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Abstract:

Purpose: The purpose of this finite element analysis (FEA) was to evaluate the effect of
specific retention biomaterials with different elastic modulus on the biomechanical response
to the axial and off-axial biting loads of a mandibular midline single implant-supported
overdenture (SIO) model.

Methods: Five 3-dimensional (3D) finite element models of an edentulous mandible with

SIO were designed as follows: model M with a titanium retentive element for ball
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attachment, model P with PEEK retentive element, model S with silicone resilient liner
retentive element, model T with a thermoplastic acrylic resin retentive element made from a
CAD-CAM material, and model A with polyacetal resin retentive element. Posterior bilateral
vertical load (PV) at the 1%t molar areas and anterior oblique load (AO) at the incisal edge of
the mandibular central incisors at a 30-degree angle of 100 N were applied. Stress values
were recorded.

Results: Stress values were higher for all models under (AO) loading than under (PV)
loading. Model M recorded the highest stress values on the implant, its components, cortical,
and cancellous bone under both loading conditions. Under (AO) loading condition, the ball
abutment von Mises stress value in model S was almost 7 times less than model M (19 and
130 MPa respectively) and the other 3 models (P, T, and A) (119, 121, 120 MPa
respectively). However, model S recorded the highest value of denture base stress at the
attachment area.

Conclusions: The elastic modulus of retention materials can affect stresses generated on the

implant overdenture components and supporting structures.
1. Introduction

Osseointegrated implants have been used to enhance support, stability, and retention of
complete dentures.>? Although two to four implants are preferred, this option is not always
the best alternative for some patients due to economic and anatomical constraints.
Alternatively, a mandibular overdenture retained by a single implant placed in the midline
area of the edentulous mandible, which was suggested by Cordioli et al.* might be a feasible
option. Previous studies*-®reported its favorable outcomes,

especially when compared to complete dentures. Moreover, it can be considered as a simple,

less invasive, and straightforward prosthetic technique.’



The number of implants, their distribution, residual ridge shape, bone quality,
prosthesis retention, patient dexterity, and the prosthesis design are among the factors which
affect the attachment selection.® Ball attachment has been commonly used to retain single
implant-supported overdentures (SIO) since they offer better stability and bracing effect
when compared to shorter locator attachments.®-**

Despite the reliable outcomes reported for SIO, complications such as denture base
midline fracture of SIO due to stress concentration at the weak area adjacent to the
attachment can occur during functional loading.*?*® A high rate of fracture incidence close to
50% was observed in 1 year.'® Prosthetic adjustments such as the replacement or reactivation
of the attachment due to retention loss was another complication.” In addition, SI1O is
biomechanically much more complex since the prosthesis's movement is three dimensional
when compared to two implant-supported overdenture (T10) which demonstrates a two-
dimensional movement.’

Studies that investigated the biomechanics of SIO treatment approach showed some
variations in their findings. Two previous studies*®°concluded that SIO tends to generate
higher stress values on bone when compared to the TIO. On the other hand, Maeda et
al,*found that the SIO retained with dome-type magnet or ball attachments is biomechanically
similar to TIO in terms of lateral forces to the abutment and denture base movements under
functional molar loading. Liu et al,” used a finite element analysis (FEA) to conclude that the
peri-implant bone strains for SIO were low and did not exceed the physiological limits.

Different biomechanical factors play a role in force distribution around
osseointegrated dental implants, including the type of loading, material properties of the
implant and the prosthesis, attachment type, implant geometry, surface structure, quality, and
quantity of the surrounding bone.?%-?2 Unlike natural teeth, implants are unable to buffer

occlusal forces. As a result, they may be more prone to occlusal overloading, which is



