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ABSTRACT

https://doi.org/10.51847/CnZFN4OEaC

Prostheses supported by implants directly transmit the occlusion loads to the adjacent peri-implant bone, and this can result
in complicated patterns of stress distribution affecting long-term implant stability. The biomechanics of stress transfer to
the dental implants during complete denture loading and the effects on long-term stability of the implants through the use
of a finite element analysis technique. A 3D finite element model of an edentulous mandible provided with an implant-
supported complete denture of 30 dental implants was developed. Vertical and oblique conditions of static loading were
used to simulate functional masticatory forces. Stress distribution and peri-implant bone strain criteria of von Mises stress
and maximum principal strain. Oblique loading induced a general increase in the values of peak stress and strain, with the
highest degrees of concentration in crestal cortical bone around the posterior implants. Although the high number of
implants led to an improvement in global load distribution, the localized stress magnification under applied oblique loads
was observed. Cortical bone was invariably subjected to more stress than cancellous (41%), as in all cases it was associated
with increased disposition to biomechanical overload. A simple rise in the number of implants is not the solution to
biomechanical risk, and indicates that optimized loading direction and distribution of implants are necessary; also, it notes
the design of the prostheses as one of the major determinants of long-term clinical outcomes.

Key words: Dental implants, Complete denture, Biomechanical stress, Finite element analysis, Implant stability, Load

transfer.

Introduction

Dental implants have emerged as an essential part of a
modern-day prosthodontic rehabilitation of patients who
have lost all of their teeth [1, 2]. Implant-supported complete
dentures have proven to be much more stable, retentive,
masticatory, and satisfactory to the patients in comparison
to the traditional removable dentures over the past decades
[3]. Such benefits are crucial, especially in patients who
present with severe alveolar ridge resorption, in which the
conventional methods of prostheses often offer insufficient
functional performance or stability [4]. Consequently, there
is a growing view that implant-supported prosthetic systems
have a superior role to play in the restoration of oral
functions among edentulous individuals [5].

Implant-supported complete dentures, although clinically
successful, are biomechanically complicated systems with
multiple structural elements that transmit the occlusal
forces, such as the prosthetic superstructure, elements of
attachment, dentimplants, and the surrounding peri-implant
bone [6, 7]. These forces and their distribution and size are
significant in sustaining implant stability as well as the peri-
implant bone during the long-term [8]. Unfavorable and
excessive stress concentration at the bone-implant interface
has long been considered to be one of the main
biomechanical causes of marginal bone erosion, implant
overload, and long-term implant failure [9].

The variables that affect biomechanical load transfer of

implant-supported prostheses are the number of implants,
distribution of implants, prosthetic design, strength of bone,
and direction of occlusal loading [8]. In mastication, the
forces that occur during mastication are seldom purely axial,
but often include oblique or lateral components that result
from functional chewing actions and parafunctional
behavior [10]. Experimental and computational studies
conducted in the past have shown that the loading conditions
involving oblique can generate considerably high degrees of
stress concentration along the implant neck and inside the
crestal cortical bone when compared to that produced by
vertical loading alone [11, 12]. This can enhance the
potential of building up of microdamage in peri-implant
bone and can lead to progressive bone remodeling or
implant instability later in life [13].

When considering implant-supported complete dentures,
more factors complicate the biomechanical environment,
including denture base deformation, mucosal resiliency,
load sharing of implants and soft tissues, and cantilever
effects that occur during loading of the back [3, 14]. These
aspects can have a major change in the stress distribution
pattern within the supporting bone structures and can affect
the long-term success of implant rehabilitation [11, 13]. As
a result, the biomechanical behavior of implant-supported
complete dentures under varying loading conditions is an
important part of the factors to maximize the design of
prosthetics and enhance patient outcomes [15].

Finite element analysis (FEA) has become an effective
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computer model to explore biomechanical interactions of
complex implantation in the dental system [16]. This
technique allows the three-dimensional simulation of stress
and strain distribution of implants and the surrounding bone
structures under controlled load conditions [15]. Finite
element modeling can be used to offer high-resolution
visualization of patterns of stress concentration to supply
useful information about biomechanical risk factors that can
threaten the stability of implants or lead to peri-implant bone
loss [11]. Moreover, FEA enables researchers to check the
impact of using implants configuration, prosthetic designs,
and loading directions with no exposure of patients to the
experimentation risks [15].

