European Journal of Prosthodontics and Restorative Dentistry (2020) 28, 10-17

Digital Image Gorrelation
and Finite Element Analysis
of Bone Strain Generated hy

Keyuards Implant-Retained Gantilever

Dental Implant
Finite Element Analysis F' d P h u
Biomechanical Complications Ixe ro St ESIS

Computerized Models

Authors ABSTRACT

Jodo Paulo M. Tribst * . . o

(DDS, MSc, PhD student) Purpose: The present study evaluated the displacement and strain generated in an im-
Amanda M. 0. Dal Piva * plant-supported fixed prosthesis under axial and non-axial loads using two methods. Mate-
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Marco Antonio Bottino * tion (DIC) was used to measure displacement and strain generated on the surface of the
(DDS, MSc. PhD, Professor resin blocks for the different load applications (500N, 1image/second). A 3-dimensional

model was constructed and a load of 500 N was applied at an axial point and a non-axial
point through finite element analysis (FEA). Results: Both methods gave similar trends for
the strains, and both gave slightly higher strains with non-axial loading. FEA predicted high-
er strain magnitude (:11%) in comparison with DIC, but with the same mechanical behavior.
- According to ANOVA, the loading influenced the strain concentration. Higher strain was
Mutlu Ozcan ¢ generated for non-axial loading around the implant nearest to the loading. Conclusions: For
(DDS, MSc, PhD, Professor) implant-retained cantilever fixed prosthesis, the same load applied in the lever arm induces

higher strain in the cervical area of the last implant, which suggests more damaging poten-
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Since masticatory forces are directly transmitted to bone tissue, correct
understanding of the biomechanics of this restorative modality is neces-
sary.* The principal biomechanical tools to investigate the strain in osse-
ointegrated implants are finite element analysis (FEA), strain gauge (SG),
photoelasticity and digital image correlation (DIC). The association of two
or more methods allows a more reliable result and conclusions for the
mechanical response in dental implants.*'° Since load transmission in im-
plant-supported fixed prosthesis can be directly influenced by the implant
position and load direction,* it is important to understand the mechanical
response of cantilever prosthesis.’
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The use of a cantilever prosthesis appears to be an easy so-
lution when it is necessary to replace a tooth in regions with-
out support. However, few studies on the biomechanics fields
are available with experimental validation."'* Benzing et al.
(1995),"? using finite element analysis and strain gauge meth-
odology, concluded that spread-out implant arrangement to
avoid cantilever restoration is better for bone stress concen-
tration. Rubo et al., (2010)* using finite element analysis eval-
uated different implant-supported prosthesis and observed
that the stress concentration was higher in the implants near
the loading area and proportional to the cantilever length.
Peixoto et al. (2017)" used DIC method to investigate the in-
fluence of veneering material and implant type on the strain
distribution of implant-supported fixed partial dentures. The
authors observed that conventional implants shows a better
stress distribution than short implants.

DIC is a non-destructive method that has been introduced in
dentistry studies to evaluate the strain distribution on the ma-
terials surface. It consists of an optical method of measuring
the strain distribution during a mechanical test, through all
surface differently from strain gauge analysis.®> For that, a se-
ries of images are captured using a camera and then analyzed

Digital Image Correlation method

by a specific software through displacement of the surface
points.® After, the strain is calculated according to a derivation
of the displacement fields (as with SG), but with the advantage
of allowing a full surface view.>6'" The purpose of this study
was to evaluate two clinical implant-supported fixed prosthe-
sis scenarios: a centralized (axial) and a cantilevered loading
(non-axial), using DIC and FEA.

MATERIALS AND METHODS

A graphical abstract of both methods is presented in Figure 1.

