. The high-
est stress value in the whole model was found in
component screw model 3 (253.66 MPa). This is
still significantly below the yield strength of Ti-
6Al-4V material, which is about 880 MPa (ASM
Aerospace Specification Metals Inc, n.d.). With a
safety factor (FoS) of 3.46 > 1.5, as shown in the
study by Canté-navés et al. (2021). This means
that even while the stress and strain on the im-
plant system increases when the abutment angle
goes up, it stays in the elastic zone and does not
seem to be able to deform or break down directly.

Previous research has demonstrated that
a higher abutment angle is directly linked to more
stress in the implant system. De Faria Almeida et
al. (2022) found that angled abutments at 17° and
30° put more stress on implant parts and support-
ing tissues than straight abutments, especially
when the loads were not straight. Korkmaz & Kul
(2022) also showed that changing the abutment
angle from 17° to 25° put more stress on the pros-
thetic structure, cortical bone, and trabecular
bone, especially when the load was not straight.
Uppalapati et al. (2023) and Oswal et al. (2024)
also support these results by showing that bigger
abutment angles always worsen stress concentra-
tion in the implant system.

This study has several limitations that
should be noted. The bone model used is a simpli-
fied version that does not correctly show how
complicated bones are anatomically and how they
work mechanically. Models based on CT scans
might be more useful for clinical situations
(Lisiak-Myszke et al, 2020). Also, employing
bonded contact assumptions in the simulation
does not match what happens in real life (Kapoor
etal, 2021). One problem with this study is that it
only used static loading, which does not show how
well dental implants will work in the long term
(Erdogdu et al., 2024). As a result, future research
should use CT-based bone models, stick to the as-
sumptions about friction contact, and include dy-
namic loading

CONCLUSIONS

Based on the results of the analysis and dis-
cussion, the following conclusions can be drawn:

1. Increasing the abutment angle from 15°,
17°, to 20° resulted in higher von Mises
stress by 28.1% on the abutment and
1359% on the screw, with stress
concentration located at the U-profile
area of the abutment and the outer edge
of the screw head.
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2. Maximum strain followed a similar trend,
increasing by 28.3% on the abutment and
99.1% on the screw, indicating a higher
risk of elastic deformation under oblique
loading.

3. All abutment angle configurations
maintained a safety factor above the
clinical minimum threshold of 1.5, with
the lowest value being 3.46 at the 20°
screw, confirming their safe
biomechanical application in posterior
macxilla cases with proper biomechanical
planning.
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