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A 3D Finite Element 
Analysis of Bone Tissue in 
3-Unit Implant-Supported 
Prostheses: Effect of 
Splinting Factor and Implant 
Length and Diameter

ABSTRACT
This study aimed to assess the effects of splinting in 3-unit implant-supported pros-

theses with varying the splinting factor, length of the implant, and the diameter of the 
1ºmolar (1ºM) implant on cortical bone tissue (CBT). Twelve 3D models were simulated, 
which  represented the posterior maxillary with 3 implants, supporting 3-unit FDP vary-
ing the splinting factor (single-unit crowns, splinted crowns straight-line and offset im-
plant configuration [OIC]), length of the implant (7mm and 8,5mm), and the diameter 
of the 1ºM (Ø4 mm and Ø5 mm). The CBT was analyzed by maximum principal stress 
and microstrain maps. The increase in implant diameter improved the biomechanical 
behavior of rehabilitation. The increase of the implant diameter in the 1ºM associated 
with OIC generated the best biomechanical behavior for CBT. The splinting was effec-
tive in decreasing stress and microstrain, mainly when associated with OIC and implant 
diameter of Ø5 in the 1ºM. The effect of increasing the diameter of the implant referring 
to the 1ºM for single-unit crowns was more effective than the effect of the splinting of 
implants with Ø4 mm in straight-line. The diameter and splinting factors showed to be 
more important than implant length to reduce the stress and microstrain on CBT.

INTRODUCTION
The rehabilitation of patients with partial edentulism – such as in Ken-

nedy class I and II scenarios – in the posterior maxilla (scenarios with miss-
ing premolars and a molar, or a missing second premolar and 2 molars) 
with dental implants is a challenge, since the literature has associated a 
greater tendency to implant failure in this region because it is an area 
of lower bone density that receives a greater occlusal force (Misch, 1999; 
Goiato et al., 2014).

The reduced height of the bone crest of this area has been usually asso-
ciated with the pneumatization of the maxillary sinus (Perelli et al., 2012) 
and, sometimes, it is not possible the placement of longer dental implants 
(LDIs), but it allows the placement of an dental implant with a larger di-
ameter (Mendonça et al., 2014). This way, the placement of short dental 
implants (SDI) (<10mm) has been suggested in order to avoiding invasive 
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surgical procedures, reduces the morbidity, time and cost of 
the rehabilitative treatment (Perelli et al., 2012). However, the 
success of the planning using SDI is controversial (Mendonça 
et al., 2014). Lemos et al. 2016 published a systematic review 
and meta-analysis comparing SDI (< 8mm) with standard 
length implants and they concluded that dental implants with 
a length of less than 8mm (4 to 7mm) should be used with 
caution, since they have a large risk of dental implant failures 
when compared to standard length implants; however, the 
splinting factor was not considered in the systematic review 
(Lemos et al., 2016).

In this context, the splinting of the dental implant may favor 
the load sharing between the dental implants and dissipate 
the stress more favorably to the bone tissue, avoiding the 
overload, especially when the dental implants were positioned 
in poor bone quality (de Souza Batista et al., 2017a; Mendonça 
et al., 2014) or when the association of SDI with a LDI was 
planned (Pellizzer et al., 2014; Pellizzer et al., 2015). Nonethe-
less, more attention to obtain passivity of the restoration as 
well as better instruction and training in order to maintain 
an adequate oral hygiene are necessary for patients who use 
splinted prostheses (Solnit & Schneider 1998; Vázquez Álvarez 
et al., 2015). Faced with these facts, the clinical indecision be-
tween splinting or not the prosthesis is still common among 
professionals that it has been acted in the area of implantol-
ogy (Mendonça et al., 2014).

In the context of the splinting, a modification in the place-
ment of the central implant (for vestibular or lingual) – config-
uring the tripoidal positioning – has been suggested as an al-
ternative for straight-line implants supporting 3-unit splinted 
fixed dental prosthesis (FDP). A 3-dimentional (3D) finite ele-
ment analysis (FEA) study showed the biomechanical advan-
tages in using the offset implant configuration to rehabilitate 
the posterior maxilla; however, only external implants with 10 
mm of length was studied (de Souza Batista et al. 2017a). Fur-
thermore, the effect of the offset implant configuration is still 
not fully understood (Batista et al., 2015), mainly in its relation 
to biomechanical behavior in SDIs or SDIs associated with a 
LDI with different diameter. 

