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Abstract

This study aims to evaluate the biomechanical effect of using angled-neck implants in the All-
on-Four treatment concept on resulting stresses, using Finite Element Analysis (FEA). The All-
on-Four concept is a widely used solution for the rehabilitation of completely edentulous
patients with advanced alveolar resorption, allowing the placement of four strategically po-
sitioned implants without the need for systematic bone augmentation procedures. In this
protocol, the anterior implants are placed axially, while the posterior implants are angled to
increase the anteroposterior distance and reduce the length of the prosthetic cantilever. In
this research, three-dimensional models of the atrophied maxilla and mandible were ob-
tained from computed tomography (CT) scan data and digitally reconstructed. Two main
configurations were compared: a model with posterior implants with a straight neck and a
model with implants with a 30° angled neck. The implant structures, multi-unit abutments,
prosthetic superstructure, and cortical and trabecular bone tissues were modeled using com-
puter-aided design software and then analyzed by a finite element solver. An oblique load of
218 N, applied at 30° to the longitudinal axis of the tooth at the first molar, was simulated to
reproduce functional occlusal conditions. The maximum and minimum principal stresses in
the cortical bone, as well as the Von Mises stresses in the implants, were evaluated. The
results showed that modifying the implant neck geometry significantly influences the stress
distribution, particularly in the posterior peri-implant cortical bone. Angled-neck implants
allowed for a more homogeneous redistribution of compressive stresses, with a reduction in
localized stress peaks in certain critical areas, particularly in osseointegrated models. Thus,
finite element analysis confirmed that the design of the implant neck is a determining factor
in the biomechanical behavior of the All-on-Four implant system, influencing primary stabil-
ity, load transmission, and potentially the clinical longevity of the rehabilitation.

Introduction

In cases of alveolar bone resorption, aug-
mentation procedures can be performed to
allow for implant placement, or alterna-
tively, techniques that have become popular
in recent years can also be applied.
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All-on-four technique

This technique, described by Malo et al,, is a
technique used in alveolar bone deficiency
where immediate or conventional implanta-
tion procedures are applied without the
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need for advanced surgeries and bone aug-
mentation procedures. In this technique, 4
implants are used for each jaw; the two ante-
rior implants are placed parallel to the mid-
line, while the posterior implants are placed
at an angle. This allows the use of larger and
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longer implants in atrophic jaws. The angled
implants placed distally provide prosthetic
load distribution. To ensure load distribu-
tion, the cantilever size distal to the poste-
rior angled implant is reduced. In the study
by Malo et al., a success rate of 63.3% was
found in 24 patients who underwent the all-
on-four technique. Control radiographs
showed an average annual marginal bone
loss of 0.44+0.22 mm [1,2].

Short implants

The literature reports that the minimum ver-
tical bone depth required for standard im-
plant placement is 10 mm. However, this dis-
tance is insufficient for many patients with
missing teeth today. Advanced bone aug-
mentation techniques are necessary to ad-
dress this issue. However, many patients
prefer alternative methods instead of ad-
vanced surgical procedures. Branemark first
developed this short implant in 1944. Short
implants are defined as 7 mm. However,
there is no consensus in the literature on this
issue. The application of short implants is
based on the principle that the success of the
implants is related more to the surface prop-
erties and diameter of the implant than to its
length. Apart from these factors, bone qual-
ity is also critically important for success.
Some studies do not recommend the use of
short implants in areas with type 4 bone
quality, which is frequently found in the pos-
terior maxillary region. It has been reported
that in order for short implants to have the
same clinical success as long implants, their
surfaces should be roughened with titanium
dioxide, otherwise short implants are 5-10%
less likely to fail compared to long implants

13].

Zygoma implants

Zygoma implants were introduced by
Branemark in the 1990s as an alternative to
sinus lifts in severely atrophic posterior
maxillary regions or to enable prosthetic re-
habilitation in patients who have lost a large
part of the maxilla as a result of aggressive
tumor surgeries. This technique allows for
prosthetic restoration without the need for
grafting and augmentation procedures. Zy-
goma implants are made of titanium like tra-
ditional implants, but their sizes vary be-
tween 30 mm and 18 mm. Zygoma implants
can also be applied in the presence of some
systemic diseases such as ectodermal dys-
plasia, in addition to atrophic jaws [4]. After
the implants are placed, prosthetic restora-
tion is completed with the use of screw-re-
tained hybrid prostheses.

Thin implants
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In general, thin implants are used in cases
where there is insufficient bone width and
height for the placement of conventional im-
plants in small edentulous spaces such as
congenital lateral deficiency. It has been re-
ported that thin implants may be lost after
prosthetic loading, especially in areas with
type 3 and type 4 bone quality. These meth-
ods provide an alternative for patients who
are not suitable for systemic bone augmen-
tation, and more studies involving more pa-
tients and longer periods are needed on this
subject [5].