DIGITAL IMAGE CORRELATION (DIC)

For the bone tissue simulation in the experimental model, a
bone block was fabricated from polyurethane resin (Polyure-
thane F160 Axson, Cercy, France) with dimensions of 95 x 45
x 30 mm (length, height and depth, respectively).*® After resin
polymerization, the block had its surfaces polished with sand-
papers (# 220 - # 600) (3M ESPE, St. Paul, USA) under constant
water irrigation. For implant placement in the block, a set
of milling cutters was used according to the manufacturer’s

Finite Element method

Figure 1: Graphical abstract of both performed methods to analyze the biomechanical behavior of 3-unit implant-supported
prosthesis. For digital image correlation (DIC) an in vitro model was used as bone simulator with 3 implants (A). The buccal face of
the model was discretized with painted dots (B). The model was submitted to an in vitro test in an universal testing machine while a
camera recorded the images (C). The correlation of images displacement was converted in colorimetric graphs digitally (D). For the
finite element method (FEA), the same sample was virtually modeled (E). In the analysis software, the model was meshed in a finite
number of elements (F). The boundary conditions was manually determined following the in vitro test and the bone buccal surface
was evaluated (G). The strain results were recorded in colorimetric maps (H).
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recommendations (As Technology Titanium Fix, Sdo José dos
Campos, Brazil) and following the methodology used in previ-
ous studies.*® Three self-tapping external hexagon implants
measuring 3.75 in diameter by 13 mm in length (As Technol-
ogy Titanium Fix - Sdo José dos Campos, Brazil) were linearly
installed. Each implant received a corresponding number of
installation sequence (Number 1 on the left side of the block,
number 2 installed at the center of the block, number 3 on the
right side of the block). Prosthetic abutments (Micro conical
abutment) were installed on each implant with a torque of 20
N.cm with the aid of a torque wrench, following the manufac-
turer instructions. After placing the implants and abutments,
a previously validated simplified fixed prosthesis was cast in
CoCr alloy (Tilite Omega, Talladium Inc., USA) and installed
with 10 N.cm under each abutment.®

The DIC technique was used to measure strains generated
on the surface of the resin models for the different load ap-
plications.® A professional camera (Canon EOS Rebel T5 with
Tamron 90 mm f/2.8 SP VC AF Macro-Lens) was used for cap-
turing the images of the deforming body and a specialist soft-
ware package (Gom correlate, Vtech Consulting Ltda, Sdo Pau-
lo, Brazil) for subsequent image analysis. The camera had a
resolution of 18.00 Megapixels. The surface of the resin model
facing the camera lens was sprayed with a fine layer of white
and black paint to produce irregular-shaped speckles for ease
of tracking and analysis by the image correlation system.® A
static non-impact load of up to 500 N was applied using a uni-
versal testing machine (DL-1000, EMIC, Sdo José dos Campos,
Brazil) in two distinct moments: on the center of the frame-
work axially to the implant center (implant 2); and in 5 mm
of cantilever distally to the implant on the right (implant 3).#

To measure the generated strains on the model, surface im-
ages were taken at a frequency of 1 Hz® until the 500 N load
(arbitrary overload condition of the second molar area) was
reached.” The first image was taken before the load was ap-
plied, and the remaining images were compared to the first
image to calculate the displacements on the model surface.
Surface strains were then calculated from the displacements
using image correlation software (GOM Correlate, Braunsch-
weig, Germany). The cervical regions of the three implants
were selected to analyze the generated strains values. The
strain distribution over the height of the resin block was ana-
lyzed for each region of interest (from 0 to 5 mm)." In order to

reveal the difference in strain distribution between the differ-
ent configurations, the noise effect must be minimized. As a
result, strain averaged over 4 pixels of 0.5 mm wide each were
calculated for each vertical position along the block height.
The strain measurement system was verified by repeating the
measurement 3 times.5"" The vertical and horizontal displace-
ment (mm) and direct strains in the horizontal direction (eXX)
were calculated and compared between the groups. The data
was submitted to one-way analysis of variance (ANOVA) fol-
lowed by Tukey test, all tests with a=5%.

