* Inter{lational Journal of K\

ond Pupiie ot " MDPI]
Article

Influence of Connection Type and Platform Diameter

on Titanium Dental Implants Fatigue: Non-Axial
Loading Cyclic Test Analysis

Ana I. Nicolas-Silvente (7, Eugenio Velasco-Ortega **, Ivan Ortiz-Garcia 2,
Alvaro Jimenez-Guerra 2, Loreto Monsalve-Guil 2, Raul Ayuso-Montero 37, Javier Gil *
and Jose Lopez-Lopez 5

1 Periodontal and Implant Surgery, CEIR Campus Mare Nostrum, School of Dentistry, University of Murcia,

30008 Murcia, Spain; ainicolas@um.es

Comprehensive Dentistry for Adults and Gerodontology, Faculty of Dentistry, University of Seville,
41009 Seville, Spain; ivanortizgarcial000@hotmail.com (1.O.-G.); alopajanosas@hotmail.com (A.].-G.);
lomonsalve@hotmail.es (L.M.-G.)

Faculty of Dentistry, University of Barcelona, 08007 Barcelona, Spain; raulayuso@ub.edu

Chairman of Bioengineering Institute of Technology, Universitat Internacional de Catalunya,

08017 Barcelona, Spain; xavier.gil@uic.es

Faculty of Dentistry, Service of the Medical-Surgical Area of Dentistry Hospital, University of Barcelona,
08007 Barcelona, Spain; jl.lopez@ub.edu

Correspondence: evelasco@us.es

Received: 1 November 2020; Accepted: 30 November 2020; Published: 2 December 2020 :;‘P;)edc:t?sr

Abstract: Two-pieces dental implants must provide stability of the implant-abutment-interface.
The connection type and platform diameter could influence the biomechanical resistance and stress
distribution. This study aims to evaluate the fatigue for different types of connections, external and
internal, and different platform diameters. Three implant designs with the same length were used:
(a) external hexagon/narrow platform; (b) internal double hexagon/narrow platform; (c) internal
octagon/regular platform. A fatigue test was developed to establish the number of cycles needed
before fracture. A 30° oblique load with a sinusoidal function of fatigue at a frequency of 15 Hz and
10% stress variation was applied to each system. The fatigue load limit (FLL) for design (a) was 190 N,
being the nominal-curvature-moment (NCM) = 1.045; FLL = 150 N, with a NCM = 0.825 for (b), and
FLL =325 N, with a NCM = 1.788 for (c). The platform diameter affects the FLL, obtaining lower FLL
on a narrow platform. The connection type interferes with the implant walls” width, especially in
narrow implants, making internal connections more unstable at this level. Long-term clinical studies
to assess the restoration’s success rate and survival are mandatory.

Keywords: connection type; dental implants; design; fatigue test; platform diameter

1. Introduction

Two-piece dental titanium implants have been widely used for single-tooth replacements up to
full-arch rehabilitation [1]. The implant-abutment-interface (IAI) [2] has to resist dynamic forces and
be stable to withstand functional loads and to reduce screw loosing [3]. To maintain the stability of
the IA], different implant connection geometries have been developed, which can be summarized in
two broad groups: external and internal connections. In terms of design, in the external connections,
both the implant index and the prosthetic abutment index are located above the level of the implant
platform. In contrast, in the internal connections, both structures are located inside the implant’s body,
below the level of the implant platform [4].
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The external connections are usually provided of an outer hexagon whose function is to provide
rotational torque control during implant placement [5] and anti-rotational control between the implant
index and the prosthetic abutment index. Several studies indicate that this type of connection is less
favorable for stress distribution and has lower stability when compared to the internal connection [6].

The internal connection can present different designs depending on its geometric features and
can be divided into an internal hexagon, internal octagon, trilobed system, or morse taper connection
between others [7,8]. This type of design increases the implant-abutment contact area and improves
the distribution and dissipation of forces, providing better stability [9], but is the internal conical
connection (taper Morse connection) the one that shows the most intimate relation between the implant
and the abutment, providing the most excellent stability and bacterial seal [10,11].