All-On-Four Treatment Protocol

In most cases, due to alveolar ridge resorp-
tion following tooth loss, there is insufficient
bone for implant placement. This compli-
cates implant applications and increases the
need for additional surgical operations. In
the presence of insufficient alveolar crest
height, solutions are sought with procedures
such as distraction osteogenesis, autogenous
bone grafting, vertical augmentation, nerve
repositioning or lateralization, and sinus ele-
vation [6]. This situation can lead to negative
consequences such as prolonged healing
time, increased cost, and extended treatment
process. Based on this view, Malo et al. devel-
oped a treatment concept called "all-on-
four” on a small number of implants. The all-
on-four concept is a reliable and comfortable
treatment protocol that allows rehabilitation
in totally edentulous patients [6]. The "all-
on-four" system includes a full-arch fixed
prosthesis supported by a total of four im-
plants: two parallel to the lateral incisor re-
gion and two at an angle to the premolar re-
gion [1,7,8]. Anterior implants are placed
perpendicular to the lateral incisor region in
the mandible and maxilla. Posterior implants
are placed at an angle to the distal end, par-
allel to the anterior wall of the maxillary si-
nus in the maxilla and just anterior to the
mental foramen in the mandible [7]. Anterior
implants are placed perpendicular to the oc-
clusal plane, while posterior implants are
placed at a 30-13° distal angle. Straight and
angled multi-unit abutments are used [1,7].
Angled placement of posterior implants in-
creases the anteroposterior distance and
provides better load distribution, allowing
the prosthesis to accommodate 12 teeth with
a short cantilever [9-11].

The all-on-four treatment concept provides a
higher quality of life compared to advanced
surgical procedures and the use of remova-
ble prostheses with its short treatment time
and low cost [12]. Bone width and volume
are important for the application of the "all-
on-4" technique. Accordingly, the mandible
should have a minimum bone height of 8-10
mm and a bone width of 5 mm between the

mental foramina. In the maxilla, there should
be a minimum bone height of 10 mm and a
bone width of 5 mm [1,13]. To ensure pri-
mary stability and load-bearing capacity, im-
plants must achieve a torque of 3 Ncm. If this
torque is achieved, temporary fixed acrylic
prostheses can be made for the patient, and
function, phonation, and aesthetics can be
quickly restored. Implants should be angled
at a maximum of 13 degrees.

If the angulation is more than 30 degrees, the
implants should be splinted. A waiting pe-
riod of 3-6 months is required before making
permanent prostheses [14,15] In his 2011
study, Malo followed up clinically for 213 pa-
tients and 945 implants using the All-on-four
system for 10 years. The study reported a
10-year success rate of 63.1% [16]. In his
2011 study, Babbush evaluated the 29-
month clinical follow-up results of 131 pa-
tients and 708 implants using the All-on-four
system. The study reported a 29-month suc-
cess rate 0of 99.2% [17].

Advantages of the All-On-Four technique:

- Angling of posterior implants allows for the
preservation of anatomical structures.

- Angled implants, when used as longer im-
plants in higher quality bone, provide better
anchorage.

- The posterior cantilever distance is re-
duced in the prosthetic superstructure.

- The need for bone grafting is eliminated.

- The high costs associated with grafting and
numerous implants are reduced.

- Success rates are quite high.

- It offers a biomechanical advantage.

- Due to the angle, the distance between im-
plants increases, making it easier to maintain
hygiene.[8].

- The final prosthetic restoration can be pre-
pared as fixed or removable.

Disadvantages of the All-On-Four technique:
- Itinvolves a very delicate technique and re-
quires surgical experience.

- Because it is a delicate technique, surgical
splinting may be necessary.

- It does not allow for modifications in plan-
ning. A single implant failure can prevent the
prosthetic restoration from being per-
formed.

- The cantilever length can be extended
within certain limits [18].

Surgical protocol in all-on-four treatment

Surgical Protocol for the Mandible Implants
are placed according to standard procedure,
except for modifications to achieve a mini-
mum insertion torque of 3 Ncm. Immediately
loaded implants are between 10-18 mm in
length. The two anterior implants are placed
perpendicularly to the jaw anatomy. The two
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posterior implants are placed anterior to the
mental foramen and have a 30-degree angle
distal to the occlusal plane. This provides
high implant anchorage, short cantilever
length and wide interimplant spacing
[16,17] ,Posterior implants have an average
diameter of 4 mm, while anterior implants
have a diameter of 3.40 or 4 mm. No addi-
tional implants are placed posterior to the
mental foramen [2,18].

