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ABSTRACT

The purposes of this paper were to determine and evaluate the impact of an implant
inclination on strain of the polyurethane resin block using two methodologies, the Finite
Element Analysis (FEA) and the Digital Image Correlation technique (DIC). Additionally,
to validate the DIC models for strain analysis of the inclined implant using Finite Element
Analysis. Four three-dimensional FE and the same number of the DIC models of implant
and a polyurethane resin (F16, Axson Technologies, France) block were developed to
analyze the influence of an implant inclination on strain on the outer and inner surface
of resin block. The Strauman cylindrical dental implant systems (4 x 12 mm; Straumann,
Basel, Switzerland) were placed in the polyurethane resin (F16, Axson Technologies,
France) block with an inclination of the vertical axis in interval of +1, -1 and -3 degrees.
Highest von Mises strains of 0.7 % are in the block implant interface for the inclination
of -3°. Quantitatively similar values were found in the surface of interests between
numerical and experimental model. Experimental models analyzed using DIC showed
higher strain on the surface of interest than numerical models. Nevertheless, there was
no statistical significance in the overall strain field between these regions and modes (p
> 0.05, one-way ANOVA). Increase of the angle of inclination increased overall strain in
the apical region of the DIC and FEA models. DIC mode confirmed findings supported by
FEA modes regarding surface of interest.

Summary

Objective: The purposes of this paper were to determine and evaluate the impact
of an implant inclination on the strain of the polyurethane resin block using two
methodologies, the Finite Element Analysis (FEA) and the Digital Image Correlation
technique (DIC). Additionally, to validate the DIC models for strain analysis of the
inclined implant using Finite Element Analysis.

Methods: Four three-dimensional FE and the same number of the DIC models of
the implants and a polyurethane resin (F16, Axson Technologies, France) blocks were
developed to analyze the influence of an implant inclination on strain on the outer and
inner surface of resin block. The Strauman cylindrical dental implant systems (4 x 12
mm; Straumann, Basel, Switzerland) were placed in the polyurethane resin (F16, Axson
Technologies, France) block with an inclination of the vertical axis in interval of +1, -1
and -3 degrees.

Results: Highest von Mises strains of 0.7 % are in the block implant interface for
the inclination of -3°. Quantitatively similar values were found in the surface of interests
between numerical and experimental models. Experimental models analyzed using DIC
showed higher strain on the surface of interest than numerical models. Nevertheless,
there was no statistical significance in the overall strain field between these regions and
modes (p > 0.05, one-way ANOVA).
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Conclusion: Increase of the angle of inclination increased overall strain in the apical
region of the DIC and FEA models. DIC mode confirmed findings supported by FEA
modes regarding surface of interest.

Introduction

Undesirable bendings of dental implants should be eliminated
whenever situation allows this. Dental implants should be set in
vertical position, parallel with axial occlusal loads and orthogonal
to the occlusal plane [1-4]. This is sometimes hard to achieve due
to certain limitations in anatomy or histology of supportive tissues
[4-7]. Thus, there are situations where an inclination of dental
implants is inevitable and requested. Additionally, the implant
inclination sometimes accidentally occurs, due to surgeon’s
inexperience or occlusal overloading [4,5,8]. In dentistry, this
accidentis usually treated as an iatrogenic error. Therefore, itis very
important to understand the biomechanics of the inclined implants.
An inclination of implant body is important issue in biomechanics
and can compromise the treatment outcomes [3]. The implant
inclination demonstrated effect on the surrounding bone structure
which has been proved previously [1,3,4,9-15]. Experimental
analyzing of stress and strain in jawbone and implant-adjacent
structures has already been conducted [4,16,17].

3D Finite Element Method (FEA) and Digital Image Correlation
Method (DIC) were highlighted as reliable tools for analysis of
different models [13]. Recent reports presented DIC as mighty tool
for measuring strain on the PMMA-acrylic block, subjected to axial
loading of immersed dental implants [18-20]. This study was based
on previously published experimental and numerical investigations
[7,20,21], however, this paper was conducted employing both, FEA
and DIC methods to create critical overview of strain analysis in
resin models with different implant angulations. The goal of this

work was to find connection between implant inclination and strain

Sample height [mm)

of the polyurethane resin block; furthermore, to determine the
regions of the highest strain on the models using two methodologies,
the Finite Element Analysis (FEA) and the Digital Image Correlation
technique (DIC). In addition, to validate and prove the DIC models
for strain analysis of the inclined implant using FEA.