Even though the force distribution in the area of dental
implants has been studied with the use of finite element
modeling, few studies have been conducted on the
biomechanical behavior of implant-aided complete denture
systems and their behavior under various loading positions
as well as challenging occlusal situations [17-19].
Specifically, the correlation between loading direction and
implant distribution is not fully comprehended in full-arch
designs of implant-supported prosthetics. = These
biomechanical processes require a further insight into how
to enhance the implant placement strategies and the design
of prosthesis to e. Thus, the objective of the current research
was to explore biomechanical behavior of implant-assisted
complete dentures in terms of three-dimensional finite
element analysis with specific focus on how the distribution
of implants and the direction of loading of the dental
prosthetics affect the concentration of stress in peri-implant
bone.

Materials and Methods

Study design

The current study used a computational biomechanical
model that applies three-dimensional finite element analysis
(FEA) to examine the pattern of stress transfer to dental
implants that had to support a complete denture. The choice
of finite element modeling could be explained by the fact
that this type of modeling allows to simulate accurately
complex biomechanical interactions under specified loading
conditions between prosthetic components, implants, and
bone structures around them. The analysis aimed at
assessing the effect of loading direction on the stress and
strain distribution in the implants and peri-implant bone,
with special attention to the cortical bone surrounding the
implant neck ensure long-term stability of the implants.

Three-dimensional geometric modeling

An edentulous mandible three dimensional computer model
was developed using the average anatomical measurements
documented in the literature of adult edentulous patients. To
replicate the biomechanical properties of mandibular bone,
the mandibular structure was made up of an outer cortical
bone layer and an inner cancellous bone core. The thickness
of the cortical bone was normalised with the generally

reported anatomical values to maintain physiologically
realistic values in the model.

To emulate clinically applicable treatment regimens, three
implant designs were implemented into the edentulous
mandible, consisting of four, six, and eight implants,
spacing the mandibular arch. These designs are the common
clinical practices in full-arch implant-supported prosthetic
rehabilitation.

The pattern of placing the implants was a symmetrical
distribution in order to reduce the geometric variability and
have the same amount of load on the simulated prosthetic
system. The standardized angulation and spacing, and depth
of insertion of the implants were used to reproduce
controlled conditions of the clinical settings. In the model,
complete implant to bone osseointegration was presumed in
order to model a fully integrated and clinically stable
implant niche.

Prosthetic configuration

An edentulous mandibular arch was modeled with a digital
prosthetic that was a mandibular implant-supported
complete denture. The implants were attached to the
prosthetic superstructure with standardized attachment
components that were meant to disperse the occlusal forces
throughout the implant system. The denture base was
designed with appropriate thickness and structural
properties in order to reproduce realistic deformation
behavior during functional loading. In addition, a simulated
mucosal layer was incorporated beneath the denture base to
represent soft tissue compliance and to allow partial load
absorption during mastication. This configuration allowed
the model to represent both implant-borne and tissue-
supported components of the prosthetic system.

Material properties

All the materials used in the model, such as cortical bone,
cancellous bone, dental implants, denture base material,
attachment components, and mucosal tissue, were
characterized as homogeneous, isotropic, and linearly
elastic materials. Even though mathematical models of
tissue biomechanics suggest that more complicated
mechanical behavior is characteristic of biological tissues,
these approximations are broadly used in finite element
computations to simplify computational analysis without
sacrificing biomechanical significance.

The values of elastic modulus and Poisson ratios in each
material were provided based on the available
biomechanical investigations carried out in the past on
implant-supported prosthetic systems. These parameters
allowed the model to provide realistic mechanical behaviour
of both hard and soft tissues when they were subjected to
functional loading conditions.

Finite element meshing
The geometrical models were then modeled as a large
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number of three-dimensional tetrahedra, turned into finite
elements used in the computation mesh in the numerical
analysis. Mesh refinement was done in areas of special
biomechanical concerns, particularly around the neck of the
implant and the peri-implant cortical bone, where stress
concentrations are commonly found.