Special guides can be used during implant
placement. The guide is placed in a 2 mm slot
opened in the midline of the mandible, and
the titanium band is bent following the op-
posing arch occlusal centerline. This allows
for guiding the implant to be placed, finding
the most suitable position, providing pros-
thetic support, and achieving the best im-
plant anchorage [2,18,19]. Preferably, it is
sutured back to its original position with 3-0
or 4-0 non-resorbable sutures, adapting the
soft tissue [21]. Thanks to advancements in
technology, the "All-on-four" surgical tech-
nique can be performed without flap eleva-
tion. In this flapless "All-on-four” procedure,
CBCT images of the area where the implant
is planned are obtained and transferred to a
program with special software. In this pro-
gram, the person performing the procedure
can plan the implant placement in a virtual
environment. The type, size, location of the
planned implant in the bone, its relationship
with the adjacent tooth, implants and ana-
tomical structures can be determined before
surgery [21-24] Computer-assisted surgical
guides allow implants to be placed without
flaps, by lifting the soft tissue with a punch
mill only in the areas where implant place-
ment is planned. By fixing the surgical guide
in the correct position, it guides the place-
ment of implants in the appropriate direc-
tion, depth and position [25,26].

After the implants are placed, the surgical
guide is removed and first the anterior im-
plants, then the 30-degree angled multiunit
abutments of the posterior implants are
placed with the help of a jig produced in the
laboratory [14,16].

Surgical Protocol in the Maxilla

To determine the anterior wall of the maxil-
lary sinus, a window is opened into the max-
illary sinus at the point where the anterior
wall is estimated to be located in the lateral
part of the maxilla. Using a blunt-tipped
probe, the anterior wall is determined from
the inner surface of the window. Special
guides are used to place the implants in the
correct position and angle. These guides are
standard guides with guide lines showing 30,
13 and 55 degrees [27] A 2mm drill bit is
used to create a groove in the centerline, and
the guide is secured by fitting it into this
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groove with the help of a guide section. The
titanium band is bent following the occlusal
centerline of the opposing arc.

The neck of the posterior implants should
align with the 1st molar tooth. If this is not
possible, they should be placed at the level of
the 1st or 2nd premolar. They are placed at
the most distal point possible, approximately
4 mm away from the anterior wall of the
maxillary sinus, at an average angle of 30-13
degrees [28]. If possible, the diameter of the
posterior implants should be greater than 4
mm. The lengths of the implants placed ante-
riorly and posteriorly can vary from 10 mm
to 18 mm. Anterior implants should be
placed as far apart as possible within ana-
tomical limits and should be at a safe dis-
tance from the apex of the posterior im-
plants. Immediate loading can be performed
if there is a torque greater than 3 Ncm [29].

Prosthetic protocol in all-on-four therapy
The more posteriorly the implants are
placed in the jawbone, the shorter the canti-
lever length of the prosthesis becomes and
the stress loads on the implant decrease [30].
Similarly, with the help of implants placed
distally, the surface area of the prosthesis in-
creases and the loads on the implant de-
crease [31]. Parallelism is attempted by plac-
ing multiunit abutments on implants placed
in the jawbone, either straight or at angles
ranging from 17° to 39, and passive seating
of the rigid prosthesis is attempted [18,32]
,Since primary stability plays a critical role in
implant osseointegration, splinting implants
with full arch restoration and applying im-
mediate loading positively affects the sur-
vival rate of implants [33]. Applying light
loading to the healing bone increases the
rate of bone healing [34]. Acrylic fixed tem-
porary prostheses without cantilever exten-
sion or with a minimum length cantilever are
prepared for patients who undergo immedi-
ate loading. 15 Nem torque should be ap-
plied to temporary prostheses. The patient,
who has been rehabilitated with a temporary
prosthesis, should be called for follow-up af-
ter 1 week, 3 weeks and 3 months [18].
When taking prosthetic impressions, multiu-
nit open impression posts are placed on top
of multiunit abutments. Open impression
posts are bonded with a fluid consistency au-
topolymerized resin via dental floss/wire to
ensure accurate transfer of the impression
posts without displacement [18]. In most
studies in the literature, permanent prosthe-
ses are made after patients use temporary
prostheses for 4-6 months. Permanent pros-
theses can be made using metal-supported
porcelain veneers, custom crowns cemented
onto zirconia or titanium substructures de-
signed with CAD/CAM, or acrylic resin teeth,

as well as removable prostheses [18]. It has
been reported in the literature that the
screws in permanent prostheses are torqued
with high humidity [32,35-36].

