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Abstract: The aim of the present study is to assess by means of finite element models the effect on
bone stresses of implant length and tilting in single-unit implant restorations. The factors that were
analyzed in this study were implant length (4.5, 5.5, and 10 mm), implant titling (0, 17◦, 30◦, and 45◦),
bone type (0/I, II, and III), and loading (immediate and delayed). An axial load of 200 N was applied
to the occlusal surface of the prosthesis at a height of 11 mm and the Von Mises equivalent stress
in the bone was analyzed. Finite element analysis indicated that the most determinant factor was
implant tilting. Tilting the implant by 17◦ doubled the Von Mises stress received by bone. The highest
increase was in the case of implant tilting at 45◦ (by 1300%). The use of extra-short implants did
not produce a significant increase in Von Mises stress in bone. Moreover, the length of the implant
did not affect the stress value in bone types I and II. Based on the obtained results, an axially placed
short implant would be a better option than titling a standard-length implant to support a crown
restoration in an atrophic mandible from a biomechanical point of view.

Keywords: single-unit implant; short dental implant; biomechanics; finite element analysis;
tilted implants

1. Introduction

The placement of standard-length dental implants in axial position is not always
possible due to limited remaining bone volume or the proximity of anatomical structures
(inferior alveolar nerve, mental nerve, and the maxillary sinus) [1–3]. In such cases, bone
augmentation surgery would be performed to allow the placement of standard-length
implants [4,5]. These interventions are usually associated with increased morbidity, higher
cost, and longer treatment duration [6]. Another possible alternative is to intentionally tilt
the implant. Clinical study has found no differences between implants placed in an axial
position and those intentionally placed in a tilted position [7]. However, biomechanical
studies by finite element analysis have shown an increase in the stress received by the
bone when the implant has been tilted [8–11]. However, other studies have concluded no
adverse effect on clinical success rates of tilting the implant and angled abutments [12–14].

The use of short implants could be another alternative to bone augmentation surgeries
and implant tilting [4,15–17]. A literature review conducted by Esposito et al. concluded
that short implants could be a better alternative to bone grafting [18]. Pieri et al. compared
the treatment of atrophic jaws with short implants versus standard length implants placed
after bone augmentation procedure [19]. The study concluded that both options provided
successful clinical outcomes after five years, but lower surgical complications and bone
loss were observed in short implants compared to standard length implants. In a similar
study, Amato et al. have assessed the survival and the marginal bone loss of extra-short,
short, and standard-length implants that have been placed in the posterior sectors of the
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maxillae [20]. Their results have indicated a similar survival rate of these three types of
implants. Several clinical studies have indicated the use of short implant as a single-unit
implant [21–29].

Finite element analysis (FEA) has shown that increased implant length has not always
been associated with a better distribution of the stress in the implant, abutment, and
bone [30]. In another study, although the reduction in implant length has increased the
stress in the cortical bone, the implant body has a higher effect [31]. Capatti et al. have
concluded that extra-short implants with a length of 4 mm could be a possible option to
support a crown restoration under normal conditions in a FEA [32]. Similarly, Lee et al.
have concluded that single-unit short implants have received physiologically accepted
deformations [33]. Anitua et al. have concluded that increased implant diameter has been
more effective for stress reduction than increased implant length [34]. Most the stress has
been concentrated in the compact bone [30,34–36]. Short but wider implants could be a
better option to treat cases with insufficient bone height. Optimal implant primary stability
is affected by bone quality, implant design, and diametral ratio between the hosting socket
and the implant [37,38]. All these studies support the use of short dental implants.

As can be seen, there is a lack of consensus on which is the best solution, from a
biomechanical point of view, to deal with these scenarios. Given this lack of consensus,
it is considered necessary to carry out this study, so as to provide more relevant data to
the clinician and support when deciding among different treatment alternatives based on
biomechanical data. The objective here has been the study, in a single-unit implant, of the
effect of implant length (4.5, 5.5 and 10 mm), implant titling (0◦, 17◦, 30◦ and 45◦), bone
type (0/I, II and III), and loading (immediate and delayed) on the Von Mises stress on bone.
The null hypothesis has been the absence of differences in Von Mises stress in bone between
tilting a long implant and axially placing a short implant.

2. Materials and Methods

A finite element analysis was conducted to evaluate the influence of the implant
insertion angle, implant length, and bone quality on bone stresses. Two clinical scenarios
were also simulated, immediate and delayed loading. A non-liner analysis was performed
for the first, as friction between bone and implant surface was modeled, while linear
analysis was performed for the later clinical scenario.