FINITE ELEMENT ANALYSIS (FEA)

Three-dimensional FEA models based on the polyurethane
model used in the experimental analysis (DIC method) were
constructed using computer-aided design (CAD) software
(Rhinoceros version 5.0SR8; McNeel North America, Seattle,
USA). The model was then transferred to Ansys Workbench
17.0 (Ansys Inc., Canonsburg, USA) for the numerical simula-
tion. Mechanical properties (Young's modulus and Poisson’s
ratio) of the used materials are summarized in Table 1.>'314
All materials were assumed to behave elastically, isotropic
and homogeneously.” The loading configuration followed
the same for the DIC analysis, i.e. with a static load of 500 N.
The contacts for abutment/implants, implant/screw, screw/
abutment were set as non-linear frictional contact (0.3 pm).'®
All other interfaces, for example those between the implants
and the polyurethane resin, were configured to be perfectly
bonded.®A geometrically linear static analysis was carried out.
All the FEA models had similar mesh densities (0.3 mm each
element) to ensure consistency and accuracy in the simula-
tions for this study, with higher node density in the regions
of interest (Mesh convergence test of 10%).%° The 3D models
contained a total of 719,255 nodes with 411,921 quadratic
tetrahedral elements. The aspect ratio of mesh metrics pre-
sented average of 1.88 with standard deviation of 0.9. Vertical
and horizontal displacement (mm) and maximum principal
strains were also calculated with the FEA method on the resin
block for further comparison between the different groups in
this study. After comparison of coherence between the exper-
imental (DIC) and virtual method (FEA),® the von-Mises stress
of the three implants was calculated to predict failure region
from these ductile solids."

Table 1. Elastic Modulus (GPa) and Poisson’s ratio from each simulated material used during the static structural analysis performed by the finite

element method. All mechanical properties were inserted in the engineering data source in the analysis software

Poisson’s ratio

Material/Structure Elastic Modulus (GPa)
Titanium™ 110
CoCr™ 218
Polyurethane® 3.6

0.33

0.33

0.30
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RESULTS

The overall surface strain distributions determined by both
techniques were very similar, as illustrated in Figures 2 and
3 for axial and non-axial load applications, respectively. As
expected, compressive strains were found in the cervical re-
gion of the bone block, around implant 2 for axial loading,
and around implant 3 for non-axial loading. Concentrated
strains were also found by both methodologies on the top
surface of the bone block immediately below the applied
load. The displacement distribution and compressive strains
are illustrated in Figure 4.

Both methods gave similar trends for the strains, and both
gave slightly higher strains for the group with non-axial load-
ing however, the FEA models predicted higher strain magni-
tude (+119%) in comparison to DIC. The data peak over the

entire region of interest as determined by both methods
(DIC and FEA) for all conditions are presented in Figure 4. In
order to validate the obtained theoretical results from both
methodologies, the maximum strain data were plotted in bar
graphs and compared. Considering the stress fields in the
implants structure, Von-Misses stress revealed higher stress
concentration in the implant under non-axial loading (Figure
5). Direct strains (%) measured for the regions of interest in
the horizontal direction (eXX) are illustrated in Figure 6. The
mean values and standard deviations between the first and
second molars are shown in Table 2.

According to one-way ANOVA, the loading application in-
fluenced the generated strain. Significantly higher strain was
generated around implant 3 for non-axial loading when com-
pared to axial loading. Implant 2 did not show a difference
for peri-implant strain peak according to the loading. Fur-
thermore, implant 1 decreased the mean strain when sub-
mitted to the non-axial loading (p<0.05).

Figure 2: Comparison between the Finite Element Analysis
FEA (left column) and the Digital Image Correlation - DIC (right
column) methods used to evaluate the stress distribution
through an implant-retained cantilever fixed prosthesis
submitted to an axial load (500N). From top to bottom, the
results of Horizontal displacement, Vertical displacement and
Compressive strains.