Materials and Methods

Equalization of the Numerical and Experimental
Conditions

Four three-dimensional software (FE) and the same number of
the experimental models (DIC) of the implants and a polyurethane
resin (F16, Axson Technologies, France) blocks were produced
to analyze an impact of the implant inclination on strain on the
external (outer) and internal (inner) measuring surface of resin
block. Dimensions of the blocks-models were 14.5 x 13 x 11.5 mm.
The Strauman dental implants (cylindrical, 4 x 12 mm; Straumann,
Basel, Switzerland) were immersed in the polyurethane resin (F16,
Axson Technologies, France) block. The inclinations of the vertical
axis were +1, -1 and -3 degrees. Following this procedure additional
control FEA and DIC models with straight implants (one for each
analyzing system) were created to compare results obtained for
inclined implant models. Height and length of the block were
14.5 mm and 11.5 mm, respectively (Figure 1). A sample-with
corresponded to the surface of interest was measured on 13 mm.
The distance between the external layer of cylindrical implants
and the region of interest was 2 mm. Two locations i.e. modes were
analyzed: “block implant” interface/cross section, and the surface
of interest i.e. Area/region of interest.

0

Surface of
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Figure 1:
a)  Schema of implant inclinations

b)  Implant position in resin block.
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To facilitate the interpretation of the results, we divided region
of interest into three locations (segments): the cervical (CR), the
middle one (MR) and the apical region (AR). Applied load was axial,
static with the intensity of 500 N [15]. As previously conducted,
model was fixed using both sides of the block while the base
was supported using other two directions [20]. On the surface of
interest (measurement surface), section line 0 was highlighted,
parallel to implant axis (Figure 2a). The area of interest is adjacent
to implant, and thus percepts characteristics of the implant design
[20]. The length i.e. height of the sample was measured from the
top to the bottom, as presented in Figure 1. Horizontal strain was
interpreted as a deformation that occurs in horizontal direction
and reflects movements of implant body and consequently PMMA
due to elasticity phenomenon. An interface presents region closest
to the implant where observed the horizontal strain. Vertical strain
was displayed in the surfaces of interest. In order to compare strain
fields for interface and surface of interest modes (FI, FSI and DIC),
between numerical and experimental model, von Mises strain
values were averaged for cervical, middle and apical region of the
implant. For statistical test was selected one-way ANOVA.

It was used to compare strain on surfaces in models with
different implant inclinations. Analysis was performed in package
“stats”, software R (Vienna, Austria). Null hypothesis was set as
there are no differences in overall strains in the numerical and
experimental model: pFI = pFSI=uDSI and alternative hypothesis as
WFI # pFSI#uDSI. Level of significance to reject null hypothesis was
set top<0.05.

Modelling of the FEA Models

Model composed of implant and resin block was obtained using
solid modeling with Ansys 13.0 APDL Multiphysics in Windows 7
OS. Finite Element Analysis was conducted in software program
Ansys 13.0 by Sparse solver. Implant axis was placed parallel to the
width of the area of the interest. Implant thread form was modeled
with 1.25 mm size. One load step with ten sub steps was used.
Results were analyzed in General Postprocessor. Elastic Von Mises
strains (VMs) for all modelled cases are obtained. The contour plots
were served for better comparison of equivalent Von Mises strain in
the region of interest. Strain distribution showed expected layout.
Each color in results corresponds to the certain level of strain in
percent, in accordance with the color scale within figures. The
intersection point of vertical implant axis and upper surface of
polyurethane resin was served for inclination modelling (Figure 1).
Positive inclination of the implant corresponded to situation where
the implant neck was inclined away from the measured surface,
while negative described implant inclination towards it (Figure 1).
Straight model was referred as a model with no inclination (0°).

Commercial software ANSYS 13.0 was used for FE analysis.
The contact zone between implant surface and polyurethane resin
surface was described as inherent and frictionless. All nodes on the

contact surface between implant and acrylic block were merged.

No Separation option was used. The three-dimensional FE models
shown in Figure 2 consisted of about 260 000 elements and about
348 000 nodes. Mesh density is varied through the model, and it
becomes finer towards the contact surface between implant and
block (Figure 2b).