frequently regarded as one of the potential causes of peri-implant bone loss and implant
failure. Large cantilevers, parafunctional habits, improper occlusal designs, and premature
contacts are examples of overloading factors that may have a negative impact on implant
longevity. Frost's mechanostat theory?® proposed that bone can make a biomechanical
adaptation in response to an external loading condition. According to that theory, four
microstrain zones that corresponded to mechanical adaptations were defined: (a) disuse
atrophy, (b) steady-state, (c) physiological overload, and (d) pathological loading.
Mechanical fatigue damage occurs between 2500 and 3500 microstrains, but bone modeling
normally repairs the damage by depositing new bone, which is mostly woven bone.
Pathological bone resorption begins when peak loading levels exceed 3500 microstains. The
amount of strain is directly correlated to the applied stress such as occlusal loading and the
mechanical properties of the bone.?#?® Longitudinal studies?® have shown that implants for
overdentures can fail due to osseointegration loss even in the absence of bacterial infection;
thus, occlusal forces play a critical role in long-term success. Denture base reinforcements in
the form of metal®”?8 and fibers?®-32 have been used effectively for enhancing the denture
base rigidity and providing even stress distribution to the supporting structures. Besides, the
type of attachment may affect potential denture movement and stress distributions on bone
and implants.3334

A variety of materials with favorable physicochemical and mechanical properties
have been tested as retentive attachment receptacles for ball abutment such as resilient
denture liners?®%>3% and thermoplastic polymers resins®"-*. Polymers such as
polyetheretherketone (PEEK) have been used as an alternative for titanium for fabricating
esthetic metal-free implant/attachments.3® PEEK abutments recorded lower biofilm values
than those made of titanium.*® Polyacetal copolymer is another type of thermoplastic resins

that combines the strength of metal and the flexibility and comfort of plastic. It has none or



little porosity, which reduces biological substance accumulation such as plaque.** Besides the
traditional forms, thermoplastic resin is also available in the form of computer-assisted
design/computer-assisted manufacture (CAD/CAM) blocks with superior mechanical
properties and better color stability.*? Silicone resilient liners are wear-resistant, provide a
cushion-like effect reducing the fracture incidence, and more comfortable to the patient.3>36:43
Using resilient materials directly attached to the implant can provide better force distribution
and reduce the stress transfer from the implants to the supporting structures.?#*

A successful treatment plan should consider the biomechanical behavior under
masticatory loads along with overdenture retention and patient satisfaction.>® The use of
finite element analysis has been advocated by authors to study the transmission of stress to
the implants and the surrounding bone.*>4

The authors are unaware of studies that investigated the impact of different retention
biomaterials for a ball attachment on the biomechanical response of a mandibular midline
SIO. Therefore, this FEA aimed to evaluate the effect of specific retention biomaterials with
different elastic modulus on the biomechanical response to the axial and off-axial biting loads
of a mandibular midline SIO model. The null hypothesis of the study was that different
retention materials will not affect the biomechanics of S1O under different loading

conditions.

2. Materials and methods

The current FEA was designed to simulate a clinical situation of an edentulous mandible
rehabilitated with an S10. A computer-aided design (CAD) 3D solid model was designed based
on real dimensions followed by applying the proposed material properties for each part to start
the analysis process.

The proposed 3D virtual CAD model of the edentulous jaw (2.2 cm height x 1.8 cm

width x 13.5 cm length) and the SIO was established as shown in figure 1. The geometry was



modeled using the CAD software*"® (Solidworks© 2017; Dassault Systems Solidworks
Corp). A single conventional implant (3.75 mm in diameter x 11 mm in length) connected to
a ball attachment (2.25 mm wide x 2 mm high) was centralized in the symphysis of the
mandibular residual ridge crest. A space for the ball attachment was provided in the intaglio
surface of the prosthesis. The model components including cortical bone, cancellous bone,
implant, ball abutment, matrix, mucosa layer, and overdenture were designed and assembled
in Solidworks® 2017 similar to a previous study*®. Then, the model was imported to the
analysis software (Ansys® 2019 R3; Ansys Inc). Then, the mechanical properties of the used
materials were set in the software based on the literature”18.284248-52 (Taple 1). A meshing
was generated for all parts using an automatic adaptive mesher and the required force vectors
were applied to the desired positions.