The presence of different design features (angles, channels, straight walls, cones, tubes) in the
diverse connections types prevents rotation between the components of the system [12]. Its structural
integrity is crucial for long-term stability [13], and some factors could induce deformation when the
system is overloaded, over-torquing or non-axial forces are presented [14]. The thickness of the implant
walls is a relevant factor since, sometimes, the design of the anti-rotational components inside the
connection forces to leave walls excessively thin, especially in narrow implants [15,16].

The use of narrow implants is widely documented in patients with deficient bone crestal width
in which, for some reason (increased healing time, cost, or patient morbidity), the application of
horizontal bone regenerative techniques is not indicated [17-19]. The mechanical strength of titanium
narrow implants is sometimes not enough to support the dynamic forces. The implant system does not
offer long-term integrity of the connection complex, representing a significant risk of fractures [20,21].
Some aspects of the different connection configurations, such as biomechanical resistance and stress
distribution, are crucial [22]. Not much is known about implant fatigue detailed by the type of
connection. Hence, the objective of the present study was to evaluate the fatigue for different kinds of
connections, external and internal, and different platform diameters, to establish which type of design
supported higher values. Our null hypothesis was that indexation design and platform diameter
influences titanium implant fatigue in the long-term.

2. Materials and Methods

2.1. Dental Implants

Fifty-four titanium dental implants from three different implant systems were compared in this
study. The characteristics of each implant group are summarized in Table 1 and each implant design is
exposed in Figure 1:

- Group I (n = 19): Surgimplant CE: titanium grade 5 dental implant with hexagon external
connection (platform: 3.5 mm, length: 12 mm) (Galimplant SLU, Sarria, Lugo, Spain)

- Group II (n = 18): Surgimplant CI Double Hexagon: titanium grade 5 dental implant with
double hexagon internal connection (platform: 3.5 mm, length: 12 mm) (Galimplant SLU, Sarria,
Lugo, Spain)

- Group III (n =17): Surgimplant CI Octagonal: titanium grade 5 dental implant with octagonal
internal connection (platform: 4.0 mm, length: 12 mm) (Galimplant SLU, Sarria, Lugo, Spain).
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Table 1. Implant characteristics distributed by groups.
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Group Group I Group II Group III
n 19 18 17
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Figure 1. Implant design of each experimental group.

2.2. Fatigue Test

A fatigue test was performed to obtain the number of cycles before fra

cture. The maximum

and minimum force applied was recorded for each sample. The assays were performed with a

servo-hydraulic testing machine (MTS 858 Mini Bionix II, MTS, Minneapolis,

with a load cell MTS 661.19F-01 of 5 kN.

MN, USA) equipped

The spherical member of the load application was made of titanium grade 5 (Figure 2).
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Figure 2. Spherical member of the load application design details.

The implants were fixed 30° angulated with the axis z of the load cell (Figure 3). They were
loaded with a sinusoidal function of fatigue at a frequency of 15 Hz and 10% stress variation. The error
during loading measurements was less than 5 N, and the maximum loading applied to the implant was
around 80% of the value of the implant failure load, obtained by a static test under the same geometric
conditions as fatigue tests, following ISO 14801:2008 recommendations [23]. All tests were carried out
under stable environmental conditions with a temperature of 25 °C and relative humidity of 60%.

Figure 3. Load cell over the sample in the testing machine.
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2.3. Scanning Electron Microscopy (SEM) Analysis

The fracture samples were observed by SEM at 10 kV using a Neon 40 Focused Ion Beam Scanning
Electron (FIB-SEM) microscope (Carl Zeiss NTS GmbH, Oberkochen, Germany).

2.4. Statistical Analysis

Statistically significant differences among the three groups were assessed using SPSS 18.0 software
(SPSS Inc., Chicago, IL, USA). Differences between groups were analyzed by Analysis of Variance
(ANOVA), and a multiple comparison Fisher test was applied. The level of significance was established
at a p-value of 0.05.

3. Results

The failure mode was similar in all experimental groups, including large deformations at the
implant neck area. The implant neck fracture took place most of the cases between the first and
second threads.

3.1. Hexagon External Connection

The minimum and maximum load expressed in Newtons (N) applied to all the samples of the
hexagon external connection group was 190 N and 400 N, respectively. The cycles applied before
fracture were between 3074 and 5,000,000. The cyclic load diagram obtained from the results of the test
is shown in Figure 4.