When occlusal loads are applied to the canti-
lever in the prosthesis, significant stresses
are observed in the implants closest to the
area where the load is applied, due to the
hinge effect [37]. As the distal cantilever
length increases, deformation, fracture, loos-
ening of the prosthesis screw, and fracture of
acrylic resin teeth may occur in the substruc-
ture of the prosthesis [18] ,The cantilever
length in implant-supported fixed prosthe-
ses should not exceed 1.5 times the antero-
posterior distance between implants. It is
recommended that the cantilever length
should not exceed 6-8 mm in the maxilla and
10-12 mm in the mandible [7,18].

If the occlusion is designed improperly, it can
lead to stress accumulation at the implant-
bone interface, rapid bone resorption, and
consequently, implant loss in implant-sup-
ported prostheses [38]. In this treatment
concept, which involves immediate loading
with a temporary prosthesis, prosthetic res-
toration ,The prosthesis should not have a
cantilever or the cantilever length should be
minimal, bilateral point contact should be
created in all teeth except the distal teeth of
the prosthesis, group function should be cre-
ated in lateral movements and guidance
should be distributed to all canine-to-canine
teeth in the anterior canine in protrusive
movements [18,39]. The occlusion designed
when making a permanent prosthesis on 4
implants varies depending on the condition
of the opposing jaw [40]. Bilateral and simul-
taneous point contacts should be created in
the teeth, and if there are fixed prostheses in
the posterior region of the opposing jaw,
group functional occlusion should be de-
signed. If there is a complete denture, a free-
end removable partial denture or an im-
plant-supported overdenture prosthesis in
the opposing jaw, the most distal tooth
should be slightly removed from the occlu-
sion, and one or more compensating con-
tacts should be provided in moving move-
ments [39,41].

Finite element analysis is a non-invasive
method that analyzes the stresses and defor-
mations experienced by complex geometric
structures and objects by converting them
into a mesh structure in a computer environ-
ment. Through this method, complex sys-
tems are transferred to a virtual environ-
ment and attempts are made to reach results
closest to reality using static, dynamic, linear
and non-linear analysis methods [42,43].
First used in the aviation sector, the finite el-
ement analysis method has spread to differ-
ent fields over time and has begun to be used
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in various engineering departments such as
civil, electrical, and hydrodynamics, as well
as in the medical field in orthopedics, cardi-
ovascular surgery, and plastic surgery [44].
The finite element analysis method is based
on the principle of 'going from part to whole'.
The method aims to reach the whole by
breaking down complex problems into sim-
pler subproblems and solving each problem
separately [45]. Recently, finite element
stress analysis has been successfully used in
the field of implantology to measure the ef-
fect of biomechanical factors and improve
many clinical treatments [46,47]. Due to the
complex structure of implants and implant-
supported prosthetic structures, finite ele-
ment analysis is a valid method used to eval-
uate stress distribution and clinical perfor-
mance [48]. With this method, solid bodies
with complex geometries can be modeled,
realistic models can be created by adding
material properties through software, and
any number of models can be created.
Different models can be obtained by using
different materials, and stress displacements
and distributions can be determined in de-
tail.

The first study using finite element analysis
in dentistry was the research conducted by
Ledley and Huang in 1584. In this study,
forces were applied to a tooth from different
directions, and the effects of these forces on
the surrounding tissues and the resulting
stresses were evaluated [49]. The first use of
finite element analysis in implantology oc-
curred in the 1620s. In 1588, Tesk and Wid-
era modeled two different types of implants,
pin and blade, for the first time and per-
formed stress measurements, thus guiding
many researchers [50]. In dentistry, when
force is mentioned, chewing forces are the
first thing that comes to mind. These forces
are transmitted to the jawbones in various
ways. These include teeth, tooth roots and
periodontal tissues, prosthetic materials,
and in implant-containing prostheses, direct
contact of the implant with the bone. In these
force transmission pathways, it is necessary
that living tissues are affected within physi-
ological limits and that harmful and exces-
sive stress accumulations do not occur. For
this reason, it is necessary to analyze the
stress that will occur in the supporting struc-
tures and material. Since performing stress
analysis in biological structures such as mus-
cle, bone, teeth, and body boundaries is more
difficult than performing analysis in restora-
tive and prosthetic materials, it has become
necessary to prepare a model of livings tis-
sus [51]. Analyzing dental materials, which
have a complex structure, is a very difficult
and complex process. Thanks to the finite el-
ement analysis method, it is possible to
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analyze materials with complex geometries
[52]. The finite element analysis method is
used in dentistry; It is used to study tooth
hard tissues, temporomandibular joint, or-
thodontic tooth movements and appliances,
periodontal tissues, restorative materials,
dental implant design, material content, load
effects and interface problems [53].