For finite element analysis, simplified models of the mandible were employed (Figure 1).
The first model was a cylinder of 15.5 mm in diameter and 16.5 mm in height (for implants
inserted at 0◦, 17◦, and 30◦ to the axial plane). The second model was 20 mm in diameter
and 16.5 mm in height (for implants inserted at a tilting degree of 45◦).
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Figure 1. 3D model of single-unit implant with straight transepithelial abutment of 2 mm was used
(a). 17◦—tilted abutment with 17◦—angle transepithelial abutment of 2 mm in height (b). 30◦—tilted
abutment with 30◦—angle transepithelial abutment of 2 mm in height (c). 45◦-tilted abutment with
30◦—angle transepithelial abutment of 2 mm in height (d).
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In all cases, the implant platform was positioned at bone level. In the case of tilted
implants, the lower region of the platform was positioned at bone level while the higher
region of the platform emerged over the bone level. This configuration was chosen to allow
the correct positioning of a transepithelial component, which should always be positioned
at or over the bone level.

The area of interest was defined by a cylinder with a diameter 2 mm higher than the
diameter of the implant. By this, more fine mesh could be defined at the implant–bone
contact and the length of that mesh was always the same for all the simulated scenarios. The
FEA models were created with Solidworks Simulation Premium 2020 (Dassault Systèmes).
The mesh was constructed considering tetrahedral elements of 10 nodes with a maximum
element size of 0.2 mm. An element size below 0.3 mm for the area of interest was selected
according to the results of the study carried out by Sato et al., who concluded that an
element size of 0.3 was valid for modelling the bone–implant interface [39]. Only for the
external region of the bone tissue was the element size 0.5 mm (Figure 2). All the materials
were modeled considering homogeneous, isotropic, and linear properties (Table 1).
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Figure 2. Finite element analysis mesh of single-unit implant placed axially (a), 17◦—tilted (b),
30◦—tilted (c) and 45◦—tilted (d).

To apply the restriction of symmetry, the threads of the implants and screws were
simulated having revolution geometry rather than helicoidal geometry. To ensure exactly
the same mesh in models in which the implant length varies, the implant model was
divided into three volumes. One volume was 4.5 mm in length, the second one was 1 mm
length, and the third one 4.5 mm length. By assigning bone or titanium properties to each of
the volumes, the three implant lengths could be modelled. (4.5, 5.5 and 10 mm). This way,
the mesh of the model was exactly the same independently of the implant length to assure
a reliable comparison between the different cases simulated in this study. The prosthesis
in all models had a height of 12 mm (from the most superior point of the prosthesis to
the implant platform). The modeled implants were BTI CORE implants of 4.25 mm in
diameter (BTI Biotechnology Institute, Vitoria, Spain). The mechanical properties of the
elements of the simulated models are detailed in Table 1. It is worth mentioning that
transepithelial abutments of 2 mm in height were always placed. Straight abutment, 17◦—
angled abutment and 30◦ angled abutments were placed in implants angled at 0, 17◦, and
≥30◦, respectively. All angled implants were inserted so that the distal part of the platform
was at bone level and the mesial part at supracrestal level. This was done to maximize the
implant neck contact with the cortical bone. The subcrestal position represented a worse
condition as part of the cortical bone anchorage was lost.

Considering the bone type, three cases were simulated (Figure 3): Case 1-a: Immediate
loading in bone type III with a cortical thickness of 1.5 mm and the rest of the bone tissue
modelled as trabecular bone [40]. Bone density between 500 and 850 units in cone-beam
computerized topography (CBCT) scan. Case 1-b: Delayed loading in bone type III with
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a cortical thickness of 1.5 mm [40]. Case 2-a: Immediate loading in bone type II with a
cortical thickness of 3.0 mm and the rest of the bone tissue modelled as trabecular bone [40].
Bone density between 850 and 1000 units in CBCT scan. Case 2-b: Delayed loading in bone
type II with a cortical thickness of 3.0 mm [40]. Case 3-a: Immediate loading in bone type
0-I [40]. Bone density ≥1000 units in CBCT scan. All the bone tissue in the model was
considered as cortical bone. Case 3-b: Delayed loading in bone type 0-I [40]. All the bone
tissue in the model was considered as cortical bone.
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For immediate loading, the friction coefficient at implant-bone contact was 0.3 [41].
For delayed loading, all contacts between different components were modeled considering
rigid unions. All degrees of freedom of the external surfaces of the bone were restricted
and the symmetry condition was applied. The axial load was 200 N [42]. It was applied
uniformly distributed on the occlusal surface at the center of the crown at a plane 1 mm
below the most upper point of the cusps.