Based on the actual position of the mandible and overdenture, the precise geometry of
the mucosal area contacting the intaglio surface of the denture was deduced. The edentulous
mandible was composed of a 2-mm constant cortical bone layer around a core of cancellous
bone (19.2 mm) covered by a 2-mm-thick mucosa. The prosthetic acrylic overdenture base
with a 2 mm thickness above the attachment was simulated. Denture teeth were simplified.*8

Ten-noded tetrahedral elements were selected for model generation. The model had
37255 elements and 69696 nodes. The bone tissues were considered as isotropic, linear,
homogeneous, and 100% osseointegrated to the implants. Similar to a clinical situation,
bonded contacts were considered to exist among different components, which means that
they were displaced as 1 unit and did not penetrate each other. However, a sliding friction
contact at the overdenture-mucosa interface and between the ball abutment and matrix was
considered.®2

Five 3-dimensional (3D) finite element models were analyzed depending on the

material used for retention element fabrication (Table 2) as follows: model M with a titanium



retention element (socket) (3.7 mm in height x 5.5 mm in diameter) for ball attachment,
model P with PEEK retention element, model S with silicone resilient liner retention element,
model T with a thermoplastic acrylic resin retention element made from a CAD-CAM
material which is used for fabricating long term provisional restoration (Multistratum
flexible; Zirkonzahn), and finally model A with polyacetal resin retention element. These
materials have been selected for testing since they presented positive results (fatigue,
retention, and deformation) in previous studies®”* when used as a matrix with ball abutment
for implant/mini-implant-supported overdentures. A previous photoelastic stress distribution
study®? concluded that no discernible differences were observed among the locator and
different ball attachment systems with metallic female receptacle (with or without a nylon
insert). Therefore, the female insert for model M was designed from titanium without a nylon
insert.

A mesh was generated with an element size of 0.6 mm and submitted to convergence
analysis before mechanical simulation. The stress behavior of the different retention materials
was analyzed under 2 different loading conditions: bilateral posterior vertical (PV) loading
condition where a 100-N axial load was applied bilaterally and simultaneously on the first
molars'® (simulating mandibular overdenture in balanced occlusion with the opposing
maxillary denture) and anterior oblique (AO) loading condition where a 100-N load was
applied to the incisal edge of the mandibular central incisors at a 30-degree angle?’
(simulating biting with incisor teeth). Stress distribution on the denture base, ball attachment,
matrix, implants, mucosa, and peri-implant cortical and cancellous bone was investigated.
von Mises stresses on the implant, matrix, and ball attachment were obtained. Maximum
principal stresses (Pmax) on the denture base and peri-implant bone were recorded, while

minimum principal stresses (Pmin) on the mucosa were recorded to investigate its ability to



compress.'® The stresses were numerically generated, color-coded (stress maps), and
compared among all the models.

3. Results

Under the (PV) loading condition, model M recorded the highest values of Pmaxo0n the
denture base and von Mises stresses on the matrix, abutment neck, and implant (Fig. 2A, 2B,
3, 4, 5). The anterior Pmax on the denture base in model M were concentrated lingually above
the ball as seen in Figure 3. The von Mises stress values on the ball abutment and the matrix
of the other 4 models were lower than model M by almost 50% (Fig. 2B). The lowest values
of implant stress were recorded in model T and model S. The Pmin value on the mucosa for
model M was higher than the rest of the models and stresses were compressive (Fig. 2C, 6).
The values of Pmax 0n cortical and cancellous bone were the highest in model M and those for
cortical bone and were 2 times higher than the other models, however, it did not exceed 0.12
MPa (Fig. 2D, 7, 8). Model S recorded the lowest value of Pmax on cortical bone. The Pmax
values on the cancellous bone for models P, S, T, and A were very close and the lowest value

was recorded by model A.