Advantages of Finite Element Analysis

- For solid bodies that do not exhibit regular
geometry and objects composed of various
layers with many different material proper-
ties, a model very close to the real structure
can be obtained by completely reflecting the
physical properties of each different layer
and the properties of the connections be-
tween the layers.

- Contact, friction, adhesion, and adaptation
conditions between different surfaces can be
determined in a way that is as close to reality
as possible.

- Strain, stress, and displacement measure-
ments can be obtained in detail.

- The results of the analysis can be evaluated
both for the object as a whole and for the el-
ements within the area to be examined, sep-
arately.

- The dimensions of the component can be
adjusted by the user. This allows for more
precise operations in areas where significant
changes are expected by using smaller com-
ponents, and other parts of the same compo-
nent can be divided into larger components
to increase processing speed.

- The analysis can be repeated as many times
as needed by modifying variables such as the
boundary conditions, geometry, force, and
load characteristics of the created model.

- To better understand and interpret the
large amount of data obtained, visualization
can be performed. Through this process, the
obtained data can be processed as color
codes onto images in the desired direction.
In these images, each color represents a
range of values, and the range of values each
color corresponds to is indicated by a scale
within the images. This scale can be adjusted
as needed to more clearly understand the
color scale on the models.

- Due to the absence of material in the real
environment, a single model and computer
program are sufficient to solve many of their
problems [42,43,54-56].

Disadvantages of Finite Element Analysis

- The ability to apply real-world conditions
to solid-state models is limited by the capac-
ity of the software program and the comput-
er's hardware.

- The computer hardware and software re-
quired to perform the analysis are expensive.

- Advanced software knowledge is required
to use the software properly.

- Existing programs need to be updated reg-
ularly to keep pace with evolving technology
- The accuracy of the studies depends on the
correct and complete loading of the neces-
sary model data and material properties into
the system, and therefore it is sensitive.

- The structures modeled inside the mouth
are under dynamic loads rather than static
loads. It is possible to perform the analysis
dynamically with this method, but it is a dif-
ficult application [57,58].

Fundamental mechanical concepts in finite
element analysis, Tension (Stress)

In solid mechanics, stress is calculated by
measuring the force applied per unit area
[59]. Its formula is expressed as follows. In
the international system of units, its unit is
Pascal (P-N/m?). Stress is a vector quantity
defined by magnitude and direction. The
amount of stress is directly proportional to
the magnitude of the force and inversely pro-
portional to the size of the area over which
the force is applied [60].
Voltage/Force/Field (o = F/A)

When a force acts on an object, stress can
manifest in three different ways:

Tensile Stress: This occurs when two forces
are applied to an object in the same direction
but in different directions. It is caused by
forces perpendicular to the surface area of
the object and stretching it in the direction of
the force, thus counteracting the defor-
mation. The molecules of the object are
forced to separate from each other.
Compressive Stress: This occurs when two
forces are applied to an object in the same di-
rection, towards each other. The molecules
of the object are forced to move closer to-
gether.

Shear Stress: This occurs when an object is
subjected to two forces at different levels
and in opposite directions. The molecules of
the object are forced to slide over each other
parallel to the surface, Compression and ten-
sile stresses are also called normal stresses
and are symbolized by "o0". Shear stress is
shown with the symbol "r". In bodies sub-
jected to force, usually only one type of stress
occurs. When shear, compression and tensile
stress are present together, it is called com-
bined stress [61,62]. Cortical bone and im-
plants are highly resistant to compression-
type stresses, and compression stresses con-
tribute to the formation of the implant-bone
interface. Shear and tensile forces, on the
other hand, are forces that negatively affect
the implant-bone connection. Cortical bone
is 30% more resistant to compression-type
forces compared to tensile forces and 31%
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more resistant to shear-type forces com-
pared to shear forces [63].

Principal Voltage Values

Stresses that occur when shear stresses are
considered to be zero are called principal
stresses. Principal stress consists of three
types: maximum, intermediate and mini-
mum principal stress. At a node, whichever
stress type has a greater value is the body
that is under the influence of that stress type
and that is the stress type that should be
evaluated [64].

Maximum principal stress

This represents the highest tensile stress
and is a positive value denoted by "Pmax".
Minimum principal stress: This represents
the highest compressive stress and is a neg-
ative value, indicated by "Pmin" [62,65].

