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Aim: The aim of this study was to investigate the biomechanical 
behavior of implant-retained mandibular overdentures using 
Micro ERA® system with different implant position and 
angulation by finite element analysis (FEA). Methods: Four 3D 
finite element models of simplified mandibular overdentures 
were constructed, using one Bränemark implant with a Micro 
ERA® attachment. The implant was positioned on the canine or 
lateral incisor area with an angulation of either 0º (C-0º; LI-0º) 
or 17º (C-17º, LI-17º) to the vertical axis. A 100 N axial load was 
applied in one side simultaneously, from first premolar to second 
molar. In all models it was analyzed the overdenture displacement, 
compressive/tensile stress in the bone-implant interface, and 
also the von Mises equivalent stress for the nylon component 
of the housing. The stresses were obtained (numerically and 
color-coded) for further comparison among all the groups. 
Results: The displacement on the overdenture was higher at the 
posterior surface for all groups, especially in the C-17º group. 
When comparing the compressive/tensile stress in the bone-
implant interface, the lateral-incisor groups (LI-0º and LI-17º) had 
the highest compressive and lowest tensile stress compared to 
the canine groups (C-0º and C-17º). The von Mises stress on 
the nylon component generated higher stress value for the LI-0º 
among all groups. Conclusions: The inclination and positioning 
of the implant in mandibular overdenture interferes directly in the 
stress distribution. The results showed that angulated implants 
had the highest displacement. While the implants placed in the 
lateral incisor position presented lower compressive and higher 
tensile stress respectively. For the attachment the canine groups 
had the lowest stress.

Keywords: Dental implants. Denture, overlay. Finite element 
analysis.
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Introduction

The high predictability and survival rate of dental implants made the rehabilitation 
of fully edentulous patients a possible treatment1. The use of an implant-supported 
mandibular overdenture (ISMO) has been regarded as effective and the standard 
option of care for edentulous patients2-4. This method also provides higher positive 
impact in oral health related quality of life, satisfaction, comfort, and masticatory 
function in elderly patients when compared with conventional dentures5-7. Those 
clinical findings supported the McGill and York Consensus statement on ISMO that 
two-implant is the first and minimum treatment choice for the edentulous mandi-
ble8,9. Besides that, the ISMO retained by two implants is also in agreement with the 
requirements of Schmitt and Zarb for patients’ treatment that must be less invasive, 
complex, and expensive10.

The majority of clinical and biomechanical studies choose the interforaminal region 
as the location of choice for the two implants placement5,11. However, if the patient 
presents insufficient alveolar bone at the canine region, switching implants to the lat-
eral incisor remains a treatment option. At present moment there is insufficient scien-
tific evidence available regarding the preferable locations for the implants. A previous 
study reported the lowest stress for implants inserted in the lateral incisor area com-
pared to the other two groups located in the canine and premolar sites12. Contrarily, 
other research found the lower stress levels with implants at the first premolar site 
compared with lateral incisor and canine sites9.

The ideal implant placement in ISMO should be as parallel as possible to one another 
and perpendicular to the occlusal plane13. Nevertheless, the surgical procedure is lim-
ited by the anatomical structure, bone morphology and clinical practice, which tend 
to change the implant inclination toward the ideal position14. Biomechanical studies 
have suggested that the lowest stress and the best stability of ISMO were obtained 
when implants were placed parallel to the long axes of the teeth12,15. A previous study 
has demonstrated that individual implants angulations with a lingual inclination (≥6º) 
and a buccal inclination (<6.5º) were associated with more prosthesis repairs, in addi-
tion to a higher tendency for implants to demonstrate greater inclination when placed 
by less experienced surgeons16.

According to the anchorage system, ISMO is generally classified into splinted (bar) or 
unsplinted (stud) attachments. The retentive forces of paired stud attachments, as 
ball (range: 34.6–2.39 N), Locator (range: 37.2–5.2 N), and ERA (range: 35.24–8.4 N) 
have been determined with different values for axial and non-axial directions in dis-
lodging studies17,18. However, previous clinical trials have noted no considerable differ-
ences between bar and stud attachments for patients’ maximum bite forces, chewing 
efficiency, and satisfaction19,20. In a clinical application, the most relevant aspect is to 
understand the advantages and limitations of the attachment system to enhance the 
patient’s quality of life and success of the treatment.