To provide stability and reliability of the results, a mesh
convergence test was applied. Up to a certain stage, the
finest mesh density was continuously increased, so that any
further increase in the number of elements produced
insignificant alterations in the calculated stress values, and
the solution was said to be converged.

Boundary conditions and loading protocol

Boundary conditions were imposed on the mandibular
model by fixation of the inferior border to avoid rigid body
movement while allowing the bone structures to deform
physiologically around the mandibular model. A simulation
of two loading scenarios was done to recreate clinically
relevant conditions of occlusion.

Vertical loading was employed to reflect the axial occlusal
forces that are passed along the long axis of the implants
during normal mastication. Moreover, oblique loading was
done to represent non-axial forces that occur during
functional chewing movements and parafunctional
activities. These oblique forces are clinically significant
loading conditions that can cause higher levels of
biomechanical stress in the implant system.

The applied forces were spread out to the anterior and
posterior parts of the prosthetic denture to replicate the
realistic occlusal patterns of contact that occur during the
implant-supported complete denture operation.

Outcome measures

The biomechanical performance of the implant system was
determined by measuring stress and strain values in the
implants and peri-implant bone. Von Mises stress in the
implants, the distribution of stress in the cortical and
cancellous bone, and the level of strain in the peri-implant
bone structures were the key outcome variables.

Stress concentrations at the crestal bone around the neck of
the implant were of particular interest due to the fact that
this area is reputedly biomechanically important and often
linked to marginal bone remodeling and implant overload.
Anterior and posterior implant regions were also compared
to establish the possible differences in stress distribution
patterns in various loading conditions.

Computational analysis

Calculations were done on all finite element simulations
with special computational analysis software for
biomechanical modeling. The results of the simulation were
compared to discuss the stress and strain distributions
obtained in the case of vertical and oblique loading. The

outcomes were compared based on the generally accepted
biomechanical thresholds relating to the peri-implant bone
remodeling and overloading.

Results and Discussion

The biomechanical analysis of the result showed that there
are definite stress and strain distributions in the dynamics of
the implant-supported complete denture system in varied
loading conditions. The loading direction proved to be a
determinant of the degree and mode of stress transfer
between the prosthetic superstructure and the implants and
adjacent bone. Overall, Oblique loading generated
considerably more stress and strain levels than vertical
loading, which points to a great biomechanical impact of
non-axial forces on the implant bone interface (Table 1 and
Figure 1).

Distribution of the stresses within the implant system under
vertical loading conditions was comparatively homogenous,
and moderate stress levels were observed at the cervical part
of the implants. The von Mises stress at the implant-neck
had a mean stress of 22.8+4.1 MPa, indicating that the
conditions of axial loading would yield a comparatively
constant biomechanical response in the implant-bone
complex. Conversely, oblique loading greatly augmented
the level of stress within the implant system, with the highest
von Mises stress of 46.9+6.8 MPa, showing the great impact
of the components of lateral forces in the implant
biomechanics (Table 2) [20-24].

The bone structures around them were analyzed, and it was
found that in both cases of loading, cortical bone always had
a greater amount of stress than cancellous bone. Cortical
bone stress in vertical loading was 39.6+£5.7 Mpa, and
cancellous bone had lower values of stress of 13.4£2.6 Mpa.
The cortical bone stress rose significantly to an average of
81.3+£9.4 MPa when the oblique loading was simulated, and
cancellous bone stress rose to 24.1+3.9 MPa. These results
prove that the role of cortical bone in the process of
implantation of mechanical forces on the skeletal structures
is dominant (Table 3).

Peri-implant ~ strain  analysis also indicated the
biomechanical effect of loading direction. Mean cortical
bone strain around the implants during vertical loading was
980+140 microstrain, which fell within the physiological
range that is normally related to normal bone remodelling
activities. But strain levels rose significantly when subjected
to oblique loading to 1825+£260 microstrain, especially in
the posterior areas of implants. These strain values border
on levels that are gained with the possibility of accumulating
micro-damages and greater biomechanical stress of peri-
implant bone.

