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PURPOSE. This study evaluated the influence of prosthesis weight and number of implants on the bone tissue 
microstrain. MATERIALS AND METHODS. Fifteen (15) fixed full-arch implant-supported prosthesis designs were 
created using a modeling software with different numbers of implants (4, 6, or 8) and prosthesis weights (10, 15, 
20, 40, or 60 g). Each solid was imported to the computer aided engineering software and tetrahedral elements 
formed the mesh. The material properties were assigned to each solid with isotropic and homogeneous behavior. 
The friction coefficient was set as 0.3 between all the metallic interfaces, 0.65 for the cortical bone-implant 
interface, and 0.77 for the cancellous bone-implant interface. The standard earth gravity was defined along the 
Z-axis and the bone was fixed. The resulting equivalent strain was assumed as failure criteria. RESULTS. The 
prosthesis weight was related to the bone strain. The more implants installed, the less the amount of strain 
generated in the bone. The most critical situation was the use of a 60 g prosthesis supported by 4 implants with the 
largest calculated magnitude of 39.9 mm/mm, thereby suggesting that there was no group able to induce bone 
remodeling simply due to the prosthesis weight. CONCLUSION. Heavier prostheses under the effect of gravity 
force are related to more strain being generated around the implants. Installing more implants to support the 
prosthesis enables attenuating the effects observed in the bone. The simulated prostheses were not able to generate 
harmful values of peri-implant bone strain. [ J Adv Prosthodont 2020;12:67-74]
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INTRODUCTION

Several studies evaluating prosthetic materials report that a 

light restorative material is advantageous.1-3 A previous 
study4 asserted that reinforced composite frameworks seem 
to be a viable alternative to traditional metal frameworks in 
implant prosthodontics. The authors also described the 
lighter framework as an advantage for the treatment. 
However, there is no mechanical justification in the litera-
ture demonstrating the effect of  the prosthesis weight on a 
patient’s rehabilitation. One of  the most extensive restora-
tions in dentistry is a full arch implant retained prosthesis. 
This prosthesis can have a large part of  their structure made 
in metal and ceramics, leading to a higher volume of  syn-
thetic and dense material.5-9 A full arch implant retained 
prosthesis can rehabilitate the patient and promote patient 
satisfaction10 in cases in which the supporting tissue loss 
and tooth loss occur simultaneously. 
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The advantage of  a lighter structure is indicated for 
obturator prostheses for maxillary defect patients, but there 
is no information regarding the influence of  prosthesis 
weight for implant-retained prostheses.11 Thus, some authors 
consider the all-ceramic zirconia design as an evolution 
from metal frameworks with acrylic or porcelain full-arch 
implant-supported prostheses12 regarding the strength and 
load distribution during chewing. This design is the opposite 
from the lighter design suggested by other authors since it 
can be heavier than the conventional cast-metal framework, 
but a comparison of  its mechanical effect in the maxillary 
bone has never been performed.

As bone strain around osseointegrated implants can 
induce unwanted bone remodeling with consequent loss of  
osseointegration,13 it is necessary that all the choices during 
the surgical and prosthetic planning should be considered to 
optimize the biomechanical response to occlusal loads.14 
What is unknown is whether the prosthesis weight itself  is 
already capable of  causing some damage or benefit to the 
bone tissue around the implants. According to Wolff ’s law, 
the bone tissue may be encouraged to stay in position, 
depending on the magnitude of  the generated strain.13

Another important point for the biomechanics of  implant-
supported prostheses is the number of  implants that sup-
port the prosthesis, since it will be through them that the 
masticatory load will be transmitted from the outer face of  
the synthetic teeth to the bone tissue.15 Thus, the literature 
is quite concise in stating that a larger number of  implants 
are better for the mechanical response during mastication.11 
For example, the survival rate and patient satisfaction for 
implant-supported overdentures is not substantially influ-
enced by the number of  implants.15,16 However, there are no 
reports on the influence of  the number of  implants to sup-
port the prosthesis weight.