Load (N)

150 i [ R i I R T A A i A i (I A A

10 10 10° 10 10

Number of cycles

Figure 4. Cyclic load diagram for hexagon external connection obtained from the results of the test
showed in Table 2.
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Table 2. Summary of the results obtained in each experimental group.

Fatiue Nominal
Implant Minimum Maximum Minimum Maximum Load %imi t Curvature
Type Load (N) Load (L) Cycles Cycles Moment
(Frr) (N)
(N.m)
Hexagon
external 190 400 3074 5,000,000 190 1.045
connection
Double
hexagon 150 400 1583 5,000,000 150 0.825
internal
connection
Octagonal
internal 325 550 3555 5,000,000 325 1.788
connection

The fatigue load limit (Fpp, according to ISO 14801:2008) was Fr, = 190 N, being the nominal
curvature moment (N.m) = 1.045.

3.2. Double Hexagon Internal Connection

The minimum and maximum load expressed in Newtons (N) applied to all the samples of the
double hexagon internal connection group was 150 N and 400 N, respectively. The cycles applied
before fracture were between 1583 and 5,000,000. The cyclic load diagram obtained from the results of
the test is shown in Figure 5.

400 --»
350 [----4--4--\-H
300

250

Load (N)

200

Number of cycles

Figure 5. Cyclic load diagram for double hexagon internal connection group obtained from the results
of the test.

The fatigue load limit (Fpp, according to ISO 14801:2008) was Fp, = 150 N, being the nominal
curvature moment (N.m) = 0.825.

3.3. Octagonal Internal Connection

The minimum and maximum load expressed in Newtons (N) applied to all the samples of the
octagonal internal connection group and the cycles applied before fracture were 325 N and 550 N
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respectively. The cycles applied before fracture were between 3555 and 5,000,000. The cyclic load
diagram obtained from the results of the test is shown in Figure 6.
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Figure 6. Cyclic load diagram for the octagonal internal connection group obtained from the results of
the test.

The fatigue load limit (Fpr, according to ISO 14801:2008) was Fgp = 325 N, being the nominal
curvature moment (N.m) = 1.788.

A summary of the results of the three experimental groups is shown in Table 2.

The lack of retention between the abutment and dental implant was assessed as a failure.
The fracture mechanism starts by abutment screw loosening producing cracks on the surface that grow
with the load cycles and later fracture, but not due to destruction of the implant neck or shoulder.
Analysis of fractured screws by SEM revealed that the mode and the region of fracture were the same for
the different systems studied. The fracture surfaces were similar for all implants corresponding to the
connection zone and fractured the body of the implant, according to the indications of the international
standards for fracture fatigue behavior [24] for the dental implants with good mechanical behavior.

Statistically, the hexagonal external connection presented a lower fatigue limit load with statistical
differences significance than the double hexagonal internal connection (p < 0.012) and also in relation
to the octagonal internal connection (p < 0.003). When both internal connections are compared,
the octagonal connection presents a higher limit fatigue load than the double hexagonal connection
with statistical differences significance (p < 0.004).

The striations from the fractography can be observed in Figure 7, where the crack grows from the
surface specimens and from 10-mm beneath the surface. In all cases, we observed the same morphology
of fracture. The equiaxed grains can be observed, and in their faces, the marks of the crack in the
propagation process to fracture.
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Figure 7. SEM images at a magnification of X500 and x1500 showing the striations from the fractography.
4. Discussion

This experimental study aimed to evaluate the influence of the connection features and platform
diameter in the fatigue response of titanium grade 5 dental implants. Three different implant systems
were assessed, one narrow implant system (3.5 mm platform) with an external hexagonal connection,
one narrow implant system (3.5 mm platform) with double hexagon internal connection, and one
regular platform (4.0 mm) implant system with an octagonal internal connection.

The implant-abutment interface geometry is an influencing factor for the transmission of stress
around the implant [25].

This experimental test is a reliable method to determine the effect of different parameters,
such as connection design or platform diameter, on implant dynamic failure strength. The same
company manufactured the three experimental groups and the three spherical members attached to
the connection, using the same titanium grade 5. This fact is one of the strengths of the present study.
In most studies, authors compare failure strength between different implants and different abutment
interfaces, with different shapes, surface characteristics, and material properties, and the comparability
is compromised [26].