The dimensional change that occurs in a unit
dimension of an object as a result of a force
applied to the object is called strain. If the ob-
ject can return to its original state when the
force is removed, this is called elastic defor-
mation; if the object cannot return to its orig-
inal state after the force is removed and un-
dergoes a permanent change in shape, this is
called plastic deformation. The strain value
is usually expressed as a percentage. Strain
and stress are different terms. Stress is a
force that has magnitude and direction,
while strain is only a magnitude. Strain has
no unit and is represented by the symbol e’
[66]. Its formula is as follows:

e = change in length / initial length

Coefficient of Elasticity (Young's Modulus)
The coefficient of elasticity, defined by
Thomas Young, is the ratio of stress to strain.
Since strain has no unit, its unit is expressed
in the same way as stress (MPa or GPa). The
coefficient of elasticity of each material is
unique and a constant value [62]. As the co-
efficient of elasticity increases, the rigidity
and resistance to deformation of the mate-
rial increase [67]. Its formula is as follows:
Eo/e

Coefficient of elasticity: Stress / Strain

Hooke's Law

The English scientist Robert Hooke found
that there is a linear relationship between
the force applied to a body and the elonga-
tion of the body, and this was named Hooke's
equation. The formula is expressed as F=k.x.
In this equation, F represents the applied
force, k represents the constant of propor-
tionality between the applied force and the
amount of elongation, and x represents the
amount of elongation [68].
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Poisson's Ratio

When a solid material is subjected to com-
pressive or tensile forces, strain occurs in the
structure of this body in the axial and lateral
directions. The ratio of lateral strain to axial
strain within elastic limits is called the Pois-
son ratio and is represented by the symbol
'V' [69]. It is a distinguishing property de-
pending on the material and is between 0
and 0.5 for all materials [70].

Von Mises Tension

Von Mises voltage is a criterion derived from
the principles of energy. This criterion..Ac-
cording to the hypothesis, "If the internal en-
ergy of a structure exceeds a certain value in
a certain part of the structure, the structure
will deform at that point” [71]. The energy
hypothesis, discovered by Von Mises et al.
and named as strain energy, can be ex-
pressed as the stress value that is the begin-
ning of deformation for tensile materials
[72]. Principal stress values are of greater
importance for brittle materials. Since bone
has a brittle structure, principal stresses are
generally used to evaluate the stresses on it.
In tensile materials, Von Mises stress values
are important. Therefore, Von Mises values
are used in the examination of stress values
occurring in dental implants [64].

Stress analysis method in finite element
analysis

Finite element analysis (FIA) is a numerical
method used to create a computer model of
an object or design and analyze it based on
specific results obtained by applying virtual
stresses. This analysis uses a mesh structure,
a complex system of points and elements.
This mesh structure determines how it will
react to loading conditions using elastic
modulus and Poisson's voltage ,It is pro-
grammed to include structural properties
such as ratio and yield strength, as well as
the geometry of the material. The network
structure resembles a spider web, and each
point extends the network structure to its
neighboring point. The main issue here is to
obtain the results of the entire area from the
average values by making measurements on
a limited number of points. A body consists
of an infinite number of particles, and there-
fore it is not possible to solve the problems.
Finite element analysis reduces the infinite
number of particles to a limited number by
creating a network structure and makes
measurements on this limited number of
points [73]. The shape and size of the ele-
ments affect the results. As the number of
points and elements increases, the number
of calculations increases, and thus the accu-
racy and precision of the results increase
[74].

Stages of the finite element analysis method

Obtaining three-dimensional models

The first step in finite element analysis is to
create a three-dimensional model of the
structure to be studied. For this purpose, dif-
ferent imaging methods such as computed
tomography or magnetic resonance imaging
can be used. In this way, the images of the ob-
ject to be studied can be transferred to a
computer environment and the model can be
created. Models can be prepared by scanning
the surface of the object to be modeled in de-
tail with 3D scanners and transferring it to a
computer environment, or by drawing the
object by the researcher using three-dimen-
sional modeling programs. After the model is
created, in order to perform the analysis as
close to reality as possible, the element is di-
vided into elements and a mesh structure is
created, thus completing the model. The ele-
ments are in complete agreement with the
geometry of the main structure and exhibit
the desired mechanical properties in every
region of the main structure [42]. The corner
contact points between the elements are
called "node points" [75].

Transferring data to the program (analysis)
In the second stage, the mechanical proper-
ties and boundary conditions specific to the
material used in the model are defined. Cor-
rect definition of boundary conditions af-
fects the accuracy and reliability of the anal-
ysis. The first boundary condition deter-
mined is where the body is fixed and where
the force is applied. Then, the direction, mag-
nitude, and angle of the force to be applied
are determined. The mechanical properties
(Young's modulus and Poisson's ratio) of the
different structures and materials that make
up the models are also entered into the sys-
tem and the analysis process is carried out
[2,76,77].

Analysis post-processing

The evaluation is made by considering the
mechanical properties of the material being
analyzed. Principal stress can be used in the
evaluation of brittle materials such as bone,
porcelain, tooth hard tissues, etc., and Von
Mises stress values can be used in the evalu-
ation of tensile materials such as metals and

in the analysis of plastic deformation [78].E
ror! Reference source not found.