The diameter of the dental implant is another important fac-
tor to be assessed, since the literature has reported that larg-
er diameter implants have generated an improvement in the 
biomechanical behavior of the rehabilitation (Santiago Junior 
et al., 2016; Minatel et al., 2017; Meimandi et al., 2018). Previ-
ous biomechanical studies showed that dental implants of Ø4 
mm x 10 mm placed in the molar area tend to receive greater 
masticatory forces, especially when the FDP was not splinted 
(de Souza Batista et al., 2017a; Lemos et al., 2018). Thus, in the 
context of planning the placement of three dental implants 
to support the replacement of missing premolars and a mo-
lar, would the increase of the diameter of the dental implant 
in the molar area avoid the use of splinted crowns? The data 
needed to answer this question are scarce in the literature.

The 3D-FEA is a useful tool to better understand the biome-
chanical behavior in the association of these factors (splinting, 
length and implant diameter) and the data offered after anal-
ysis may contribute to improve the surgical and prosthetic 
planning (Pirmoradian et al. 2019).

The purpose of this 3-dimensional (3D) finite element analy-
sis was to assess the effects of splinting in 3-unit implant-sup-
ported prostheses with varying the splinting factor (single-unit 
crowns, splinted crowns straight-line and offset implant con-
figuration), length of the dental implant (7mm and 8,5mm), 
and the diameter of the 1ºmolar implant (Ø4 mm e Ø5 mm). 
The null hypothesis was that the studied variables would not 
generate differences in the biomechanical behavior of the 
bone tissue. 

MATERIAL AND METHODS

EXPERIMENTAL DESIGN 
The methodology used followed previously published stud-

ies (Santiago Junior et al., 2016; Minatel et al., 2017; de Souza 
Batista et al., 2017b; Lemos et al., 2018). This research was 
developed considering the following factors: splinting (single-
unit crowns, splinted crowns with straight-line implants and 
offset implant configuration), length of the implant of the 
2ºPM and 1ºM (7mm and 8,5mm), and the increase of diam-
eter of the 1ºmolar implant (Ø4 mm e Ø5 mm), under axial 
and oblique loading. 

3D MODELING
Twelve 3D models were simulated to represent clinical situ-

ations (Table 1). The models represented the posterior maxil-
lary segment (first premolar to first molar) with three external 
hexagon (HE) implants (Conexão Sistemas de Prótese Ltda., 
Arujá, São Paulo, Brasil) supporting 3-unit FDP, screw retained. 

The modeling of the bone tissue followed previously pub-
lished studies (de Souza Batista et al. 2017a). For this stage, 
the in Vesalius software (CTI Renato Archer) was used to ob-
tain the stereolithography file, then the surface simplification 
was performed in the program Rhinoceros 4.0 (NURBS Mod-
eling for Windows, Seattle, Washington, EUA). 

The dental implant design was obtained by simplification of 
an external hexagonal design (Verri et al., 2016). The distance 
of the dental implants was the same for all simulated models 
as preconized in previously published studies (de Souza Ba-
tista et al., 2017a). The intermediate dental implant – relative 
to the second premolar – was horizontally displaced by 1.5 
mm in the buccal direction in the offset implant configuration 
models (de Souza Batista et al., 2018). Single-unit and splinted 
FDP was simulated in straight-line. Screw-retained metal-ce-
ramic restoration was simulated for all models.
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Dental implants, abutments, crowns, and abutment screws 
were simplified using SolidWorks (SolidWorks Corp) and Rhi-
noceros software (NURBS modeling for Windows [Microsoft 
Corp]; Robert McNeel & Associates). Subsequently, all geom-
etries were exported to discretization in the FEMAP software 
11.4.2 (Siemens PLM Software Inc).

CONFIGURATION OF THREE-DIMENSIONAL 
ANALYSIS AND INTERFACES CONDITIONS, 
BOUNDARY AND LOADS
Meshes with tetrahedral parabolic solid elements were gen-

erated in the preprocessing stage in the FEMAP 11.4.2 soft-
ware. In this stage, the mechanical properties of each simu-
lated material used in the 3D model were attributed to the 
meshes (Sertgöz, 1997; Sevimay et al., 2005; Verri et al., 2017) 
(Table 2). All materials were considered linearly elastic, homo-
geneous, and isotropic. The abutment/dental implant contact 
was configured as symmetrical, and all other contacts were 
configured as symmetrically welded. The boundary conditions 
were established as fixed in all axes in the upper surface of 
the bone block (de Souza Batista et al., 2017a). The applied 
forces were 400 N axially – 50 N at each cusp tip – and 200 N 
obliquely – 50 N applied at 45° in each lingual cusp ridge of 
buccal cusp.