The force acting on the synthetic teeth during chewing 
is the compressive force generated from the occlusal faces 
of  the teeth making contact with the food bolus.17 However, 
the gravitational force of  a prosthesis in the maxilla can act 
in the same direction, pulling the prosthesis from the 
implants.

Therefore, the goal of  this study was to evaluate the effect 
of  prosthesis weight and the number of  implants on the 
mechanical response of  the bone tissue. The null hypotheses 
were that neither 1) the prosthesis weight, nor 2) the number 
of  implants would influence the generated bone strain.

MATERIALS AND METHODS

A full skull model was selected from the database18 and 
exported in STEP format to a computer-aided-design soft-
ware (Rhinoceros Version 5.0 SR8, McNeel North America, 
Seattle, WA, USA). The maxilla was isolated with a transver-
sal plane in the region of  the anterior nasal spine. Next, an 
edentulous maxilla was constructed following the main ana-
tomical characteristics of  a healthy bone (size, shape, and 
absence of  pathology). The bone structure was mirrored 
from the midline for complete construction of  the virtual 

maxilla model, thus allowing symmetry between the anti-
meres. The cortical bone contained 1 mm thickness in jux-
taposition with cancellous bone. A 3D volumetric model of  
the bone was then created based on the surface created by 
the curve network automatically generated with a reverse 
engineering tool. 

External hexagon implants (10 mm × 4.1 mm) were 
subsequently modeled. The external thread diameter was 
established according to the dimensions provided by the 
manufacturer (as technology Titanium Fix, São José dos 
Campos, Brazil), and the platform showed 4.1 mm in diam-
eter such as a conventional regular implant. The external 
hexagon was extruded 0.7 mm high and attached to the pre-
viously created cylindrical body.14 

One of  the evaluated factors was the number of  
implants (3 levels) used on the simulated surgical approach: 
4, 6, or 8 equidistant implants. A mini conical abutment indi-
cated for the screw retained prosthesis was modeled for each 
implant. The abutments presented centralized insertion with 
2.5 × 4 mm. A three-dimensional abutment screw was mod-
eled for each abutment, with a prosthetic screw on top of  it. 

Based on a generic maxillary arch, a full arch implant 
retained prosthesis was constructed in two different designs:

Model 1: Internal framework with a 2 mm cross-section 
and a 4.1 mm coping screw for each abutment. An acrylic 
resin model was constructed around the framework from 
the right second molar until the left second molar. 

Model 2: Machinable framework with palatal face of  all 
teeth made from same material of  the framework and a 4.1 
mm coping screw for each abutment. The veneering aes-
thetics presented 1 mm of  thickness and was limited to the 
buccal face of  the teeth for this prosthesis.8

Both prosthesis designs were associated with the simu-
lated surgical approaches (3 levels) totaling six models with 
different geometries. Fig. 1 shows the 3D models.

Fig. 1.  Three-dimensional modeling of full arch prosthe-
sis in occlusal and perspective view. Two designs of pros-
thesis and implant/abutment geometries. (A) Occlusal 
view of the 3D model wireframe; (B) 3D model demon-
strating the implants position; (C) Prosthesis model 1, the 
infrastructure is completely covered by the artificial teeth; 
and (D) Prosthesis model 2, the infrastructure compose 
part of the artificial teeth.
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Each solid geometry was imported to the analysis soft-
ware (ANSYS 17.2, ANSYS Inc., Houston, TX, USA) in 
STEP format and tetrahedral elements formed the mesh. A 
convergence test of  10%18 determined the total number of  
tetrahedral elements and nodes. Any difference in value 
higher than 10% during the result analysis is to be assumed 
as a significant difference. The mesh for the first model was 
composed by 644244 nodes and 368362 tetrahedral ele-
ments, with the maximum element size of  0.2 mm and an 
aspect ratio of  1.76. The mesh for the second model was 
composed by 743712 nodes and 424264 tetrahedral ele-
ments, with the maximum element size of  0.2 mm and an 
aspect ratio of  1.63.