Material and Methods

Obtaining Three-Dimensional Models

The three-dimensional mesh structure was
designed and mathematically converted into
a suitable solid mesh structure. The creation
of three-dimensional finite element analysis
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models and the finite element stress analysis
process were all performed on HP work-
stations equipped with an INTEL Xeon E-
2251 processor running at 2.8 GHz and 30
GB of ECC memory.

The STL model was obtained from the to-
mography data using 3DSlicer software. Re-
verse engineering and three-dimensional
CAD activities were performed using ALTAIR
Evolve software, while the adaptation of
solid models to the analysis environment
and the creation of the optimized mesh were
carried out using ALTAIR Hypermesh soft-
ware; the Nastran-based ALTAIR Optistruct
(ALTAIR, Troy, MI, USA) implicit solver was
used to solve the generated finite element
models.

The implants (1- 3.5x11mm Quattrocone im-
plant, Article No: 3-01-03, 2- 4.3x11mm
Quattrocone 30 implant, Article No: 4-01-02,
Medentika, Germany) and multi-unit Xeal
abutments (1- Straight multi-unit abutment,
Article No: 2-31-02, 2- 30° angled multi-unit
abutment, Article No: 2-31-08, 3- 30° angled
multi-unit abutment for Quattrocone 30, Ar-
ticle No: 4-31-02, Medentika, Germany) and
screws used in this study were obtained by
scanning with a 3D dental intraoral scanner
(CEREC Primescan version 5.0.0 Dentsply-
Sirona Dental Systems, Bensheim, Germany).
The 3D geometry of the component was ed-
ited using ALTAIR Evolve software. The 30°
angled neck region of the Quattrocone 30
model was modified using ALTAIR Evolve
software to create posterior implant models
that would form the control group, ensuring
the neck region was the same as standard
implants. The prosthetic components (metal
substructure and prosthesis) were modeled
in ALTAIR Evolve software. To ensure force
transmission between the models, mesh

i\
¢ ¥
LI

structures were matched using ALTAIR Hy-
permesh software.

A)

t
%

c
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Figure 1. Implant, abutment, and implant +
abutment relationship.

A) Anterior implant, Posterior standard im-
plant, Neck angled implant

B) Anterior abutment: Standard 30-degree
angled abutment, angled abutment designed
for Quatrocone 30.

C) Implant + abutment structure in the ante-
rior region; Implant + abutment structure
with a straight neck region; Implant + abut-
ment relationship with an angled neck re-
gion.

To «create the completely edentulous
atrophic maxillary and mandible bone mod-
els used in this study, a CT scan of a patient
with advanced atrophy in both the upper and
lower jaws, previously taken in the radiology
department, was used. The CT data was re-
constructed with a slice thickness of 0.1 mm.
The resulting CT data was transferred to
3DSlicer software in DICOM (.dcm) format.
The CT data in DICOM format was then pro-
cessed in 3DSlicer software using the appro-
priate Hounsfield algorithm. The data was
separated according to its values and con-
verted into a three-dimensional model using
a segmentation process. The model was ex-
ported in .stl format.

The three-dimensional model was imported
into ALTAIR Evolve software, where the ap-
propriate atrophic maxillary and mandible
cortical bone geometry was modeled. In
studies using finite element analysis, the
mandibular cortical bone thickness was gen-
erally taken as 2 mm and the maxillary corti-
cal bone thickness as 0.40 mm [79,80]. In our
study, similarly to other studies, the cortical
bone thickness in the mandible was deter-
mined as 2 mm and in the maxilla as 0.40 mm
in order to simulate D2 and D3 bones
[81,82]. Trabecular bone was obtained by
referencing the inner surface of the three-di-
mensional cortical bone with adjusted thick-
ness. The skeletal structure of the prosthesis
and the prosthetic restoration were obtained
using ALTAIR Evolve software without scan-
ning. A total of 12 teeth were placed in one
arch, from the right 1st molar to the left 1st
molar, and the prosthetic restoration was
created by free modeling using ALTAIR
Evolve software. All prepared models were
placed in 3D space with the correct coordi-
nates in ALTAIR Evolve software, and the
modeling process was completed.

Creating the network structure

Mathematical models are created by dividing
geometric models into simple, small parts
called meshes. After the modeling process
was completed in ALTAIR Evolve software,
the models were mathematically generated

using ALTAIR Hypermesh software and pre-
pared for analysis. To perform the analyses,
the models prepared in ALTAIR Hypermesh
software were transferred to the ALTAIR Op-
tistruct analysis program in FEM format.

Material Definitions

In the analyses, the elastic modulus and Pois-
son ratios given in Table 2 were used as lin-
ear material properties of the materials. The
material properties of the analyzed model
were defined numerically and visually.