Table 1. Description of models.

Models
Type of Prosthesis/

Implant Position

Diameter/Length No. of Nodes/ 
Elements1º PM 2º PM 1º M

M1 Single-unit crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø4 mm x 8,5 mm 833.345/ 1.764.983

M2 Splinted crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø4 mm x 8,5 mm 773.212/ 1.669.827

M3 Splinted crowns/ offset Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø4 mm x 8,5 mm 741.266/ 1.623.719

M4 Single-unit crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 7 mm Ø4 mm x 7 mm 819.762/ 1.743.659

M5 Splinted crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 7 mm Ø4 mm x 7 mm 754.523/ 1.640.937

M6 Splinted crowns/ offset Ø4 mm x 10 mm Ø4 mm x 7 mm Ø4 mm x 7 mm 682.310/ 1.532.596

M7 Single-unit crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø5 mm x 8,5 mm 751.679/ 1.639.990

M8 Splinted crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø5 mm x 8,5 mm 749.623/ 1.635.632

M9 Splinted crowns/ offset Ø4 mm x 10 mm Ø4 mm x 8,5 mm Ø5 mm x 8,5 mm 702.381/ 1.562.564

M10 Single-unit crowns/straight-line Ø4 mm x 10 mm Ø4 mm x 7 mm Ø5 mm x 7 mm 724.914/ 1.597.072

M11 Splinted crowns/ straight-line Ø4 mm x 10 mm Ø4 mm x 7 mm Ø5 mm x 7 mm 722.440/ 1.590.232

M12 Splinted crowns/ offset Ø4 mm x 10 mm Ø4 mm x 7 mm Ø5 mm x 7 mm 724.928/ 1.595.476

1º PM, first premolar; 2º PM, second premolar; 1º M, first molar; Ø, diameter; mm, millimeter.

Table 2. Mechanical properties applied in finite element 
analysis

Structure
Elastic 

Modulus 
(GPa)

Poisson 
ratio

(v)
Reference

Trabecular bone 
with low density 
(type IV bone)

1.10 0.30 Sevimay et 
al., 2005

Cortical bone 13.7 0.30 Sertgöz et 
al., 1997

Titanium (abutment 
screw and dental 
implant)

110.0 0.35 Sertgöz et 
al., 1997

Ni-Cr alloy 206.0 0.33 Verri et 
al. 2017

Feldspathic 
porcelain

82.8 0.35 Verri et 
al. 2017

GPa, gigapascal; NiCr, Nickel-Chromium
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FINITE ELEMENT ANALYSIS
All mathematical problems were processed by Nei Nastran 

11.1 (Noran Engineering, Inc., Westminster, California, USA) 
to obtain the results. After data processing, the results were 
exported to FEMAP 11.4.2 for graphical visualization of stress 
and strain (Santiago Junior et al., 2016; Minatel et al., 2017; 
de Souza Batista et al., 2017b) in the bone tissue by using 
of maps of maximum principal stress and microstrain (με – 
strain x10-6). The maximum principal stress may offer values 
of compressive (negative values) and tractive (positive values) 
stress (Torcato et al., 2014; Verri et al., 2014; Santiago Junior 
et al., 2016; de Souza Batista et al., 2017b). The microstrain 
was used to obtain values to compare with the scale of risk of 
resorption provided by Frost (Frost, 2003). The unit of meas-
urement for the maximum principal stress was MegaPascal 
(MPa). The με was measured by the strain unit x10-6, and its 
magnitude is dimensionless.

RESULTS

MAXIMUM PRINCIPAL STRESS ANALYSIS
Low values of tensile stress and compression in the cortical 

bone tissue around the dental implants were visualized in 
axial loading for all simulated models (Figure 1). In general, 

the highest values of tensile and compressive stress were 
visualized in the oblique loading when compared to the axial 
loading (Figure 2).