Biomechanical behavior analysis of implant-supported prostheses can be made by 
strain gauges, photoelastic analysis, or finite element analysis (FEA)21-23. The choice 
of FEA allows the investigation not only the stress distribution for the ductile (implant 
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and prosthetic components), but also nonductile (cancellous and cortical bone) mate-
rials. Thus, according to its advantage in generating computational models, FEA has 
been used outside of the clinical scenario to compare the biomechanical behavior in 
different ISMO. 

Therefore, the purpose of this in silico study was to evaluate the biomechanical behav-
ior of implant-retained overdentures using Micro ERA® system with different implant 
position (canine and lateral incisor) and inclination (0º and 17º to the vertical axis). 
The null hypothesis was that the different implant position and angulation would not 
affect the biomechanical behavior of implant retained mandibular overdentures using 
Micro ERA® system.

Materials and methods
Four 3-dimensional (3D) finite element models of a simplified edentulous mandi-
ble were constructed to simulate an implant-retained overdenture with Micro ERA® 
attachment. An external hexagon screw-shaped implant (3.75 × 11.5 mm, Con-
exão Sistemas de Prótese, Arujá, Brasil) was placed with two different locations 
(canine or lateral incisor) and angulations (0º or 17º to the vertical axis) (Fig 1). In 
addition, the direction of the inclination for the groups C-17º, LI-17º was the pos-
terior region. For the retention system, two Micro ERA® attachments (Ridgefield 
Park, NJ, USA; Dental Milestones Guaranteed) were used, according to the implant 
angulation (Fig 2A,B).

C-0° C-17° LI-0° LI-17°

Mucosa
Cortical bone

Cancellous bone

Figure 1. Virtual models. C-0º, implant positioned in the canine region 0º to the vertical axis. C-17º, implant 
positioned in the canine region 17º to the vertical axis. LI-0º, implant positioned in the lateral incisor region 
0º to the vertical axis. LI-17º, implant positioned in the lateral incisor region 17º to the vertical axis.
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In the pre-processing phase for models construction, the implants and prosthetic 
components (attachment, housing, and overdenture) were created into the Rhinoc-
eros® 5.0 software (Robert McNeel & Associates, USA). The virtual mandible was 
made with bone quality type II, according to the Lekholm and Zarb classification24, 
surrounded by 2 mm of cortical bone22, with 1 mm thick mucosa25. For this study it 
was modeled only half part of the jaw structure, because it was assumed that both 
mandibular sides would present the same biomechanical behavior25-29. The implant 
threads geometry were simplified for further computational analysis30. Based on 
the original size of the Micro ERA® (DMG Dental Milestones Guaranteed), a reverse 
engineering technique was used by spark-erosion of thread (ACTSPARK® model 
Xenon25, Beijing Agie Charmiles Industrial Eletronics Ltda) and a profile projector 
(MITUTOYO® model PJ 300H, Mitutoyo Sul Americana Ltda) to achieve the precise 
attachment dimension.

After computer-aided design (CAD) modeling, the structures were assembled to 
provide the 3D models. Afterwards, Hypermesh® software was used to promote the 
division of the structures into a geometric mesh with a finite number of elements. 
In addition, the geometric mesh was formed with parabolic tetrahedral interpolation 
solid elements, characterized by 10 nodes per element. As a result, the total (elements 
- nodes) in each model was C-0º (486 794 – 793 872), C-17º (448 529 – 737 231), 
LI-0º (1 865 301– 2 616 051), LI-17º (487 159 – 753 906).

The meshed virtual models were exported to the finite element analysis software Opt-
struct® for mathematical solution. The bone tissues were considered isotropic, linear, 
homogeneous, and totally osseointegrated to the implants26. In addition, to correctly 
calculate the results for all the study variables, it was add boundary condition at the 
posterior region of the jaw for each of the four models (C-0º, C-17º, LI-0º, LI-17º) into 
three dimensions (X, Y, Z)22,26. The properties of each material (Young modulus and 
Poisson’s ratio) are presented in Table 1. Subsequently, the structures contact were 

A B

Figure 2. A, Micro ERA® attachment – 0º to the vertical axis. B, Micro ERA® attachment – 17º to the 
vertical axis.
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considered fixed, representing a perfectly united interaction, except between the hous-
ing (nylon)/attachment, and also the overdenture/mucosa in which a sliding contact 
is possible22.