Under (AO) loading condition, the Pmax value on the denture base anteriorly at the
matrix area was the highest for model S and the lowest for model A, while posteriorly the
lowest Pmax value was recorded in model M (Fig. 9A, 10). The von Mises stresses on the
attachment components and implant were the lowest in model S and the highest in model M
(Fig. 9B, 11, 12). Interestingly, the von Mises stress value on the abutment in model S was
almost 7 times less than model M (19 and 130 MPa respectively) and the other 3 models (P,
T, and A) (119, 121, and 120 MPa respectively). Model S recorded the lowest value of Pmin
on the mucosa (Fig. 9C, 13) and for Pmax on the cortical bone which was nearly 50% less than
the other 4 models. Pmax On the cancellous bone were the lowest for models P and S (Fig.

9D). The Pmax values on the cortical and cancellous bones were the highest for model M (Fig.
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14, 15). For both loading conditions, von Mises stresses were concentrated around the neck
of the ball abutment. Stress values were higher for all models under anterior oblique loading
than under bilateral posterior vertical loading. In general, the recorded values for all of the
models did not exceed the physiologic stress limits of cortical and cancellous bone in
compression.?->*

4. Discussion

Our null hypothesis was rejected since different retention materials affected the biomechanics
of SIO during FEA. Stress distribution to all of the structures of the implant-supported
prosthesis can be evaluated using a numeric analysis made through finite element models,
which helps to overcome some methodological and ethical restrictions of other experimental
methods. It can give accurate information on how efficient the system is from the
biomechanical aspect.*® A 100 N was selected in this study since a study >° reported that the
maximum bite force for SIO was 146.6 £56.2 N.

The biomechanical behavior of implant-supported overdentures is an important factor
in treatment planning. An implant-supported overdenture is exposed to different types of
axial and non-axial stresses, including the masticatory force. The sum of these forces is
transmitted through the attachment superstructure to the implants and the supporting
structures and may cause stress concentration in certain areas of the implants.*® The peri-
implant bone stresses, as well as the denture movement, can be modified by different
approaches such as changing the material of the attachment system.224556:57

Similar to previous investigations,'®%® this FEA showed that ball abutment absorbed
most of the applied stresses with a tendency toward stress concentration at the thin neck of
the ball abutment. Although high attachments with a small diameter such as ball enhance
bracing, however, they act as a lever arm and favor lateral forces and stress concentration in

the weakest area of the implant/abutment complex (abutment neck) and the surrounding



cortical bone.*® Since the abutment neck absorbed most of the applied stresses, the amount of
energy transferred to the implant is reduced.®® Instead, those stresses at the ball abutment
neck are transmitted to the nearby cortical bone at the crest. As a result, it recorded higher
stress values when compard to the cancellous bone since the former has a higher young
modulus and density.'®%%-%2 This was evident in this study especially with the (AO) loading
condition.

Matrix fabricated from silicone resilient liner reduced the stresses transmitted to the
ball abutment, implant, mucosa, and supporting bone under both loading conditions.
Therefore, they may reduce the incidence of technical complications such as abutment
fracture. This may be attributed to its higher Poisson ratio (viscoelastic properties) and lower
modulus of elasticity that can compensate for the difference in resiliency between the mucous
membrane and the dental implants and transmit some of the occlusal loads to the residual
ridge.*® In other words, they provide vertical and rotational resiliency while acting as a stress
breaker, absorbing more energy, and transmitting less stresses to the other structures. 82864
Kanzawa et al.%® reported that applying silicone resilient materials to the female part of ball
attachment can significantly reduce stresses on the surrounding tissues with anterior loading.
A previous FEA study % concluded that overdentures supported by conventional or mini-
implants with a ball and flexible O-ring retention system demonstrated minimal stress within
the bone and implants.