Figure 3: Comparison between the Finite Element Analysis -
FEA (left column) and the Digital Image Correlation - DIC (right
column) methods used to evaluate the stress distribution
through an implant-retained cantilever fixed prosthesis
submitted to a non-axial load (500N). From top to bottom, the
results of Horizontal displacement, Vertical displacement and
Compressive strains
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Figure 4: Horizontal and vertical displacement, and compressive strains maximum peaks for the two load application scenarios
(axial and non-axial), using the two methods (DIC and FEA).
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Figure 5: Isolines delimiting stress fields in the implants according to the results of Von-Misses stress. The results were obtained
according to the applied load: A) axial and B) non-axial. Red color corresponds to higher stresses magnitude while the blue color
corresponds to lower stresses concetration.
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Figure 6: Compressive strains (eXX, %) at 5 mm from the cervical to the apex for each dental implant according to the applied load
(axial and non-axial). Implant number 1 is on the left side of the block, number 2 was installed at the center of the block and number
3 is on the right side of the block.
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Table 2. Digital Image correlation results. Microstrain mean = Standard deviation and Maximum Compressive Strain values

(exx) according to the applied load (axial and non-axial) and evaluated implant (Implant number 1is on the left side of the block,
number 2 was installed at the center of the block and number 3 is on the right side of the block).

Axial Loading Non-axial Loading
Implant Number
Mean Max Mean Max
1 -0.10+0.02°8 -0.16 -0.07+0.02* -0.12
2 -0.11+0.02¢ -0.22 -0.11+0.02¢ -0.22
3 -0.10+0.01°8 -0.16 -0.33+0.03° -0.39

Different capital letters for each implant indicate significant differences (p < 0.05)

DISCUSSION

In this study, DIC and FEA methods were employed to study
the effects caused by an implant-supported fixed prosthesis
under two load conditions: axial and non-axial. The results
showed that the central implant did not present a significantly
different peri-implant strain pattern under both loadings. The
combination of an experimental model and a mathematical
model for strain measurement is more reliable to provide
an adequate interpretation of the collected results, avoiding
conclusions based in non-valid models.®° It is visible that the
in silico method (FEA) can provide results in geometries that
cannot be easily analyzed by in vitro tests, as the stress dis-
tribution in the implant surface. But the correlation between
both models (using the bone strain or another result if pos-
sible) is important to demonstrate that for this simulation, the
biomechanical behavior present a convergent results. Pre-
liminary comparisons between FEA and DIC methodologies
suggested the direct evaluation of the theoretical and experi-
mental strain pattern, comparing the strain maps qualitatively
between both methods.%” The authors assumed that if the nu-
merical model present a valid result similar to the in vitro
behavior, the evaluation of internal stresses that cannot be
measured during the in vitro method is possible.®’ Based on
this, the present study demonstrated with both methods that
an implant-supported fixed prosthesis present an reduced
strain magnitude with axial loading.

A block in polyurethane resin was used herein to simulate
bone tissue. This material has already been defined in the
literature as a valid isotropic material for bone replacement
in laboratory studies.*®° However, previous studies using DIC
have used more flexible resins than polyurethane such as
epoxy resin®and acrylic resin' as substrate for implant instal-
lation. As DIC results are dependent on the displacement of
the pixels captured by the camera, a material that does not

EJPRD
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deform easily requires larger loads to capture visual results.
This study used a bone simulator that allowed obtaining a
strain pattern that could be correlated with the numerical
model simulated under masticatory load value correspondent
to the maximum bite force of a healthy adult man.®

An approximation of 11% was observed between the meth-
ods. This finding is in agreement with previous studies which
reported that FEA generates correlated measurements, but
greater than DIC.%” Both methods accounted for greater peri-
implant strain around the implant located under the load ap-
plication site. During the axial loading, the colorimetric strain
maps was predominant blue, showing lower values of vertical
and horizontal displacement, and consequently lower strain
values. For non-axial loading, the last implant (distal, lever re-
gion) was more affected and the strain map patterns could be
interpretated as more aggressive.