= 0 mm

Areaof

~~_interest

Section line 0

Displacement in
x direction =0

Displacement in y and z directions

Figure 2:
a)  Schema of FEA surface of interest
b)  FEA interface.

Fabrication of the DIC Models

Experimental models of the block were produced for every
angle of inclination and for non-inclined implants. The block mold
models were created using Solidworks 2015 Academia (Dassault
Systemes). At the bottom of every mold specific opening was
created which served as a support of the implant neck under
specific angled. This way, the implant could be retained in the
position during mixing of polyurethane resin. A cross section
of the mold model was presented in Figure 1b. The model was
exported into the stereo lithography format (stl) file and imported
to Cura software (Ultimaker), where final printing settings were
specified. Printing was performed on the Ultimaker 2+ 3D printer
(Ultimaker). Immediately after initial preparing and spraying
(coating), experimental models were tested on a H10K-S UTM
Testing machine (by manufacturer Tinius Olsen, USA) with 5 kN
load cell, as described in previous studies. DIC was used to visualize
the strain field in the outer surfaces (surfaces of interest) of loaded
experimental models. Before a static, experimental compressive
loading was conducted, the surfaces of interest were sprayed so
they can be visualized later, during the calibration, photographing,
optical measuring and Aramis software data processing. Thus,
virtual DIC models i.e. DIC images visualized only vertical strain
during vertically loading conditions. All, qualitative and quantitative
results correspond to the max.load of 500 N. Intensity of strain field
was visualized using the color scale in the bottom of each figure.

Results

Control model (Figure 3) showed a uniform distribution all

around implant body with higher strain toward the implant apex.
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Surfaces of interest displayed higher strain concentration around
implant apex (Figures 3-9) with consecutively increasing of the
strain towards implant inclination, while interfaces showed almost
symmetric strain distribution between the surfaces of implant
and surfaces of polyurethane resin, with slightly inclining towards
the implant apex displacement. VMs was distributed across the
surfaces of interest and interface. VMs in all three modes (FI, FSI
and DIC) with -1" inclination (Figures 5 & 8) showed lower values
in the cervical region. The highest values of VMs were in the
apical regions, in the bottom of the block, below implant apex. in

all three modes whether the numerical or experimental models

[%]
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which is supported by contour plots (FEA modes) or DIC scale (DIC
mode). The interface region induced the highest strain with 1 %.
Surface of interest strained 0.3 % in numerical model, and 0.35
% in experimental model. Strain for the +1° inclination (Figure
4) was similarly distributed like in the case -1 (Figure 5), but the
difference can be seen in the apical region with strain of 0.8 %.
Surface of interest, for apical region, showed 0.3 % for numerical,
and 0.45 % for experimental model. Inclination of - 3° was the
highest inclination evaluated in this study (Figures 6 & 9). Surface
of interest in numerical and experimental model shows 0.37 % and

0.5 %, in the apical regions of dental implant.

Mises Strain
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Figure 3: Von Misses strain in the FEA and DIC models with uninclined implant.
with 1 degree with 1 degree
inclination inclination
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Figure 4: Von Misses strain in the FEA model with 1-degree inclination of implant.
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Figure 5: Von Misses strain in the FEA model with -1-degree inclination of implant.
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Figure 6: Von Misses strain in the FEA model with -3-degree inclination of implant.
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Figure 7: Von Misses strain in the DIC model with 1-degree inclination of implant
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Figure 8: Von Misses strain in the DIC model with
-1-degree inclination of implant.
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Figure 9: Von Misses strain in the DIC model with
-3-degree inclination of implant.

Average strains in cervical, middle and apical regions were
calculated as overall von Mises strain for every sample. These
values were then compared between interface (FI), surface of
interest in the numerical model (FSI) and surface of interest in
the experimental model (DSI). Strains were compared to the same
inclination angle of dental implant. Highest von Mises strains of
0.7 % are in the block implant interface for the inclination of -3°.
Quantitatively similar values were found in the surface of interests
between numerical and experimental model. Experimental models
analyzed using DIC showed higher strain on the surface of interest
than numerical models. Nevertheless, there was no statistical
significance in the overall strain field between these regions and
modes (p > 0.05, one-way ANOVA). ANOVA revealed no significant
results between three groups for the same levels of dental implant
inclinations. In the block-implant interfaces, as expected, were
found the highest strains. Regarding the implant inclination, this
was almost two or three times higher than strains found in the
outer surface of the block. However, one-way ANOVA did not show
significant differences between modes (Table 1).