In addition to the factors mentioned above, some factors inherent in the host may affect the
distribution of strain and stress in bone and implants. A study developed by Oliveira et al. concluded
that the density of the medullar bone and the thickness of the cortical bone also affect the distribution
of strain and stress, negatively affecting the decrease in medullar bone density [27].

Lo Giudice et al. demonstrated that the bone preparation could also affect the bone quality
showing better results in osteotomies performed with ultrasonic tips and concluding that the use of
the piezosurgery preserves the bone morphology and decreases the presence of microfractures [28].
The marginal bone loss around implants is also influenced by the fact the implant is placed in native
bone or placed in grafted tissues. Galindo-Moreno et al. found in a retrospective cohort study that
implants placed in grafted tissues showed more marginal bone loss than implants placed in pristine
bone [29]. The type of connection also affects the marginal bone stability, being the external connections
strongly associated with an increased marginal bone loss, not only in the first twelve months but over
time [29].

Also, bone quality and crestal bone loss can be influenced by other factors. Not only does the
neck shape, microthreads, or surface texture affect crestal bone stability, but the implant-abutment
connection appears to be a significant factor on peri-implant crestal bone level [30]. The abutment
height also has an important role, as demonstrated in an in vivo study developed by Spinato et al.
They suggested that the shorter the abutment height, the greater the marginal bone loss, especially in
cement-retained prosthesis [31].
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Several studies have tested dental implants using static loading, while others use cyclic loads [32].
Most of the reviews focus on implant design but does not mention fatigue as a complex failure
mode [22]. A few studies have considered the effect of the implant diameter on fatigue performance,
concluding that narrow implants failed to show typical fatigue behavior, which might be attributed to
the implant design [33]. The inconsistent fatigue behavior observed for narrow implants could result
from factors like notches, dents, or machining markings. To date, no studies have been published
about a fracture mode analysis to support this assumption [33].

Carneiro et al. [34] developed an in vitro study evaluating the fracture resistance of internal and
external hexagon in regular and narrow implants, concluding that titanium is a material that presents
no clear evidence of the exact point between the plastic and elastic limits. No significant reduction of
the blending elastic limit was found between narrow and regular internal connections.

In our study, the failure due to the bending elastic limit was observed at 190 N with external
hexagon narrow implants versus the 150 N resulted in the internal hexagon narrow implants. This result
could be because, in the internal connection, the indexation features are ubicated inside the implant’s
body, leaving thinner walls than external connections. Besides, an important cause of the high fatigue
life of the octagonal internal connection is the size of the resistant section. The double hexagonal
internal connection and external system present a higher value of the area than the internal.

Our test simulated the clinical situation when the stress concentration resulting from occlusal
forces leads to microfractures and bone loss around the implant, leading to mobility and fracture of the
implant [35,36]. On the other hand, our results showed an increase from 150 N to 325 N in the elastic
limit by increasing the platform diameter in the internal connection from 3.5 to 4 mm. This difference
between the platform diameter was not significant in the results showed by Carneiro et al., although
they found a more substantial number of cracks in the narrow implants than the regular.

Tolerances of manufacturing are the main reason for the loose-fit of the components and required
the manufacturer to improve the fit. In these situations (loose-fit), the possibility of horizontal movement
and rotation between screw and implant and lower than the forces to tighten it, micromovements
could have led to a progressive unscrewing of the abutment screw under conditions dynamic loading.
The most cause of the high fatigue life of the external connection is the size of the resistant section.
The external system presents a lower value of the surface than the internal. This fact produces a worse
load distribution. This reason explains the differences in mechanical properties. Besides, the tolerances
in the internal connections are better, and this good finishing provokes a higher fatigue limit of the
internal connection system [37-39].

Each implant-abutment interface has its advantages and disadvantages. According to
Maeda et al. [40], the external hexagon interface has benefits such as suitability for the two-stage
method, provision of an anti-rotation mechanism, retrievability, and compatibility among different
systems. However, increased screw loosening, component fracture, and difficulty in seating abutments
in deep subgingival tissues are problems commonly experienced with external hexagon connectors [41].

The advantages of the internal hexagon following Maeda are ease in abutment connection,
suitability for one stage implant installation, higher stability and suitability for single-tooth restoration,
higher resistance to lateral loads due to the lower center of rotation, and better force distribution.