The Young’s modulus and Poisson’s ratio of  the materi-
als were assigned to each solid component with isotropic 
and	homogeneous	behavior.	The	friction	coefficient	(μ)	was	
set as 0.3 between all the metallic interfaces,19 0.65 for the 
cortical bone-implant interface,20 and 0.77 for the cancellous 
bone-implant interface.21 The mechanical properties of  the 
materials and structures are summarized in Table 1.22-34

The standard earth gravity direction for this study was 
defined along the Z-axis (negative direction) of  the coordi-
nate system with 9.8065 m/s2 of  acceleration. A restriction 
only occurred on the bone for the Z-axis, allowing lateral 
strain of  the peri-implant bone.35 Thus, 15 different groups 
were simulated based on the geometries and prosthetic 
materials available for manufacturing full arch implant 
retained prostheses. The weight (P) of  each prosthesis was 
estimated based on the formula: P = m * g, in which g is the 
gravitational acceleration at the point of  space where the 

object of  mass m is located. The following formula was 
used to calculate the mass of  each material in each model: m 
= v * µ, in which v is the volume in cm3 and µ corresponds 
to the density in g/cm3. The density of  the materials was 
informed based on the literature, and the volume was auto-
matically calculated through the 3D-modeling software. The 
prosthesis weight was then calculated after determining the 
material mass. The groups’ distribution according to the 
factors of  prosthesis weight (5 levels) and number of  
implants (3 levels) are summarized in Table 2.

Based on Wolff ’s law,13 the bone strain is able to generate 
bone remodelling. Thus, the resulting Equivalent Strain was 
assumed as analysis criteria and selected for each simulation.

Table 1.  Mechanical properties of each material/structure 
used in this study

Material/Structure
Elastic Modulus 

(GPa)
Poisson ratio µ (g/cm3)

Titanium17,18 110 0.35 4.50

CoCr19,20 220 0.30 8.00

Acrylic Resin21,22 2.7 0.35 1.20

Zirconia23,24 200 0.31 5.68

PEEK25,26 3.70 0.40 1.32

Feldspathic27,28 48.7 0.23 2.50

Cancellous bone29 1.37 0.30 -

Cortical bone29 13.7 0.30 -

Table 2.  Group distribution according to prosthesis weight (5 levels) and number of implants (3 levels)

Group
Number of 
implants

Prosthesis 
weight (in g)

Prosthesis design
Volume (in cm3) Peak of microstrain in the 

peri-implant bone tissueFramework Esthetic material

4i10 4

≅ 10 g PEEK framework with 
acrylic resin tooth

6.53 1.56

6.29

6i10 6 3.89

8i10 8 1.29

4i15 4

≅ 15 g Titanium framework with 
acrylic resin tooth

6.53 1.56

7.64

6i15 6 4.61

8i15 8 1.89

4i20 4

≅ 20 g CoCr framework with 
acrylic resin tooth

6.53 1.56

10.01

6i20 6 5.79

8i20 8 4.60

4i40 4

≅ 40 g Zirconia framework with 
ceramic veneer

1.22 6.94

2.23

6i40 6 13.73

8i40 8 4.67

4i60 4

≅ 60 g CoCr framework with 
ceramic veneer

1.22 6.94

39.99

6i60 6 18.88

8i60 8 7.86

Does the prosthesis weight matter? 3D finite element analysis of a fixed implant-supported prosthesis at different weights and implant numbers



70

J Adv Prosthodont 2020;12:67-74

RESULTS

The generated strain values in the maxilla as a function of  
the weight of  each prosthesis were plotted in colorimetric 
graphs in Fig. 2. It was possible to observe that the heavier 
the prosthesis, the more strain concentrated in the bone tis-

sue. Moreover, the more implants used to support the pros-
theses, the better the distribution of  peri-implant strain. It 
was possible to observe that the strain was homogeneously 
concentrated in the main support zone in the peri-implant 
region between all the implants.