Using scale of -10MPa to 40MPa, the oblique loading 
generated a greater area of tensile stress in the palatal region 
of the cortical bone tissue around the dental implants. A 
greater area of tensile stress (range of 30,6 MPa – 40 MPa) 
was visualized in the palatal region of the cortical bone 
tissue around the 1ºM implant of the M1 and M4 models 
when compared to the other models. However, the increase 
in implant diameter in the 1ºM implant region caused the 
reduction of this tensile stress area (M7 and M10). The M2, M5, 
M8 and M11 models showed a reduction of the tensile stress 
area in the palatal region (range of 18,13MPa to 40MPa) of the 
bone tissue around the 1ºM implant when compared to the 
M1, M4, M7 and M10 models, respectively, but they showed 
an increase of the area of tensile stress in the bone tissue 
around the 1ºPM and 2ºPM. Still in this context, the increase 
of the implant diameter in the region of the 1ºM (M8 and M11) 
favored the biomechanical behavior of the splinted crown 
with straight-line implants. Furthermore, the models with 
offset implant configuration (M3, M6, M9 e M12) reduced the 
area of tensile stress in the palatal region of the cortical bone 
tissue around the 2ºPM implant when compared to single-
unit crowns and splinted crowns with straight-line implants 
models (M2, M5, M8 and M11, respectively). In general, the 

Figure 1: Maximum principal stress on cortical bone tissue, axial loading, occlusal view.

Figure 2: Maximum principal stress on cortical bone tissue, oblique loading, occlusal view.
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increase of the diameter of the dental implants in the 1ºM 
region was efficient to improve the biomechanical behavior of 
the rehabilitation, especially for dental implants with single-
unit crowns (M7 and M10) that presented biomechanical 
behavior similar to the M2 and M5 models. Conversely, the 
reduction of the dental implants lengths of the 2ºPM and 1ºM 
of 8.5 mm to 7.0 mm resulted in the increase of tensile stress 
in the bone tissue around the 1ºM.

MICROSTRAIN ANALYSIS
Low values of microstrain in the cortical bone tissue around 

the dental implants were visualized in axial loading for all 
simulated models (Figure 3). In general, the highest values of 
microstrain were visualized in the oblique loading when com-
pared to the axial loading (Figure 4). 

The oblique loading generated a larger area of microstrain 
in the vestibular region of the cortical bone around the dental 
implants for all the models. The M1 and M4 models presented 
a larger area of microstrain (range of 5,200 με to 6,000 με) in 
the vestibular region of the cortical bone tissue around the 
1ºM implant when compared to the other models; however, 
the increase in implant diameter in the 1ºM region caused the 
reduction of the microstrain in this area (M7 and M10). The 
M2 and M5 models presented a reduced area of microstrain 

in the bone tissue around the 1ºM when compared to the 
M1 and M4 models, respectively, but this difference was not 
clearly observed between M7 (against M8) and M10 (against 
M11). The M3, M6, M9 and M12 models decreased the area 
of microstrain in the bone tissue around the 1ºPM and 1ºM 
when compared with the M2, M5, M8 and M11 models, re-
spectively, but they showed an increase in the microstrain 
area in the bone tissue around the 2ºPM. The increase in im-
plant diameter in the 1ºM region associated to offset implant 
configuration (M9 and M12) generated the best biomechani-
cal behavior, mainly to reduce the area of microstrain in the 
vestibular region of the 1ºM, in special for single-unit crowns 
(M7 and M10) that showed a reduction in the value of micro-
strain when compared to M2 and M5 models (Figure 5). 

In general, the reduction of the implant length of the 2º PM 
and 1ºM of 8.5 mm to 7.0 mm generated an increase of micro-
strain in the bone tissue around the dental implants.

DISCUSSION
The null hypothesis of the present study was rejected since 

the studied variables – splinting, length of the dental im-
plant of the 2ºPM and 1ºM, and the increase of diameter of 
the 1ºmolar implant – generated different patterns of stress/
strain distribution in the bone tissue.

Figure 3: Microstrain on cortical bone tissue, axial loading, occlusal view.

Figure 4: Microstrain on cortical bone tissue, oblique loading, occlusal view.
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The oblique loading increased the stress and strain values 
on cortical bone when compared to axial loading for all simu-
lated models. This result is in accordance with previous pub-
lished studies using FEA (de Souza Batista et al., 2017a; Lemos 
et al., 2018; Meimandi et al., 2018). Area of tensile/tractive 
stress in the palatal region and compressive stress in the ves-
tibular region of the cortical bone tissue around the dental 
implants occurred due to the direction to the load – 50 N ap-
plied at 45° in each lingual cusp ridge of buccal cusp – applied 
in the present study. 