The distribution of stresses was analyzed regionally, and it
was observed that there are distinct differences between the
anterior and posterior positions of the implant. The posterior

Annals of Dental Specialty Vol. 14; Issue 1. Jan — Mar 2026 | Be3t



Abusanna et al.

implants always showed increased stress concentration as
compared with the anterior implants, irrespective of the
direction of loading. The anterior-to- posterior stress ratio
was found as 1.32 when vertical loading was applied, and as
1.78 when oblique loading was applied, which means that
the posterior part of the prosthetic system is exposed to
enhanced biomechanical forces. This trend probably
concerns posterior occlusal loading, lever-arm loading, and
rotational propensity of the denture base in the process of
mastication.

Though the number of implants was high, which led to the
redistribution of loads effectively in the global system of the
prosthetic, yet localized stress concentrations were
noticeable around the crestal cortical bone in the vicinity of
the posterior implants. The simulated mucosal layer under
the denture base gave some stress attenuation, but that was
not enough to suppress stress amplification produced under
the oblique loading condition [25-30]. In general, the finite
element simulations revealed that loading direction is still
one of the major factors affecting biomechanical stress
transfer in implant-supported complete denture systems [31-
36].

Table 1. Biomechanical response of the implant-supported
system under vertical and oblique loading

Parameter Vertical  Oblique
Loading  Loading
Peak von Mises stress at implant
neck (MPa) 22.844.1  46.9+6.8
Cortical bone stress (MPa) 39.6+£5.7 81.349.4
Cancellous bone stress (MPa) 13.442.6  24.1£3.9
Peri-implant cortical bone strain 0804140 18254260
(ne)
Posterior-to-anterior stress ratio 1.32 1.78

Comparison of Peri-Implant Cortical Bone Stress
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Figurel. Peri-implant cortical bone stress comparison
with vertical and oblique complete denture load

Table 2. Regional stress distribution in anterior and
posterior implants under different loading conditions

Vertical Oblique  Relative
Loading Loading Increase
Stress (MPa) Stress (MPa) (%)

Implant Region

Anterior implants 18.7£3.5 31.6£5.1 68.9
Posterior implants 24.6+4.3 56.3£7.4 128.9
Overall implant system  22.8+4.1 46.9+6.8 105.7

Table 3. Comparison of stress distribution in peri-implant
bone structures

Vertical Oblique Stress
Bone Structure Loading Loading Increase
Stress (MPa) Stress (MPa) (%)
Cortical bone 39.6+5.7 81.3£9.4 105.3
Cancellous bone 13.4+£2.6 24.1+£3.9 79.8
Cortical/Cancellous 295 337 .

Stress Ratio

Current finite element analysis examined the biomechanical
behavior of implant-supported complete dentures in varying
loading conditions, which the patterns of stress transfer in
implants and in the peri-implant bone structures. The
findings indicated that loading direction is an important
factor that influences the magnitude and distribution of
biomechanical stress. Precisely, oblique loading produced
significantly higher values of stress in implants and the bone
around them than vertical loading. This observation
indicates the strong role of non-axial forces on implant
biomechanics and proposes that implant systems used to
support complete dentures could be especially susceptible to
lateral loading conditions when eating and performing
parafunctional tasks [13].

It was also found in the present study that the concentration
of stress was majorly localized in the crestal cortical bone
around the implant neck [37-46]. This fact is in line with the
earlier biomechanical studies, which report that the most
common load-bearing part of the cortical bone is the most
important part that transfers the occlusal forces of the
implants to the skeletal structure around them [17, 47]. Since
cortical bone has a higher elastic modulus than cancellous
bone, it is likely to accumulate greater stress, which can lead
to marginal bone remodeling and premature peri-implant
bone loss when exposed to too much mechanical loading
[15].

The other significant conclusion of the current analysis was
the significant dissimilarity between the stress distribution
on anterior and posterior implants. When using posterior
implants, the stress values were always greater than those
recorded under both loading conditions, especially when the
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oblique loading was done [48, 49]. This may be explained
by the augmented occlusal forces that would be produced in
the back of the dental arch and lever-arm effects during
rotational denture base under functional loading. These
biomechanical patterns have been found to mirror past finite
element analyses of implant-supported overdenture systems,
in which posterior implants were found to be areas of
heightened biomechanical danger [13].

