
Address for correspondence
João Paulo Mendes Tribst
E-mail: joao.tribst@gmail.com

Funding sources
None declared

Conflict of interest
None declared

Received on November 2, 2020
Reviewed on November 12, 2020
Accepted on November 25, 2020

Published online on March 9, 2021

Abstract
Background. The choice between 2 or 3 implants to support a 3-unit implant-supported fixed dental 
prosthesis (FDP) still generates doubt in clinical practice.

Objectives. The aim of this study was to evaluate stress distribution in 3-unit implant-supported FDPs 
according to the implant number and load direction. 

Material and methods. A numerical simulation was performed to analyze stress and strain according to 
the implant number (2 or 3) and load direction (axial or oblique). A model of a jaw was created by means 
of the modeling software Rhinoceros, v. 5.0 SR8. External hexagon implants, micro-conical abutments and 
screws were also modeled. The final geometries were exported to the computer-aided engineering (CAE) 
software Ansys, v. 17.2, and all materials were considered homogeneous, isotropic and elastic. Different 
load directions were applied for each model (300 N) at the center of the prosthesis.

Results. The von Mises stress and strain values were obtained for the titanium structures and the bone, 
respectively. The implant number influenced the prosthesis biomechanics, with higher stress and strain 
concentrations when 2 implants were simulated. The oblique load also affected the mechanical response, 
showing higher stress and strain in comparison with the axial load, regardless of the implant number.

Conclusions. It was concluded that for a 3-unit implant-supported FDP, a greater number of  implants 
associated with axial loads can result in a better mechanical response during chewing.
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Introduction
Currently, implant-supported rehabilitation can be 

applied as predictable treatment.1 The literature af-
firms that implant-supported fixed dental prostheses 
(FDPs) increase the life quality of edentulous patients.2 
However, some factors can affect the FDP longevity, 
e.g., the stress concentration, bone quality, or the di-
mensions and position of the implants.3

Considering the biomechanical response of an implant-
supported FDP, the implant number is an  important 
factor, since it may have an  influence on how the 
masticatory load will be transmitted to the bone tis-
sue.4 A large number of implants have a decisive effect 
on the mechanical response to prosthetic treatment.5 
Placing an  implant for each missing tooth is contro-
versial and requires careful consideration in the most 
complex clinical situations.6

For a 3-unit implant-supported FDP, the choice be-
tween the use of 2 or 3 implants is related to the mas-
ticatory load and bone availability.7 When 3 implants 
are used, it is expected that less load will be transferred 
to the bone–implant interface.8 When more implants 
are used, the mechanical response from the central im-
plant can be improved.9 However, it has been reported 
that the load direction also can modify the stress con-
centration in an implant-supported FDP.10 The biome-
chanical behavior of abutments, prosthetic screws and 
dental implants have not been investigated yet by com-
paring 2 or 3 implants with different load directions.

During chewing, the prosthetic components are 
constantly subjected to the combination of horizontal, 
vertical and oblique forces.11 The axial forces exerted 
on the implant are compressive in nature; however, 
horizontal or oblique resultant forces can increase 
late ral displacement, and consequently cause the 
formation of  torsional forces and lever points, which 
– when excessive – can lead to failure in the prosthesis 
structure and at the bone–implant interface.12 Non-
axial loads in dental implant mechanical systems leave 
the prosthetic components at higher risk of failure due 
to fatigue.13

The number of implants depends on the type of re-
habilitation that is to be performed. To improve the 
stability and support of an overdenture, 2–4 implants 
are recommended.14,15 In the literature, one can find 
studies which show implant survival data ranging 
from 95% to 100% for cases with 2 and 4 implants, and 
81.8–96.1% for 1 and 2 implants with immediate load-
ing.16,17 A 3-unit FDP can resist a  load of 500–600 N 
in  the posterior region, regardless of  the load condi-
tion.17 However, for a  3-unit implant-supported FDP, 
the lite rature is still scarce.