Table 1. Materials and mechanical properties of model components for finite element analysis.

Component of
Implant-Prosthesis Assembly Material Elastic Modulus

(MPa)
Poisson
Coefficient

Dental implant with a diameter of
4.25 mm Pure titanium [43] 105,000 0.37

Prosthesis screw Titanium alloy [43] 113,800 0.342
Transepethelial body Pure titanium [43] 105,000 0.37
Transepithelial screw Titanium alloy [43] 113,800 0.342
Prosthesis CoCr alloy [32] 218,000 0.33

Bone tissue
Cortical bone [32] 13,700 0.28
Trabecular bone [32] 1370 0.3

The Von Mises equivalent stress distribution and maximum Von Mises stress value in
the peri-implant bone region were used to compare stress distribution within models. Von
Mises equivalent stresses are commonly used in finite element studies to summarize the
overall stress [44] and have been previously used in similar finite element model studies to
assess stress levels in the peri-implant bone region [10,45,46].

3. Results

Results are shown divided into immediate loading and delayed loading scenarios. In
Table 2, maximum peak Von Mises stresses for the immediate loaded models are shown,
while in Table 3, the peak values for the delayed loading models. By means of these results
a quantitative comparison can be made among the different scenarios. In Figures 4–9, Von
Mises distribution plots for all models are shown. The same color scale has been used
in all plots for ease of qualitative comparison among models. In each figure, the stress
distribution for the standard-length implant and its different angulations are shown at the
top, while stress distributions for short implants are shown at the bottom.
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Table 2. Von Mises stresses (MPa) in bone tissue around immediately-loaded implants. Axial load
was 200 N.

Bone Type 0-I

Von Mises stress (MPa)
Axially-placed 17◦—tilted 30◦—tilted 45◦—tilted

Implant length (mm)
10.0 10.8 16.0 35.8 80.2
5.5 12.4
4.5 13.4

Bone Type II

Implant length (mm)
10.0 11.1 15.1 41.4 94.9
5.5 12.0
4.5 12.4

Bone Type III

Implant length (mm) 10.0 11.8 35.4 80.4 150.3
5.5 18.7

Table 3. Von Mises stresses (MPa) in bone tissue around delay-loaded implants. Axial load was 200 N.

Bone Type 0-I

Von Mises stress (MPa)
Axially-placed 17◦—tilted 30◦—tilted 45◦—tilted

Implant length (mm)
10.0 7.1 16.8 43.7 96.6
5.5 8.3
4.5 8.2

Bone Type II

Implant length (mm)
10.0 9.9 19.9 45.0 97.9
5.5 10.1
4.5 11.1

Bone Type III

Implant length (mm)
10.0 16.4 29.9 57.4 140.4
5.5 21.2
4.5 22.9
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3.1. Inmediate Loading

Table 2 shows the effect of implant length on the Von Mises stress in bone when
implants were immediately loaded. The use of extra-short implants instead of a standard
length one in axial position increased the stress by 6.9–8.3 MPa in bone type III (For implant
length 5.5 mm and 4.5 mm respectively) (Figure 4). In bone types I and II, the implant
length did not affect the Von Mises stress when axially placed (Figures 5 and 6). However,
implant titling had a significant effect on the Von Mises stress, as shown in Table 2 and
Figures 4–6. This increase was higher as the tilting angle increased and the bone quality
decreased. The maximum increase in Von Mises stresses was observed at an angle of 45◦.
This increase was of 69.4, 83.8, and 138.5 MPa for bone type 0-I, II, and III, respectively.
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3.2. Delayed Loading

Table 3 shows the Von Mises stress for the case of delayed loading. Type III bone
showed similar stress values whether the implant was immediately or delay loaded. The use
of extra-short implants in axial position increased the stress in comparison with standard
length ones by 4.8–6.5 MPa in Type III bone, while no significant differences were observed
in bone Types 0-I and II. However, tilting the implant had a drastic effect on the stress
received by bone (Figures 7–9). As the tilting angle increased, the Von Mises stress increased.
It was observed that tilting the implants were much more significant on stress increase than
the implant length.
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In bone type III, the increase in stress was by 13.5, 41, and 124 MPa for tilting angles of
17◦, 30◦, and 45◦, respectively. This increase in bone type II was of 10, 35.1, and 88 MPa,
respectively. The Von Mises stress in bone type 0-I was similar to bone type II.