In order to simulate what happens in the clinical scenario, a 100 N occlusal load was 
divided in 4 application points simultaneously, from the second premolar to second 
molar31. A mirror condition was applied into the midline section of the model, assum-
ing that both sides would show the same biomechanical behavior22. In all models 
it was analyzed the overdenture displacement, compressive/tensile stress in the 
bone-implant interface, and also the von Mises equivalent stress for the nylon compo-
nent of the housing32. The stresses were obtained (numerically and color-coded) for 
further comparison among all the groups. Finally, the models were sent to Hyperview® 
software to investigate the stress distribution.

Results
Under the axial load on the mandibular premolar and molars, the highest displace-
ment was observed for both angulated groups (C-17º and LI-17º) (Fig 3A). The C-17º 
group exhibited the highest displacement among all the other groups. When com-
paring the compressive/tensile stress in the bone-implant interface the lateral-incisor 
groups (LI-0º and LI-17º) demonstrated the highest compressive stress (Fig 3B), while 
the canine groups (C-0º and C-17º) presented the lowest tensile stress (Fig 3C). The 
von Mises stress on the nylon component for the group LI-0º generated higher stress 
value among all groups (Fig 3D).

In Fig 4, the same pattern of stress maps was observed for all models, but with differ-
ent intensity. The stress maps indicated the highest displacement stress for C-17º at 
the posterior region of the overdenture (Fig 4B). 

Regarding the compressive/tensile stress in the bone/implant interface the groups 
with canine implants (C-0º and C-17º) presented the highest stress on the neck region, 
running through its first threads (Fig 5A and 5B). The group LI-0º (Fig 5C) presented 
stress located only in the distal region. The group LI-17º (Fig 5D) showed similar dis-
tribution with C-0º and C-17º groups.

The Micro ERA® nylon component exhibited similar stress in the canine groups C-0º 
(Fig 6A) and C-17º (Fig 6B). The stresses were concentrated in the seating interface 

Table 1. Mechanical properties of materials used for FEA analysis.

Material Young Modulus (Mpa) Poisson’s ratio (v) Reference

Cortical Bone 13 700 0,30 Liu, 201330

Cancellous Bone 1370 0,30 Liu, 201330

Mucosa 1 0,37 Liu, 201330

Titanium (Grade IV) 103 400 0,35 Barão, 200826

Nylon 2400 0,39 Barão, 200826

Stainless steel 190 000 0,31 Barão, 200826

Acrylic Resin 8300 0,28 Barão, 200826
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Figure 3. A, Displacement (MPa) combined in the overdenture and jaw. B, Compressive strength in the 
bone/implant (MPa). C, Tensile strength in the bone/implant (MPa). D, Maximum von Mises stress on Micro 
ERA® nylon. C-0º, implant positioned in the canine region 0º to the vertical axis. C-17º, implant positioned 
in the canine region 17º to the vertical axis. LI-0º, implant positioned in the lateral incisor region 0º to the 
vertical axis. LI-17º, implant positioned in the lateral incisor region 17º to the vertical axis.
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Figure 4. Stress maps (Displacement) combined in the overdenture and jaw. A, Group C-0º. B, Group C-17º. 
C, Group LI-0º. D, Group LI-17º. Color stress scale in MPa. C-0º, implant positioned in the canine region 0º 
to the vertical axis. C-17º, implant positioned in the canine region 17º to the vertical axis. LI-0º, implant 
positioned in the lateral incisor region 0º to the vertical axis. LI-17º, implant positioned in the lateral incisor 
region 17º to the vertical axis.
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Figure 5. Stress maps (compressive/tensile stress) on implant/bone interface. A, Group C-0º. B, Group 
C-17º. C, Group LI-0º. D, Group LI-17º. Color stress scale in MPa. C-0º, implant positioned in the canine 
region 0º to the vertical axis. C-17º, implant positioned in the canine region 17º to the vertical axis. LI-0º, 
implant positioned in the lateral incisor region 0º to the vertical axis. LI-17º, implant positioned in the lateral 
incisor region 17º to the vertical axis.

Figure 6. Stress maps (von Mises stress) on Micro ERA® nylon. A, Group C-0º. B, Group C-17º. C, Group 
LI-0º. D, Group LI-17º. Color stress scale in MPa. C-0º, implant positioned in the canine region 0º to the 
vertical axis. C-17º, implant positioned in the canine region 17º to the vertical axis. LI-0º, implant positioned 
in the lateral incisor region 0º to the vertical axis. LI-17º, implant positioned in the lateral incisor region 
17º to the vertical axis.
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between the nylon/attachment. As observed for the LI-0º (Fig 6C) and LI-17º group 
(Fig 6D), the stress was located in the same position, but the group LI-0º also concen-
trated stress on the superior portion of the housing and were more pronounced than 
the LI-17º group.