The peak value of  each group was exported from the 

Fig. 2.  Equivalent strain in the bone according to implant number (Rows) and weight (Lines). (A) 4i10, (B) 6i10, (C) 
8i10, (D) 4i15, (E) 6i15, (F) 8i15, (G) 4i20, (H) 6i20, (I) 8i20, (J) 4i40, (K) 6i40, (L) 8i40, (M) 4i60, (N) 6i60, (O) 8i60.
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Fig. 3.  Linear regression between the prosthesis weight 
and the strain. (A) Linear trend between the weight of the 
prosthesis and mirostrain in the bone tissue for situations 
with four implants; (B) Linear trend between the weight 
of the prosthesis and mirostrain in the bone tissue for sit-
uations with six implants; and (C) Linear trend between 
the weight of the prosthesis and mirostrain in the bone 
tissue for situations with eight  implants.

A

B
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analysis software to quantify the strain (Table 2). The values 
were also plotted in line graphs to project the generated 
strain trend as a function of  the prosthesis weight according 
to the number of  implants. 

Based on the proposed linear regression between the 
prosthesis weight and the strain generated around the 
implants, the coefficient of  determination (R2) was 98% for 
the situation with 4 implants, 98% for 6 implants, and 86% 
for 8 implants (Fig. 3). Thus, the prosthesis weight was 
strongly related to the bone strain, regardless of  the surgical 
approach. In addition, considering the inclination of  the 
plotted lines, it was possible to affirm that the more 
implants installed, the less the amount of  strain generated in 
the bone considering a prosthesis of  the same weight.

According to Wolff ’s law,13 strain values below 50 mm/
mm are able to promote bone remodeling by disuse, and 
that values above 3000 mm/mm are able to promote bone 
remodeling by micro-damage. The most critical situation 
herein was the use of  a 60 g prosthesis supported by 4 
implants (group 4i85), showing the largest calculated strain 
magnitude of  39.9 mm/mm. However, there was no simu-
lated group which could prevent or promote bone remodel-
ing simply due to the prosthesis weight (up to 60 g).

DISCUSSION

This study evaluated the influence of  the weight of  full arch 
implant retained prosthesis and the number of  implants on 
the bone strain in maxilla. The results showed that there 
was a direct trend between the prosthesis weight and the 
calculated strain. Therefore, the first hypothesis was reject-
ed. It was also possible to observe that the more implants 
installed, the less magnitude calculated around the implants, 
thus also rejecting the second hypothesis.

Several studies report that light restorative materials are 
advantageous,2 but without exactly explaining the classifica-
tion parameter between a light and heavy material and with-
out explaining the advantage for the restorative treatment. 
Thus, based on the results herein, a light prosthesis is 
advantageous to decrease the strain generated around the 
supporting tissue as a function of  the material weight. 
There are few reports in medicine evaluating the prosthesis 
weight.36 There are no studies in dentistry which have evalu-
ated the influence of  the prosthesis weight on the biome-
chanical response of  the supporting tissues. 