Table 1: von Mises strain for FI (Finite element model - interface),
FSI (Finite element models -surface of interest), and DSI (Digital
Image Correlation - surface of interest). (Mean + SD) considering

inclinations of +1, 1 and -3.

FI FSI DSI p values
(+19 0.35(0.38) | 0.12(0.17) | 0.21(0.2) p=0.6
(-19) 0.47 (0.46) | 0.14(0.15) | 0.19 (0.14) p=0.39
(-39 0.7 (0.8) 0.19 (0.17) | 0.32(0.2) p=0.46
Discussion

This work shows the significance of using resin models to
improve an understanding of the load distribution. The goal of
this study was not to determine absolute strain values, however,
to compare strain levels following various inclinations of dental
implants implant inclinations. FE analysis used the universal
material properties with absence of sufficiently accuration for its
simulating work. The results of this study might be significant due
to obviously relation between deformation and angle of inclination.
DIC method was used to determine and analyses surfaces strain
induced by loading of non-inclined and inclined implants.
Additionally, the study found no significant difference between
FEA and DIC results regarding surface of interest. Thus, it can be
assumed that DIC technique confirmed results obtained using
Finite Element Analysis, regarding surface of interest. The study
included 12 modes of the investigated surfaces; four FEA “block
implant” interfaces (4 FI, cross section), next four considering the
FEA surfaces of interest and another 4 for DIC surfaces of interest
(4 FSI and 4 DSI), see Table 1. These modes with straight (control
modes, Figure 3) and angled implants (experimental modes,
Figures 4-9) were designed to investigate the effect of the dental
implant inclination whether on the resin-implant interface or on
the region/surface of interest. Full contact between implant and
block was presumed. Generally, results for all models have shown
the highest von Mises strains in the apical regions, considering the
model or the region. Quantitative differences in strains between
FSI and DSI region could be attributed to the modeling of an
ideal contact between block and dental implant, and materials
characteristics which were modeled as isotropic using the FEA
performances. Load transfer of inclined implant was frequently
researched in splinted dentures or implant supported fixed partial
dentures [1,3,4,9,10,11,12,15].

Attempt of this study was to examine the effect of inclination
of the implant embedded in the resin block, in the straightforward
arrangement, like the already published reports [20]. The use of a
polyurethane resin (F16, Axson Technologies, France) to simulate
bone seems better than PMMA, as the elastic modulus is more like
that observed by human bone. The bottom of the block indicated
the highest VMs values located in the interface adjacent to implant
apex. An increasing the negative angle values of the implant
inclination showed increased values of VMs in the lowest part of the

resin block. The design/form of the implant apex and the reaction
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between base and sample could be the reason of higher strain in
the region of implant apex, which is supported by previous findings

regarding cancellous models [22].

Our results are consistent with previous studies stated
that inclined implant negatively affected on stress/strain field
[7,9,12]. FEA contour plots and DIC scales for vertical strain
indicate remarkably higher strain in the region of the implant neck
corresponds to the top of resin block, which was also reported
previously [7,11,23]. Resin material used in this study expresses
similar physical characteristics compared to cancellous bone
especially considering Young modulus (1.3 GPa vs. 1.37 GPa) [24].
Load intensity was applied in accordance with the values for occlusal
forces found in the literature [25,26]. An advantage of this study is
found in increased number of the inclination angles compared to
otherreports [7,9,14]. Nonetheless, it was reported that this change
in inclination can be noticed following implantation procedure, due
to iatrogenic fators [8], while the effects of this factors should be
argued.

Conclusion

As confirmed, block-implant interface exibited higher strain
compared to the area of interest considering the inclined implant.
Apical region of the DIC and FEA models with inclined implants
showed higher strain in the area of interest, while overall strain
was found to be higher in the block-implant interface compared
to the area of interest. DIC analysis confirmed results obtained by
FEA, thus FEA models supported DIC models in term of validation.
Results of this study should be utilized for future biomechanical
research analysis using DIC or FEA models. This could help to avoid
therapeutic failure in implant dentistry.
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