The finite element analysis (FEA) is an  effective 
methodology for the in silico investigation of  the 
mechanical response of FDPs.9–11 The finite element 

analysis can be used to analyze the mechanical behav-
ior, the stress distribution and the direction of forces. 
When studying the longevity of prosthetic rehabilita-
tion, biomechanics is of great importance in predicting 
failure in implants, since occlusal overload is a major 
cause of bone loss around implants, and consequently 
leads to the loss of  prosthetic restorations and im-
plants.18 Therefore, the aim of the present study was to 
investigate the biomechanical behavior and stress dis-
tribution of FDPs supported by 2 or 3 implants, sub-
mitted to different masticatory loads, using FEA. The 
null hypothesis was that there would be no difference 
in stress and strain according to the implant number 
and load direction.

Material and methods
The three-dimensional (3D) models consisted 

of a section of the maxilla and the following elements: 
external hexagon implants (4.1  mm in diameter, 
9  mm in length), mini-conical abutments (4.0  mm 
in diameter, 1.5 mm in length), abutment screws, pros-
thetic screws (Titamax Ti; Neodent, Curitiba, Brazil), 
and a  prosthesis. The models were created using the 
computer-aided design (CAD) software Rhinoceros, 
v. 5.0 SR8 (McNeel North America, Seattle, USA). The 
bone tissue was modeled as well; it contained the cor-
tical bone of a thickness of 1.0 mm and the cancellous 
bone. The FDPs were created using a database from the 
Institute of Science and Technology at São Paulo State 
University (UNESP) in São José dos Campos, Brazil. 
They contained a maxillary first premolar, second pre-
molar and first molar.18 The models were duplicated 
in 2 groups: the 1st group received 2 implants at the 
ends of  the prosthesis; and the 2nd group received 
3 implants, 1 for each tooth, according to Fig. 1. All volu-
metric solids were assumed to have the same number 
of faces connected to each other.

All the models were exported to the computer-
aided engineering (CAE) software Ansys, v.  17.2 
(ANSYS  Inc., Houston, USA) in the STEP format, 
and the tetra hedral elements formed the mesh. The 
properties of each material are summarized in Table 1; 
the models were considered homogeneous, isotropic 
and elastic.

Table 1. Mechanical properties of the materials used in the finite element 
analysis (FEA)

Structure Elastic modulus  
[GPa] Poisson’s ratio

Titanium 110 0.3

Zirconia 220 0.3

Cortical bone 14 0.3

Trabecular bone 1.4 0.3
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The models were restricted in all directions on the cor-
tical bone surface. The zones of non-linear contact were 
defined in 4 critical interfaces: implant–bone; implant 
–abutment; implant–screw; and abutment–screw. The 
contact analysis defined the load transfer and deforma-
tion between different components. The friction coeffi-
cient was defined as 0.3 for all titanium–titanium inter-
faces,19 0.65 for the cortical bone–implant interface20 and 
0.77 for the cancellous bone–implant interface.21

For the masticatory force simulation, a load of 300 N22,23 
was applied to the center of the prosthesis in 2 different 
directions: axial to the central implant; and obliquely 
at 45° in relation to the long axis of the central implant.

The results were required as the von Mises stress cri-
teria for ductile solids. For the peri-implant tissue, the 
required result was expressed as the microstrain value 
based on a previous study, which correlated this criterion 
with bone reabsorption.24 Results that presented a differ-
ence in stress peaks between the same regions which was 
higher than 10% were defined as significant based on the 
mesh convergence test.21–23

Results
Regarding the implant number and load direction, the 

strain values in the bone were plotted in colorimetric 
graphs (Fig.  2). It could be observed that the larger the 
number of  implants to support the FDP was, the less 
strain was concentrated in the bone tissue (Fig. 2A,2C 
and Fig. 2B,2D). One can notice that strain was homoge-
neously concentrated in the cervical region between all 
the implants. The oblique load increased the strain mag-
nitude, regardless of the implant number (Fig. 2B,2D).

With regard to von Mises stress in the dental implants, 
it could be observed that the external hexagon region was 
the most involved in the stress concentration, regardless 
of the model (Fig. 3). However, using the central implant 

may reduce the stress magnitude, even for the oblique 
load. The same behavior can be noted for the micro-
conical abutment (Fig. 4) and the prosthetic screw (Fig. 5).  