In addition, the other 3 tested polymer materials (models P, T, and A) reduced the
amount of stress on the entire overdenture components and bone due to their lower elastic
modulus and higher tendency toward deformation than titanium. Similarly, previous
studies*°®57 concluded that plastic clips used with metal bar attachment for implant
overdenture can reduce stresses on all of the structures when compared with metallic gold

clips. It has been reported that crown materials with low modulus of elasticity, such as acrylic
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resin, act as a shock absorber for occlusal impact forces. As a result of their damping effect,
the effect of occlusal forces on the bone-implant interface is significantly reduced.??

Since model M recorded the highest Pmax value on denture base anteriorly around the
attachment under the (PV) loading, this indicates that denture base fracture is more liable to
occur in this area when a metal socket is used as reported previously.®” Tensile stresses were
recorded in denture bases at the area of the metal socket with bilateral posterior loading.258
However, under the (AO) loading condition, the highest Pmax Value on the anterior denture
base area was seen in model S which might be due to the severe compression and hence the
reduced thickness of silicone resilient liner in this area during load application. The denture
base Pmax were lower for the other 3 models (especially model P) with polymer matrices
which could have enhanced the denture base thickness in this area.

Maeda et al.® reported that the lateral load to the implant and the denture base
movement decreased when the distance between the implant and the loading point increased.
This explains why lower stress values were recorded with bilateral posterior axial loading
than those recorded with anterior oblique loading. This finding was in agreement with
previous studies?%°7° since oblique loading is analyzed into vertical and detrimental lateral
loads.

When a load is applied anteriorly, overdenture starts to rotate over the implant and
bend vertically rather than moving in a horizontal direction, increasing the lateral forces
during function.® This analysis suggests that most of these lateral stresses were transmitted to
the ball abutment especially when a titanium retentive matrix was used.

In this study, both cortical and cancellous bone stresses increased with anterior
oblique loading. However, an FEA study conducted by Liu et al.” on the influence of the

implant number on the biomechanical behavior of mandibular overdentures found that SIO
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rotated over the implant from side to side under vertical load on the lower incisors without
increasing the peri-implant bone strains.

Finally, neither von Mises stresses on the attachment and the implant nor maximum
principal stresses on the bone exceed the yield stress values of titanium and bone. #6671
Therefore, the results of this study support the previously reported successful long-term
clinical outcomes of SI0.*°> Moreover, they support the concept that, in SIO, the greatest part
of the load is directed to the denture bearing mucosa. This study has the same previously
reported limitations of FEA.”? Therefore, further investigation with clinical studies is

recommended.

5. Conclusion
Within the limitations of the study, the following can be concluded:

1. The elastic modulus of the retention (matrix) materials can affect stresses generated
on the implant overdenture components and supporting structures.

2. For all the models under both loading conditions, maximum principal stresses were
concentrated on the ball attachment neck. However, these stresses tend to decrease
with retention materials of lower elastic modulus especially silicone resilient liner.

3. The investigated non-metallic retention materials especially silicone resilient liner can
reduce stresses to the supporting bone, the implant, and attachment components.
Hence, they can reduce the incidence of ball attachment’s complications and
maintenance requirements for SI10.

4. All the tested materials can be considered as a suitable retention/receptacle material
for the ball attachment from the biomechanical point of view.

5. Bilateral posterior occlusal contact is recommended for SIO in terms of stress

distribution. Anterior oblique incisal contact should be avoided.
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6. SIO retained with ball attachment can be considered a feasible treatment option as it

doesn’t cause stress concentration on the bone around the implant.
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Tables

Table 1. Properties of materials used for finite element analysis models

Material Density Young's Poisson's | Tensile yield

(kg/m®) modulus (MPa) | ratio strength (Mpa) | Reference
Titanium 4400 1.10E+05 0.35 834 49,50
Cortical bone 1990 13700 0.3 114 750
Cancellous bone 1847 1370 0.3 52 18,50
Acrylic resin teeth 1190 2940 0.3 61 28,50
Acrylic resin denture base 1190 2700 0.3 61 48,50
Mucosa 1400 0.34 0.45 4 8
Silicone resilient liner 1150 21 0.44 2,24 8
Polyether ether ketone 1320 3500 0.36 72 4
(PEEK)
CAD-CAM thermoplastic 1200 2400 0.3 125 42 manufacturer
resin (Multistratum flexible;
Zirkonzahn)
Polyacetal resin 1420 2900 0.44 70 5182
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Table 2. Materials used for retention element fabrication