Discussion
This study found that inclined implants caused an increase in overdenture displace-
ment for canine and lateral incisor regions, rejecting the null hypothesis, which differ-
ent implant position and angulation would not affect the biomechanical behavior of 
implant retained mandibular overdentures using Micro ERA® system. This may imply 
that changes in implant inclination from 0º to 17º can compromise the overdenture 
retention. Similarly, previous studies have observed a reduction in the retentive force 
for the attachment as the implant inclination increases11,15,33. However, besides the 
inclination the number of implants can also take place in creating a more stable sys-
tem with reduced displacement, and denture rotation around the fulcrum line34. Under 
the clinical scenario, denture base rotation has a negative effect on masticatory abil-
ity and can influence patient satisfaction35. Thus, an experienced surgeon should be 
aware of choosing the most parallel implant position and favorable biomechanical 
scenario as possible.

The non-angulated implant in the lateral incisor position presented lower compres-
sive stress values for peri-implant bone tissue. Thus, the peri-implant stress caused 
by implant location can influence the bone response and should be evaluated when 
planning patient treatment12. Similarly, previous studies stated that the optimum 
location for implant placement is the mandibular lateral incisor area on both sides 
with implants placed parallel to the axes of the missing teeth axis12,36. Regarding 
the tensile stress, which will assume the most likely region to suffer resorption, the 
higher values was presented for the LI-0º group, in which the stress was located in 
the cortical layers around the implant first treads (Fig 4C)22,37. The results suggest 
that overdentures with lateral incisor implants is the worst design in terms of bio-
mechanical environment for the bone, moreover, it may favor much greater stress 
registered into the attachment component38. For FEA, when two bodies with dif-
ferent Young modulus (cortical bone and titanium implant) come into contact, the 
highest stress is presented at the beginning of the contact surface9,39. This finding 
indicates that the loading applied to the implant is also transmitted to the cortical 
bone, which explains the clinical marginal bone loss found around the implants in 
other studies39,40.

The models with implants in the lateral incisor position presented the highest von 
Mises stress in the Micro ERA® nylon. Moreover, it was noted that the non-inclinated 
implants in the lateral incisor position presented a stress concentration in top of the 
housing, suggesting an implant intrusion. This finding shows that the location men-
tioned may be the one with greatest nylon wear, promoting retention loss and a higher 
maintenance costs. Equally, a FEA study38 compared the stress distribution in man-
dibular two-implant overdentures according to implant locations (lateral incisors and 
canines), and observed the worst biomechanical environment for the lateral incisor 
position. In addition to be the worst model for the attachment components38. For the 
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different angulations, a previous study found that implant/attachments perpendicular 
to the occlusal plane were appropriately retentive in the first year and the retentive 
capacity of the nylon component was affected by implant inclinations41. However, in 
this study the angulated implant groups presented the lowest stress compared to the 
parallel implants and, according to this, would take more time to lose retention. This 
can be explained by the angled attachment to compensate inclined implants, favoring 
biomechanically the system.

Finite element analysis is a useful method in dentistry to estimate the stress distribu-
tion in the peri-implant bone, prostheses, and prosthetic components in different sce-
narios. However, in a clinical situation it would not be possible to control bone density, 
soft tissue resilience, implant inclination and osseointegration12,22. Therefore, it has to 
be assumed simplifications related to material properties and geometry which some-
times limit the data to be extrapolated into the clinical scenario26,30. In addition, the 
absence of bilateral loading is a limitation of this study, since the loading orientation 
can change the tension patterns. Despite the fact that mechanical load and stress dis-
tribution are directly related to the implant longevity, further studies and clinical trials 
should be performed to better understand the difference implant location, validate the 
results of this FEA study and provide guidance for clinicians.

From this in silico study it can be concluded, despite the fact that mechanical load 
and stress distribution are directly related to the implant longevity, further studies and 
clinical trials should be performed. Also, it would allow a better understanding about 
the difference for implant location, validate the results of this FEA study and provide 
guidance for clinicians. 
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