Fig. 1. Three-dimensional (3D) modeling for the numerical simulation

A – external hexagon implant model; B – posterior 3-unit fixed dental prosthesis (FDP); C – edentulous jaw; D – cutting plane for the section model;  
E – hemi-jaw model; F – 2-implant model; G – 2-implant model with the FDP; H – 3-implant model; I – 3-implant model with the FDP.

Fig. 3. von Mises stress maps in the implants for 3 implants with  
the axial load (A), 3 implants with the oblique load (B), 2 implants  
with the axial load (C), and 2 implants with the oblique load (D)

Fig. 2. Bone microstrain maps for 3 implants with the axial load (A),  
3 implants with the oblique load (B), 2 implants with the axial load (C),  
and 2 implants with the oblique load (D)
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The microstrain peaks and stress peaks were recorded for 
each tooth and are summarized in Table 2.

According to Wolff’s law,24 strain values below 50 mm/mm 
are able to promote bone remodeling due to disuse, and 
values above 3,000  mm/mm are able to promote bone 
remodeling by microdamage. There was no simulated 
model which could prevent or promote bone remodeling; 
however, the use of  3 implants with the axial load may 
reduce the risk of bone remodeling.

Discussion
This study evaluated the influence of the implant num-

ber and load direction in an  implant-supported FDP on 
the bone strain and von Mises stress. The results showed 
that there was a direct relationship between the implant 
number and the calculated strain. It was also possible to 
observe that the axial load promoted less stress and strain. 
Based on the results, the null hypothesis was rejected, 
because there was an  influence of  the load and implant 
number on the mechanical response.

A previous study evaluated the influence of the num-
ber of implants on the biomechanical behavior of over-
dentures, using the FEA method.25 In overdentures 
retained by 2 implants, the level of  stress in the peri-
implant bone and on the abutment was higher in com-
parison with a  situation when 3 implants were used. 
According to the authors, the stress generated around 
the central implant was reduced, which was beneficial for 
the peri-implant bone.25 The present study corroborates 
this statement, since the use of 3 implants reduced the 
risk of bone remodeling and damage to the abutments, 
screws and implants.

Another investigation evaluated the effect of  the dia-
meter, length and number of implants on stress distribution 
in the peri-implant bone of  a  3-unit implant-supported 
FDP.26 The authors concluded that the use of only 2 im-
plants of  a  diameter of  4.1 mm was sufficient to retain 
partial prostheses without causing damage to the corti-
cal bone. In addition, the researchers reported that when 
using the central implant in the case of  the prostheses 
supported by 3 implants, the magnitude of the generated 
stress could be reduced, which did not occur in the case 
of  the prostheses supported by only 2 implants.26 The 
present study corroborates those observations, since the 
use of  the central implant in the case of  the prosthesis 
supported by 3 implants reduced the magnitude of stress, 
even for the oblique load. In addition, the present study 
complements this previous report, showing that the 
micro-conical abutment and also the prosthetic screw 
may present a  reduced stress concentration when 3 im-
plants are used.

Table 2. Results in terms of bone microstrain [με] and stress [MPa] peak values according to the load direction and implant number

Region

Axial load Oblique load

2 implants 3 implants 2 implants 3 implants

molar first 
premolar

second 
premolar molar first 

premolar
second 

premolar molar first 
premolar

second 
premolar molar first 

premolar
second 

premolar

Bone  
[με]

2,202 215 1,954 1,916 641 544 4,189 278 3,967 2,991 2,789 2,836

Implant  
[MPa]

21.5 – 21.3 18.3 11.8 4.9 66.6 – 61.7 30.3 30.4 28.8

Micro-conical abutment  
[MPa]

31.7 – 24.8 25.5 15.5 14.7 40.2 – 44.3 37.8 36.8 38.1

Prosthetic screw  
[MPa]