Model Material of retention element (matrix)
Model M Titanium

Model P PEEK

Model S Silicone resilient liner

Model T Thermoplastic resin

Model A Polyacetal resin
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Fig. 1. Sagittal view of virtual overdenture model.
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Fig. 2. Overdenture stresses during bilateral posterior vertical loading (PV). A, Maximum
principal stresses (MPa) on denture base. B, von Mises maximum stresses (MPa) on matrix,
ball abutment, and implant. C, minimum principal stresses (MPa) on mucosa. D, Maximum
principal stresses (MPa) on peri-implant cortical and cancellous bone.
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Fig. 3. Stress maps (maximum principal stresses) on denture base at the matrix area (PV
loading). A, with titanium (model M). B, with PEEK (model P). C, with silicone resilient
liner (model S). D, with thermoplastic resin (model T). E, with polyacetal resin (model A).
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Fig. 4. Stress maps (von Mises stresses) on ball abutment (PV loading). A, with titanium

(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with
thermoplastic resin (model T). E, with polyacetal resin (model A)
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Fig. 5. Stress maps (von Mises stresses) of dental implant (PV loading). A, with titanium
(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with
thermoplastic resin (model T). E, with polyacetal resin (model A)
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Fig. 6. Stress maps (minimum principal stresses) on mucosa (PV loading). A, with titanium
(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with
thermoplastic resin (model T). E, with polyacetal resin (model A) (red circle represents

location of measurement).
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Fig. 7. Stress maps (maximum principal stresses) on cortical bone (PV loading). A, with
titanium (model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D,

with thermoplastic resin (model T). E, with polyacetal resin (model A)(red circle represents
location of measurement).
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Fig. 8. Stress maps (maximum principal stresses) on cancellous bone (PV loading). A, with
titanium (model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D,
with thermoplastic resin (model T). E, with polyacetal resin (model A).
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Fig. 9. Overdenture stresses during anterior oblique loading (AO). A, Maximum principal
stresses (MPa) on denture base. B, von Mises maximum stresses (MPa) on matrix, ball
abutment, and implant. C, minimum principal stresses (MPa) on mucosa. D, Maximum
principal stresses (MPa) on peri-implant cortical and cancellous bone.

Fig. 10. Stress maps (maximum principal stresses) on denture base at the matrix area (AO
loading). A, with titanium (model M). B, with PEEK (model P). C, with silicone resilient
liner (model S). D, with thermoplastic resin (model T). E, with polyacetal resin (model A).
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Fig. 11. Stress maps (von Mises stresses) on ball abutment (AO loading). A, with titanium
(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with
thermoplastic resin (model T). E, with polyacetal resin (model A).

Fig. 12. Stress maps (von Mises stresses) on dental implant (AO loading). A, with titanium
(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with
thermoplastic resin (model T). E, with polyacetal resin (model A).
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Fig. 13. Stress maps (minimum principal stresses) on mucosa (AO loading). A, with titanium
(model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D, with

thermoplastic resin (model T). E, with polyacetal resin (model A) (blue circle represents
location of measurement).
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Fig. 14. Stress maps (maximum principal stresses) on cortical bone (AO loading). A, with
titanium (model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D,
with thermoplastic resin (model T). E, with polyacetal resin (model A)(red circle represents

location of measurement).
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Fig. 15. Stress maps (maximum principal stresses) on cancellous bone (AO loading). A, with
titanium (model M). B, with PEEK (model P). C, with silicone resilient liner (model S). D,
with thermoplastic resin (model T). E, with polyacetal resin (model A).
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