In agreement with previous published studies (de Souza Ba-
tista et al., 2017a; Lemos et al., 2018), the results of the pre-
sent study suggest a biomechanical beneficial of the splinting 
mainly associated to offset implant configuration. The litera-
ture report that the splinting may favor the sharing of stress 
between dental implants of the rehabilitation, due to the rigid 
structure acts to join the dental crowns, consequently, de-
creasing the stress and strain on bone tissue (Pellizzer et al., 
2015; Lemos et al., 2018).

The increase of the implant diameter improved the biome-
chanical behavior of prosthetic planning. This data agrees 
with previously published studies that demonstrated this bio-
mechanical benefit for unitary dental implant (Minatel et al., 
2017) and for multiple dental implants (Akça K & Iplikçioğlu, 
2001). This improvement may have occurred by the fact of the 
dental implants with larger diameter dissipate the occlusal 
force with more effectiveness due to an increase of its surface 
area and mass (Akça K & Iplikçioğlu, 2001).

Planning the placement of the dental implant, type of con-
nection, type of prosthesis prior to dental implant placement 
– reverse planning – is fundamental for success (Block, 2018). 
Thus, the present study may contribute to a better under-
standing of the biomechanical behavior of different possibili-
ties of dental implant rehabilitation in the posterior maxilla. 

In fact, the increase in the diameter of the dental implant in 
the area of the 1ºM associated with offset implant configura-
tion generated a better biomechanical behavior for the bone 
tissue. Consequently, to assess the availability of bone tissue 
is essential using an adequate planning based on clinical and 
tomographic examination (Block, 2018), mainly for offset im-
plant configuration planning which requires a greater buccal-
lingual thickness of bone tissue.

Also, the increase the implant diameter of the 1ºM area 
(simulated situation in the M7 and M10) predominated on the 
effect of splinting of dental implants with Ø4 mm in straight-
line (simulated situation in the M2 and M5), offering a more 
favorable biomechanical behavior. Probably, the increase of 
the contact area between the dental implant and bone tissue 
– due to the use of large implant diameter – may be more 
beneficial to decrease the stress and strain on cortical bone 
than the force sharing provided by the splinting of the crowns. 
Extrapolating with caution to the clinical routine, the use of 
single-unit crowns may be viable when the diameter of the 
dental implant in the molar of Ø5 mm is planned.

The use of dental implants with 7 mm of length caused un-
favorable biomechanical behavior when compared to dental 
implants with 8.5 mm of length, in agreement with a previously 
published systematic review that observed a greater risk of den-
tal implant failure less or equal to 7 mm (Lemos et al., 2016). 
The literature has reported that the decrease in bone/dental 
implant contact surface and the unfavorable clinical crown/
dental implant ratio may justify this unfavorable biomechani-
cal (Atieh et al. 2012; Elangovan et al. 2013; Verri et al. 2016). 
Consequently, the use of LDIs – external connection – may be 
a viable option to improve the biomechanical performance in 
rehabilitation of three elements in the posterior maxilla.

Figure 5: Microstrain values on cortical bone under oblique loading.
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The materials simulated in the present study were consid-
ered isotropic, homogeneous and linearly elastic, as in previ-
ous studies (Iplikçioğlu & Akça et al., 2002; de Souza Batista 
et al., 2017). However, human tissues – as bone tissue – and 
dental materials are more dynamic in a clinical scenario in 
which may generate different results when FEA is compared 
to data obtained from clinical studies (Iplikçioğlu & Akça et al., 
2002). Consequently, this factor may be considered a meth-
odological limitation. 

Although MEF is an excellent tool for preclinical analysis in im-
plantology area (Pesqueira et al., 2014), randomized controlled 
trials about the effect of the studied variables in the present 
study on periodontal and bone tissues would provide more ac-
curate data for clinical application in the area of implantology. 

CONCLUSION
Within the limitations of the study, it was possible to con-

clude that:

•	 the splinting was effective in decreasing stress and mi-
crostrain, mainly when associated with offset implant 
configuration; 

•	 the increase of implant diameter in the 1ºM area was ef-
fective to reduce stress and microstrain in the bone tissue; 

•	 biomechanically, the effect of increasing the diameter 
of the dental implant referring to the 1ºM for single-
unit crowns (M7 and M10 situations) was more effective 
than the effect of the splinting of dental implants with 
Ø4 mm in straight-line (M2 and M5).

•	 The diameter and splinting factors showed to be more 
important than implant length in the reducing stress 
and microstrain in bone tissue.
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