Previous studies have shown that there is a greater potential
for deleterious effects in the peri-implant region when non-
axial loading is applied.>'®? Therefore, the implant-supported
rehabilitation should be performed by the clinician focus-
ing on the improve of axially force transmission trough the
structures. In the case of implant-supported fixed prostheses,
this effect is directly associated with the number of implants
involved in the masticatory load distribution and the lever
arm extension.?® For example, even with 3 implants splinted,
the non-axial loading could modify negatively the mechani-
cal response of the bone tissue increasing the cervical strain
around the last implant. Also, this behavior of increased strain
peak associated with a more aggressive pattern of stress con-
centration when a prosthesis is submitted to non-axial load-
ing has already been reported and correlated with possible
areas of bone resorption.*®

Following the methodologies already reported in the litera-
ture,®"" the strain peaks calculated with DIC were collected
from the block surface from the cervical region to five millime-

Copyright ©2020 by Dennis Barber Ltd. All rights reserved.
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ters in the apical direction. This approach was already used to
describe that the cervical area is the bone region with higher
strain for 3-unitimplant-supported fixed dental prosthesis,” a
pattern that can be observed in the present study also. Statis-
tical analysis demonstrated that the central implant presents
similar strain values for both loadings. Thus, the lever action is
sufficient to generate a peri-implant strain as strong as chew-
ing directly on this implant. The other implants arranged at
the extremities of the prosthesis behave differently in each
situation. Under the axial load, both implants dissipate sig-
nificantly equal amounts of the masticatory force. However,
under the non-axial load, the closest implant to the load ap-
plication area (implant 3) was significantly more affected. This
effect in the central implant was not observed by any previous
paper that used strain gauge to measure the cervical strain
in the 3-unit implant-supported fixed dental prosthesis with
similar load application.* The authors reported that the strain
gauge could present different areas of measurement in com-
parison with FEA because this method only show the strain
in a specific region that could be different from the region of
maximum magnitude in the simulation.*

In observing the von-Mises stress isolines generated in the
implants (Figure 5), the external hexagon platform is the most
affected region, suggesting greater damage in implant 3 un-
der non-axial loading. The maximum strain value generated
in implant 3 increased about 77% with the application of the
non-axial load (0.22 - 0.39). This stress criteria are used to
evaluate ductile solids such as titanium, and represents pos-
sible metal kneading zones and loss of determined geomet-
ric characteristics.*°2' Thus, the hexagon may have its edges
rounded and the seating passivity of the prosthesis could be
compromised.?? This is a concern once the osseointegrated
implant is not easily replaceable such as the prosthesis itself.
Damages in the implant platform can difficult or even make
impossible the manufacture on future structures on it. The
increase in the vertical misfit because of the plastic deforma-
tion on titanium implant platform could be a possible factor
to increase the stress in the screw, to facilitate the torque loss
and to increase the failure probability under fatigue."

It is reported in the literature that the use of fixed cantilever
prosthesis has a high survival rate,2 but some complications
can be observed such as marginal bone loss around the dis-
tal implant.2 This suggests that any factor that potentiates the
stress concentration such as long lever arms, inclined cusps,®
wide occlusal platforms,? premature occlusal contacts? differ-
ent dental materials®?2?” and the application of non-axial loads*
could facilitate stress concentration. Thus, the results demon-
strate that a masticatory load with the same intensity but ap-
plied at different sites can significantly modify the mechanical
behavior of the implant and the bone. In this way, greater care
is needed when planning this kind of rehabilitation.

CONCLUSION

Based in this validated finite element model, the following
can be concluded:

 For implant-retained cantilever fixed prosthesis the load-
ing incidence in the lever arm are capable to induce higher
bone strain and implant stress. If it is possible, cantile-
vered loading should be avoided as the first option to per-
form an rehabilitation.
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