The masticatory loading at anterior regions is variable with a mean value of 286 N, s.d. 164 N,
while the posterior area shows a mean value of 579 N, s.d. 235 N [42]. Those data showed a high
subject variability so that the use of narrow implants is recommended just for the anterior region.
In the posterior area, it is mandatory to use a wider platform.

The present study results support the acceptance of the null hypothesis tested since there was
a difference in the maximum force supported in narrow implants (internal or external connections)
and regular platform implants. Different types of connections also presented differences in the fatigue
load limit. Clinical studies are mandatory to test the stability of the different connections evaluated,
assessing the success rate and survival of the prosthesis in anterior and posterior teeth.
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5. Conclusions

Based on the present study results and within the limitations of the same, we may conclude that
the platform diameter affects the fatigue load limit, obtaining a lower fatigue load limit implants with
the narrow platform (3.5 mm) than the regular platform (4 mm). On the other hand, the indexation
design may interfere with the width of the implant walls, especially in narrow implants, making
internal connections more unstable at this level. It would be advisable to develop long-term clinical
studies to assess the restoration’s success rate and survival.

Author Contributions: Conceptualization, A.LN.-S. and E.V.-O.; methodology, J.L.-L.; software, 1.0.-G.; validation,
AJ.-G. and J.G,; formal analysis, R.A.-M.; investigation, L.M.-G.; resources, E.V.-O.; data curation, J.L.-L.;
writing—original draft preparation, A.LN.-S.; writing—review and editing, E.V.-O. and J.G.; visualization, A.ILN.-S.
and E.V.-O,; supervision, E.V.-O.; project administration, E.V.-O.; funding acquisition, E.V.-O. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors acknowledge the Spanish Government for financial support through a Ramon
y Cajal grant of C.M.M. (RYC-2015-18566) and projects RT12018-098075-B-C21, RT12018-098075-B-C22, and
MAT2017-83905-R, cofounded by the EU through the European Regional Development Funds (MINECO-FEDER,
EU).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lin, M.I; Shen, YW.; Huang, H.L.; Hsu, ].T.; Fuh, L.J. A retrospective study of implant-abutment connections
on crestal bone level. |. Dent. Res. 2013, 92, 2025-207S. [CrossRef] [PubMed]

2. Yanase, R.T.; Preston, ].D. Considerations for screw/cylinder prosthetic components. In Reconstructive
and Preprosthetic Oral and Maxillofacial Surgery, 2nd ed.; Fonseca, R., Davis, W.H., Eds.; WB Saunders Co.:
Philadelphia, PA, USA, 1995; p. 251.

3. Pietrabissa, R.; Gionso, L.; Quaglini, V.; Di Martino, E.; Simion, M. An in vitro study on compensation of
mismatch of screw versus cement-retained implant supported fixed prostheses. Clin. Oral Implant. Res. 2000,
11, 448-457. [CrossRef] [PubMed]

4. The Academy of Prosthodontics; The Academy of Prosthodontics Foundation. The Glossary of Prosthodontic
Terms, 9th ed.; Elsevier: St. Louis, MO, USA, 2017.

5. Machado, L.S; Bonfante, E.A.; Anchieta, R.B.; Yamaguchi, S.; Coelho, P.G. Implant-abutment connection
designs for anterior crowns: Reliability and failure modes. Implant Dent. 2013, 22, 540-545. [CrossRef]
[PubMed]

6.  Almeida, E.O,; Freitas, A.C., Jr.; Bonfante, E.A.; Marotta, L.; Silva, N.R.; Coelho, P.G. Mechanical testing of
implant-supported anterior crowns with different implant/abutment connections. Int. J. Oral Maxillofac.
Implant. 2013, 28, 103-108. [CrossRef] [PubMed]

7.  Coppedé, AR.; Bersani, E.; de Mattos, M.G.; Rodrigues, R.C.; Sartori, I.A.; Ribeiro, R.F. Fracture resistance
of the implant-abutment connection in implants with internal hex and internal conical connections under
oblique compressive loading: An in vitro study. Int. ]. Prosthodont. 2009, 22, 283-286. [PubMed]

8. Delgado-Ruiz, R.; Silvente, A.N.; Romanos, G. Deformation of the internal connection of narrow implants
after insertion in dense bone: An in vitro study. Materials 2019, 12, 1833. [CrossRef]