There is a general concern that the prosthesis is too 
heavy to impair the mechanical performance of  rehabilita-
tion.3 Thus, seeking designs and light materials can facilitate 
creating a prosthesis that more accurately mimics the miss-
ing part of  the body. However, a concern seems to be dif-
ferent for intraoral prostheses. An indirect rehabilitation of  
14 adult teeth supported by implants was simulated herein, 
and no microstrain values which could be harmful for any 
of  the bone tissue were calculated.13,14 Thus, dentists and 
technicians can choose the design and material which are 
advantageous for dissipating the masticatory load, not sim-
ply considering light or heavy materials.
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It is important to note that the simulated situation in all 
models consists of  a total prosthesis supported by implants. 
Thus, clinical situations with dentures supported by teeth 
with the presence of  the periodontal ligament may modify 
the generated biomechanical response due to the exerted 
forces, thus presenting different bone deformation values 
for the application of  Wolff ’s law.13 This is because the peri-
odontal ligament enables micro movements between each 
of  the dental abutments, in addition to containing a layer of  
hard lamina composed of  cortical bone around the connec-
tive tissue of  the ligament fibers.37,38 All of  these structures 
are different from the bone/implant interface simulated 
herein. Therefore, a dental abutment under the same com-
pressive force applied presents lower bone deformation val-
ues compared to a dental implant.37 However, the dynamics 
generated by the compression of  the periodontal ligament 
enable orthodontic movements with variable forces and are 
time dependent.38 Thus, it is not recommended to extrapo-
late these results for natural teeth supported prostheses, and 
further studies evaluating the effect of  tensile forces on the 
biomechanics of  these prostheses should be conducted.

The lightest simulated prosthesis presented infrastruc-
ture in PolyEtherEtherKetone (PEEK) coated with acrylic 
resin.5 This design had an approximate weight of  14 g and 
the lowest bone strain values. However, there are no longi-
tudinal studies which demonstrate the success of  this reha-
bilitation modality. The second lighter prosthesis presented 
a titanium infrastructure and was fully coated with acrylic 
resin.7 This restorative modality has proven clinical success 
of  approximately 15 years, observing chipping and synthetic 
dentition wear as the main defects.7 However, this treatment 
is not commonly used because of  the difficulty of  casting 
titanium alloys, since titanium is much more reactive to oxy-
gen than conventional dental casting alloys.39 The use of  
titanium-machined infrastructure could solve these difficul-
ties8,40 and optimize the use of  this metal which presents 
proven longitudinal results35 and less bone strain due to a 
lighter prosthesis. Another option instead of  titanium is the 
use of  an infrastructure in CoCr (Cobalt-chromium). CoCr 
alloys are widely used in dentistry due to their casting ease, 
low cost and adequate strength, but they are high density 
alloys which are difficult to polish and finish.41 In the strain 
results generated by the prosthesis weight, a CoCr infra-
structure with similar geometry to the titanium infrastruc-
ture was able to increase the prosthesis weight by 55% and 
increase the strain around the implants. However, Bhering et 
al.42 evaluated the strain generated around implants during 
the incidence of  masticatory loading and argued that the 
use of  CoCr as an infrastructure material was more appro-
priate than titanium infrastructures by minimizing strain 
around the peri-implant tissue.

All the previously reported prostheses were constructed 
containing an acrylic resin-coated infrastructure.40 Thus, a 
second design used for manufacturing prostheses with 
machined infrastructures43 was simulated in order to simu-
late the possibly heavier designs of  intraoral prostheses. 
This infrastructure design extends to the palate of  the 

upper teeth and its use is directly related to the use of  zirco-
nia in dentistry.43 There are reports on the success of  full 
arch prostheses with infrastructure in zirconia of  more than 
3 years.4 Its use is justified by the high resistance of  this 
material, eliminating the application of  a layer of  opaque 
material in the infrastructure due to the white color of  the 
material and wear resistance.43 It was one of  the most heavi-
ly simulated prostheses in the present study, and generated 
the second most microstrain around the implants. In addi-
tion, zirconia may exhibit wear on juxtaposed metal struc-
tures.44 Moreover, there are studies which define that a zir-
conia infrastructure presents a similar biomechanical 
response to a titanium infrastructure,34 while other reports 
define that more rigid materials are less damaging to the 
bone tissue.45 These studies which compare implant infra-
structures generally use the mechanical properties of  the 
elastic modulus and the Poisson’s coefficient of  the simulat-
ed materials.34,45 

The elastic modulus and the Poisson’s coefficient are 
properties related to the elasticity and plasticity of  each 
material, allowing more or less displacement depending on 
the applied force. In addition to the elastic modulus, the 
density of  each simulated structure in the present study was 
inserted to observe the effect of  gravity as a function of  
weight. Thus, a CoCr infrastructure presents an elastic mod-
ulus which is very close to the elastic modulus of  zirconia, 
and often materials with quite similar mechanical response 
are assumed in many simulations.12 However, the density of  
CoCr is greater than that of  zirconia, which causes the use 
of  this metal to increase the final prosthesis weight. Thus, a 
prosthetic piece machined in CoCr will be subjecting the 
supporting tissue to higher peri-implant strain values than if  
the prosthetic piece was machined in zirconia.