Even though adding more implants helped to evenly
distribute or spread the occlusal loads of the prosthetic
system around the world, the point of stress concentration
was still being noticed around the posterior implants. This
observation implies that as long as undesirable loading
directions exist, increasing the number of implants will not
fully neutralize the biomechanical risk. Other studies related
to the clinical and biomechanical aspects in the past also
underscore that the distribution of implants, the design of a
prosthetic, and the occlusal scheme also matter when
focusing on the long-term stability of an implant [9, 50].

The biomechanical behavior that was observed during this
study also needs to be interpreted in relation to the influence
of the components of the prosthetics and the material
properties. Past research has indicated that a change in the
properties of the surfaces of implants or the materials used
in the production of a prosthetic can alter the way stress is
transferred at the bone-implant interface [10]. Specifically,
the examples of composite implant coats include calcium
carbonate and silica-based materials that were reported to
enhance the interactions between implants and bones and
possibly alter the processes of stress transfer. On the same
note, nanoparticles have been found to reinforce the denture
base materials, enabling increased mechanical stiffness and
better load-bearing capacity in the prosthetic systems [3,
51].

The soft tissue compliance was also incorporated in the
present model by the introduction of a simulated mucus
layer below the denture base. Despite the fact that the
mucosal layer helped in the partial attenuation of loads [15],
the findings showed that the effect was not effective to
counter the amplification of stress upon oblique loading
circumstances. These results contribute to the prior clinical
observations that the force direction and occlusal scheme are
still the primary causes of biomechanical stress in implant-
supported complete dentures, despite the supporting soft
tissue [6, 52, 53].

Although one can deduce valuable biomechanical
information about a body through finite element modeling,
there are a number of limitations to the results of this study.
Finite element analysis is based on simplified assumptions
about material behaviour and loading conditions, such as the
assumptions that the material is homogeneous and isotropic
and is linearly elastic [15, 16]. Additionally, the model
provided a model of the condition of the static loading and
the presence of total osseointegration between the implants

and the bone. Although these assumptions make
computational analysis possible, they are not a complete
reproduction of the dynamic and complicated biological
environment that exists in the oral cavity. However, finite
element modeling is a common approach to the study of
biomechanical behavior in the field of implant dentistry and
a useful tool to study the pattern of stress distribution that
could affect the stability of implants and the success of the
prosthesis [9, 50].

This research has quite a few limitations, which should be
taken into account when explaining the findings. The model
was the finite element that all materials were homogeneous,
isotropic, and that the material was linearly elastic; this is
not a perfect description of the detailed mechanism of action
of biological tissues in the oral cavity. Furthermore, the
simulation presented the study of the case of static loading,
which is not the case in clinical practice of masticatory
forces, which is dynamic and multidirectional. The other
constraint is that the model had assumed that there would be
full osseointegration of the implants to the surrounding
bone, which is not necessarily possible in the clinical setting.
Moreover, the geometric model was founded on the mean
anatomical sizes and failed to consider the patient-specific
bone quality, bone density, and the placement of implants.
Nevertheless, in spite of such limitations, finite element
analysis becomes a commonly embraced technique to study
the distribution of biomechanical stress and offers great
results concerning the factors that may affect implant
stability in implant-supported prosthetic systems.

Conclusion

The findings within the confines of this finite element
analysis suggest that the direction of loading has a big role
to play in the distribution of stress in implant-supported
complete denture systems. Oblique loading also produced
much greater stress and strain results in bone implants and
peri-implant bone than vertical loading, especially in the
crestal cortical bone around posterior implants. Even though
adding more implants to the system helped in redistributing
the loading, local stress concentration was still observed in
conditions of non-axial loading. These results imply that the
number of implants is not enough to remove biomechanical
risk, and that the distribution of the implants, the design of
the prosthesis, and the guidance of the direction of the
occlusal loading are important in long-term preservation of
the implants.
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