9. Ribeiro, C.G.; Maia, M.L.C.; Scherrer, S.S.; Cardoso, A.C.; Wiskott, HW.A. Resistance of three
implant-abutment interfaces to fatigue testing. J. Appl. Oral Sci. 2011, 19, 413—420. [CrossRef]

10. Mishra, S.K.; Chowdhary, R.; Kumari, S. Microleakage at the different implant abutment interface: A
systematic review. J. Clin. Diagn. Res. 2017, 11, ZE10-ZE15. [CrossRef]

11.  Scarano, A.; Lorusso, C.; Di Giulio, C.; Mazzatenta, A. Evaluation of the sealing capability of the implant
healing screw by using real time volatile organic compounds analysis: Internal hexagon versus cone morse.
J. Periodontol. 2016, 87, 1492-1498. [CrossRef]

12.  Aboyoussef, H.; Weiner, S.; Ehrenberg, D. Effect of an antirotation resistance form on screw loosening for
single implant-supported crowns. J. Prosthet. Dent. 2000, 83, 450-455. [CrossRef]


http://dx.doi.org/10.1177/0022034513510322
http://www.ncbi.nlm.nih.gov/pubmed/24158343
http://dx.doi.org/10.1034/j.1600-0501.2000.011005448.x
http://www.ncbi.nlm.nih.gov/pubmed/11168237
http://dx.doi.org/10.1097/ID.0b013e31829f1f2d
http://www.ncbi.nlm.nih.gov/pubmed/24013394
http://dx.doi.org/10.11607/jomi.2443
http://www.ncbi.nlm.nih.gov/pubmed/23377054
http://www.ncbi.nlm.nih.gov/pubmed/19548411
http://dx.doi.org/10.3390/ma12111833
http://dx.doi.org/10.1590/S1678-77572011005000018
http://dx.doi.org/10.7860/JCDR/2017/28951.10054
http://dx.doi.org/10.1902/jop.2016.160076
http://dx.doi.org/10.1016/S0022-3913(00)70040-0

Int. |. Environ. Res. Public Health 2020, 17, 8988 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Teixeira, A.B.; Shimano, A.; Macedo, A.; Valente, M.; dos Reis, A. Influence of torsional strength on different
types of dental implant platforms. Implant Dent. 2015, 24, 281-286. [CrossRef] [PubMed]

Dittmer, A.; Dittmer, M.; Kohorst, P; Jendras, M.; Borchers, L.; Stiesch, M. Effect of implant-abutment
connection design on load bearing capacity and failure mode of implants. J. Prosthodont. 2011, 20, 510-516.
[CrossRef] [PubMed]

Lee, J.H.; Huh, YH.; Park, CJ.; Cho, L.R. Effect of the coronal wall thickness of dental implants on the
screw joint stability in the internal implant-abutment connection. Int. |. Oral Maxillofac. Implant. 2016, 31,
1058-1065. [CrossRef] [PubMed]

Nelson, K.; Schmelzeisen, R.; Taylor, T.D.; Zabler, S.; Wiest, W.; Fretwurst, T. The impact of force transmission
on narrow-body dental implants made of commercially pure titanium and titanium zirconia alloy with a
conical implant-abutment connection: An experimental pilot study. Int. ]. Oral Maxillofac. Implant. 2016, 31,
1066-1071. [CrossRef] [PubMed]

Velasco-Ortega, E.; Flichy-Fernandez, A.; Punset, M.; Jiménez-Guerra, A.; Manero, ].M.; Gil, J. Fracture
and fatigue of titanium narrow dental implants: New trends in order to improve the mechanical response.
Materials 2019, 12, 3728. [CrossRef] [PubMed]

Bordin, D.; Bergamo, E.T.P; Fardin, V.P,; Coelho, P.G.; Bonfante, E.A. Fracture strength and probability of
survival of narrow and extra-narrow dental implants after fatigue testing: In vitro and in silico analysis.
J. Mech. Behav. Biomed. Mater. 2017, 71, 244-249. [CrossRef]

Pérez, R.A.; Gargallo, J.; Altuna, P.; Herrero-Climent, M.; Gil, EJ. Fatigue of narrow dental implants: Influence
of the hardening method. Materials 2020, 13, 1429. [CrossRef]