Loading Scenarios and Boundary Conditions
Two different models were prepared: one
with a straight neck region and one with an
angled neck region implant. Loads of 218 N
were applied to the lingual ridge of the buc-
cal tubercle and from the lingual to the buc-
cal side of the tooth, at a 30° angle to the long
axis of the tooth, for both the mandible and
the maxilla, via the right first molar teeth.
The load definitions were distributed to the
nodal points in the application areas to pre-
vent stress singularity in the relevant re-
gions. In addition, osseointegrated loading
conditions were simulated for each model.
In total, 8 analyses were performed under
uniform loading conditions for 4 models: 4
for osseointegrated models, 4 for linear im-
mediate models, and 4 for nonlinear models.
The models were fixed in such a way that
movement in all three axes was restricted at
the nodal points located in the posterior re-
gion of the cortical and trabecular bone of
the mandible and in the superior region of
the cortical and trabecular bone of the max-
illa.

In order to perform analyses on the created
mathematical models and obtain accurate
results, the surface relationships between
the parts that make up the model must be
defined in the analysis program. For this
purpose, FREEZE-type contact definition
was performed in all contact areas (cortical-
trabecular bone interface, implant-bone
contact area, implant-abutment and screw
connections, abutment-screw-bar contact
surfaces) in the study models. This ap-
proach is based on the assumption that the
parts move with full correlation during
movement.

Results and Discussion

In bone analysis results, positive values indi-
cate tensile stresses (maximum principal
stress), while negative values indicate com-
pressive stresses (minimum principal
stress). The type of stress with a larger abso-
lute value indicates the type of stress the el-
ement is under the influence of, and that is
the stress type that should be evaluated.
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Minimum and Maximum Principal Stresses
Generated in the Cortical Bone Around the
Posterior Implant (Figures 1-3)

Minimum principal stress values generated
around the posterior implant are shown in
Table 1.

The maximum principal stress values gener-
ated around the posterior implant are shown
in Table 2.

Conclusion

In conclusion, the use of angled-neck im-
plants in the All-on-Four concept signifi-
cantly alters the stress distribution within
the peri-implant bone and prosthetic compo-
nents. Finite element analysis has demon-
strated that angulation of the implant neck
can contribute to better dissipation of occlu-
sal loads by reducing stress concentrations
in the cervical region, a critical area for mar-
ginal bone resorption.

In cases of advanced bone atrophy, where
anatomical limitations necessitate alterna-
tives to augmentation techniques, the an-
gled-neck implant appears to be a biome-
chanically advantageous option. However,
while numerical results suggest a potential
advantage in terms of stress distribution,
these data should be interpreted with cau-
tion due to the inherent limitations of nu-
merical models, which do not perfectly re-
produce dynamic biological conditions.
Therefore, longitudinal clinical studies are
necessary to correlate the results obtained
through numerical analysis with actual clini-
cal performance. Nevertheless, from a bio-
mechanical point of view, the integration of
angled neck implants in the All-on-Four pro-
tocol represents a promising approach to op-
timize the stability and durability of full im-
plant rehabilitations.
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Resulting Stresses of Using Angle-Neck Implant in the All on Four Treatment

Table 1. Minimum principal stresses in the cortical bone around the posterior implant.

Region Angled Implant Straight Implant
Maxilla -55.8 MPa -65.7 MPa
Mandible -49.4 MPa -117.9 MPa

A) B)

)

Figure 2. Minimum principal stress values generated around the posterior implant.

A) Distribution of minimum principal stresses in the cortical bone for an angled implant model of the posterior neck region

of the maxilla.

B) Distribution of minimum principal stresses in the cortical bone for a straight implant model of the posterior neck region

of the maxilla.

C) Distribution of minimum principal stresses in the cortical bone for an angled implant model of the posterior neck region

of the mandible.

D) Distribution of minimum principal stresses on the cortical bone in a straight implant model of the posterior neck region

of the mandible.

Table 2. Maximum principal formation in the cortical bone around the posterior implant tensions.

Region Angled Implant Straight Implant
Maxilla 13.6 MPa 24 MPa
Mandible 4.8 MPa 33.4 MPa
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Figure 3. Maximum principal stress values around the posterior implant.

A) Distribution of maximum principal stresses in the cortical bone for an angled implant model of the posterior neck region
of the maxilla.

B) Distribution of maximum principal stresses in the cortical bone for a straight implant model of the posterior neck region
of the maxilla.

C) Distribution of maximum principal stresses in the cortical bone of an angled implant model of the posterior neck region
of the mandible.

D) Distribution of maximum principal stresses on the cortical bone in a straight implant model of the posterior neck region
of the mandible.
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