4. Discussion

It is important to point out that some simplifications have been made when modeling
the different scenarios, such as modeling materials as isotropic, linear, continuous, and
homogeneous. This assumption differs to some extent from the properties of real materials,
especially in the case of bone tissue, which has a complex, non-continuous, and anisotropic
structure. Due to these assumptions, the stress values in a real environment could differ
from those obtained in this study. However, the fact of having assumed the same sim-
plifications with respect to the real environment in all the scenarios allows us to make
comparisons between them.

The present study compared two alternatives to surgical bone augmentation, implant
tilting and short dental implants, with regard to stress values in an atrophic mandible
generated by single-unit implant. Implant tilting was found to increase drastically the Von
Mises stress in bone.

Similar to the results of this study, Clelland et al. have observed an increase in the
stresses in bone as the degree of implant tilting increased [9]. Kilic et al. have also found
higher stress around tilted implants [11]. Gümrükçü and Korkmaz have analyzed the
influence of the number of implants as well as their length and angulation on the stress
distribution in an atrophic maxilla [10]. Implant tilting by 30◦ increased the stress in bone
more than implant tilting by 45◦. Brum et al. have also analyzed the effect of implant
angulation on bone stress, finding that the greater the implant tilting was, the higher the
bone maximum stress [8]. However, Behnaz et al. have concluded that implant angulation
and the use of an angled abutment has no adverse effect on clinical success rates [12].
Stress reduction in this study was due to the angulation of the implant towards the same
direction of the applied load. Bellini et al. have analyzed the stress distribution patterns
at the bone–implant interface of tilted vs. axial implants in an edentulous maxilla. Tilted
implants showed lower absolute values of compressive stress compared to axially placed
implants [13]. This reduction in the stresses when tilting implants is due to the supposed
reduction in the prosthesis cantilever that can be achieved when tilting posterior implants.
In the same direction, Martini et al. have concluded that the use of straight abutments
produced higher bone stress than angled abutments [14].
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The use of extra-short implants has been shown not to affect the Von Mises stress
when compared to an axially placed long implant. Furthermore, low variability in the
Von Mises stress has been observed between immediate and delayed loading. Several
studies have supported the indication of short dental implants (≤8 mm in length) to
support single-crown restorations [21–29]. However, there is a need for more studies with
long-term follow-up. Barewal et al. have reported significant differences in the insertion
torque of implants placed in different types of bone quality [37]. It seems that the optimal
insertion torque depends on the bone type, implant design, and diametral ratio between the
hosting socket and the implant [38]. Biomechanical studies have shown that the majority
of stress transmitted to the peri-implant bone is concentrated in the crestal bone (the first
2 to 3 mm of implant length) regardless of the implant design [30,34–36], making this area
essential to achieve primary implant stability. All these studies support the use of short
dental implants.

Data from this study may provide a useful understanding of the biomechanical behav-
ior of single-unit dental implant in an atrophic mandible. It may provide useful information
for making clinical decisions regarding the angulation and the length of dental implants to
replace a single missing tooth in an atrophic mandible. The use of short dental implants
has provided a better biomechanical behavior than implant tilting. There is little variability
and biomechanically irrelevance of immediate or delay loading of short dental implants,
as compared to long implants. In clinical situations that allow to choose between tilting
standard length implants or using short implants, it would be preferable to use a short im-
plant in axial position, particularly in those cases where the titling angle is higher than 17◦.
Moreover, tilting the implant would place the implant platform at different crestal levels.

However, these biomechanical differences need to be validated by clinical trials. Varia-
tion in implant design, prosthetic design, and material properties have not been entirely
investigated in this study. Another limitation is the use of a tilted implant, which is less
frequent in single-tooth restoration than in completely edentulous patients where the
tilted implant is always splinted to other ones, and this may have a positive influence on
the stress.

5. Conclusions

For single-unit restorations in an atrophic mandible, the results of this study show a
better biomechanical behavior for the short dental implant than the titling long implant.
Stress reduction by the axially placed short dental implant may be beneficial to increase the
stability of peri-implant bone.
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