Another factor evaluated herein was the simulation of  
different surgical approaches by installing 4, 6, or 8 implants 
to support the full arch prosthesis. Previous studies have 
reported that the more implants installed (respecting the 
minimum space between each implant), the better the 
mechanical response of  bone tissue to masticatory loads.15,16 
Likewise, the use of  8 implants softened the bone strain 
generated as a function of  the prosthesis weight.

In observing the linear distribution of  the generated 
strain (Fig. 3), it is possible to note that the strain peak mag-
nitude decreases as a function of  the prosthesis weight in 
using 8 implants in comparison with the prosthesis with 4 
implants. However, the relationship between the number of  
implants and the generated strain is not a direct proportion, 
since twice as many implants (8 instead of  4) did not gener-
ate twice as much bone strain. This probably occurs because 
of  the shape of  the maxillary arch, which has a thinner 
anterior region than the posterior region, and also because 
the distribution of  4 implants is not exactly equidistant 
from the distribution of  8 implants. This theory reinforces 
the need to use three-dimensional anatomical models in 
numerical simulations of  implant prosthesis, since simpli-
fied geometric models such as blocks14 or cylinders17 may 
propagate a symmetry force distribution in the bone tissue.
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The main novelty of  this study over other reports in the 
literature is the simulation of  tensile forces in the prosthesis, 
representing the effect generated by the structural weight in 
the bone tissue. Although the load exerted during mastica-
tion is simulated in several previous studies,5,7,14,16,19,35,37,45 
which seek to study the instant of  maximum average force 
capable to generate mechanical problems in the prosthesis/
bone, this simulation included a momentary load. The effect 
of  gravity on the prosthesis is present throughout the 
patient’s life, especially during the rest position where there 
is no contact between the antagonist tooth.46 The option of  
simulating a maxillary prosthesis occurred due to gravity 
acting against the masticatory forces, and there were no 
reports of  this in the scientific literature. 

It is worth noting that the implemented methodology 
was a numerical computational simulation, and that simplifi-
cations of  the method do not enable direct extrapolation of  
the results found for dental clinicians.17 This is due to the 
simulated materials being homogeneous with no internal 
defects such as bubbles or pores. Maximum Principal Stress, 
Minimum Principal Stress or von-Misses stress would not 
assist in achieving the aim of  the present study, but these 
analysis criteria can be helpful for chewing and overloading 
simulations. Considering the final density, it is possible to 
understand that the simulated prostheses present a close 
final weight to the real prostheses. However, they were over-
estimated due to the homogeneity of  the simulated struc-
tures. The limitation of  the FEA model was that all 
implants present an ideal position, there are no defects or 
gaps between the mini-conical abutment and the prostheses, 
there is a perfectly symmetric maxilla, and there is no sau-
cerization of  the peri-implant bone of  any implant. Despite 
these limitations arising from an idealized situation, the 
results presented herein can serve as a basis for new 
hypotheses, clinical studies and even assist dental laboratory 
decisions in conjunction with the literature data.

Therefore, the following could be concluded from this 
study:

There is a directly proportional relationship between the 
prosthesis weight and the strain generated around the 
osseointegrated implants. Therefore, the installation of  
more implants to support the prosthesis enables attenuating 
the effects observed in the bone considering the prosthesis 
weight. Prosthetic weights of  10 to 60 g were not able to 
generate harmful values of  peri-implant bone strain in situa-
tions with at least four implants.
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