24.3 – 24.7 16.7 15.4 15.3 64.5 – 55.9 39.6 44.3 45.1

Fig. 4. von Mises stress maps in the micro-conical abutment for 3 implants 
with the axial load (A), 3 implants with the oblique load (B), 2 implants 
with the axial load (C), and 2 implants with the oblique load (D)

Fig. 5. von Mises stress maps in the prosthetic screw for 3 implants  
with the axial load (A), 3 implants with the oblique load (B), 2 implants  
with the axial load (C), and 2 implants with the oblique load (D)
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The literature shows that the larger the number of im-
plants is, the less stress is generated in the peri-implant 
bone.27,28 In the present study, the results suggest that the 
use of 3 implants may help reduce the possible strain in 
the cortical bone, thus reducing the risk of causing bone 
damage and bone remodeling; however, axial loads should 
be planned.

This study simulated a 300-newton load for the test,29 
with 2 different directions – oblique at 45° in relation to 
the long axis of  the implants and axial. In previous stu-
dies, one can find different load magnitude used, yet in 
similar directions.30,31

Araki  et  al. simulated an  occlusal load with different 
directions.29 However, their results were similar, since it 
was possible to verify that the highest stress concentra-
tion was located in the cervical area of the cortical bone. 
In this way, the present study corroborates those results, 
stating that the cervical region is the most affected bone 
region.32

The present study also showed that the use of the cen-
tral implant decreased the stress concentration, even for 
the oblique load. The analysis of previous studies shows 
that the implant design and different lengths also can af-
fect stress distribution.10,29–32 This must be considered 
relevant in the surgical planning, focusing on reducing 
the stress concentration and the cervical bone resorption.

Another research, a clinical study performed on unitary 
implants, reported the development of  some problems 
before the catastrophic fracture of an implant, e.g., the loos-
ening of  the screw, peri-implantitis and the peri-implant 
bone resorption.33 Problems such as the peri-implant 
bone resorption can be noticed in unit rehabilitation, with 
crowns of an inadequate height or unsuitable for the pa-
tient’s occlusal function. Due to the dissipation of  axial 
and oblique loads, the larger the number of  implants in 
rehabilitation, the lower the stress concentration that can 
generate bone resorption around the implants. In this way, 
the present study suggests that the load direction should 
be possibly the most axial to reduce the failure risk.

Over the last decades, the FEA method has become 
an increasingly useful tool to predict the effects of the gene-
rated stress on implants and the peri-implant bone.34,35 
This method allows the analytical assessment of load dis-
tribution on the implant structure, controlling the pos-
sible microstrain as well as identifying the load direction 
and understanding the impact of the implant number.36

In implantology, FEA has been widely used to study 
the stress patterns of  the implant components and also 
in the peri-implant bone. The success of FEA depends on 
precision in the simulation of  the implant surface geo-
metry and structure, according to the characteristics of the 
implant material, the load and support conditions as well 
as the biomechanical and interface conditions. Since it 
was an in silico study, clinical conditions might have not 
been fully replicated.37,38 The stress analysis is normally 
performed under static load, and the mechanical properties 

of  the materials are defined as isotropic and linearly 
elastic, although this is not the case in reality.39 Thus, this 
analysis allows predicting biomechanical behavior in dif-
ferent situations; still, the results must also be considered 
qualitatively.

It is important to note that the absence of a microgap 
in the present model should be considered as a limitation 
of this study, since it is reported to be a factor that could 
affect the bone response as well as the implant structure, 
types of surfaces, shapes, and materials used in the pros-
thetic system.40

In this study, it can be noticed that the use of a greater 
number of  implants reduced the stress concentration 
under oblique load. However, another way to achieve better 
load distribution could be the manufacturing of prosthetic 
crowns that would conform with the patient’s occlusal 
reality, of sizes and shapes adequate to the chewing func-
tion. Digital protocol and chairside can assist in achieving 
the optimal implant placement and crown design.

Conclusions
Considering the limitations of this study, it can be con-

cluded that for a 3-unit implant-supported FDP, a greater 
number of implants associated with axial loads can result 
in a better mechanical response during chewing.
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