Goonarwardhana, D.; Judge, R.; Palamara, J.; Abduo, J. Effect of implant diameter and alloy on peri-implant
strain: An in vitro quantitative strain analysis. Eur. ]. Prosthodont. Restor. Dent. 2016, 24, 181-185.
Flanagan, D. Fixed partial dentures and crows supported by small diameter dental implants in compromised
sites. Implant Dent. 2008, 17, 182-191. [CrossRef]

Moura, M.B.; Loureiro, K.R.T.; Lima, L.B.; Felippi, C.; Simamoto, P.C., Jr. Biomechanical behavior of three
different types of internal tapered connections after cyclic and static loading test: Experimental in vitro. Int. J.
Implant Dent. 2020, 6, 41. [CrossRef]

UNE-EN ISO 14801. Available online: http://thmedical.es/wpcontent/uploads/2014/10/F_8_Norma-ISO-
14801.pdf (accessed on 4 October 2020).

Steinebrunner, L.; Wolfart, S.; Bobmann, K.; Kern, M. Implant-abutment interface design affects fatigue and
fracture strength of implants. Clin. Oral Implant Res. 2008, 19, 1276-1284. [CrossRef] [PubMed]

Schmitt, C.M.; Nogueira-Filho, G.; Tenenbaum, H.C. Performance of conical abutment (Morse taper)
connection implants: A systematic review. J. Biomed. Mater. Res. A 2014, 102, 552-574. [CrossRef] [PubMed]
Wang, K.; Geng, J.; Jones, D.; Xu, W. Comparison of the fracture resistance of dental implants with different
abutment taper angles. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 63, 164-171. [CrossRef] [PubMed]
Oliveira, H.; Brizuela Velasco, A.; Rios-Santos, J.-V.; Sanchez Lasheras, F.; Lemos, B.F,; Gil, EJ.; Carvalho, A.;
Herrero-Climent, M. Effect of different implant designs on strain and stress distribution under non-axial
loading: A three-dimensional finite element analysis. Int. |. Environ. Res. Public Health 2020, 17, 4738.
[CrossRef] [PubMed]

Lo Giudice, R.; Puleio, E.; Rizzo, D.; Alibrandi, A.; Lo Giudice, G.; Centofanti, A.; Fiorillo, L.; Di Mauro, D.;
Nicita, F. Comparative investigation of cutting devices on bone blocks: An SEM morphological analysis.
Appl. Sci. 2019, 9, 351. [CrossRef]

Galindo-Moreno, P.; Fernandez-Jimenez, A.; Avila-Ortiz, G.; Silvestre, FJ.; Hernandez-Cortes, P.; Wang, H.L.
Marginal bone loss around implants placed in maxillary native bone or grafted sinuses: A retrospective
cohort study. Clin. Oral Implant Res. 2014, 25, 378-384. [CrossRef]

Pefiarocha-Diago, M.A.; Flichy-Fernandez, R.; Alonso-Gonzalez, D.; Pefarocha-Oltra, J.;
Balaguer-Martinez, M.; Pecharocha-Diago, M. Influence of implant neck design and implant-abutment
connection type on peri-implant health: Radiological study. Clin. Oral Implant Res. 2012, 24, 1192-1200.
Spinato, S.; Galindo-Moreno, P,; Bernardello, F.; Zaffe, D. Minimum abutment height to eliminate bone loss:
Influence of implant neck design and platform switching. Int. J. Oral Maxillofac. Implant. 2018, 33, 405-411.
[CrossRef]

Lee, C.K,; Karl, M,; Kelly, ]J.R. Evaluation of test protocol variables for dental implant fatigue research.
Dent. Mater. 2009, 25, 1419-1425. [CrossRef]


http://dx.doi.org/10.1097/ID.0000000000000247
http://www.ncbi.nlm.nih.gov/pubmed/25961168
http://dx.doi.org/10.1111/j.1532-849X.2011.00758.x
http://www.ncbi.nlm.nih.gov/pubmed/21910778
http://dx.doi.org/10.11607/jomi.4600
http://www.ncbi.nlm.nih.gov/pubmed/27632260
http://dx.doi.org/10.11607/jomi.4632
http://www.ncbi.nlm.nih.gov/pubmed/27632261
http://dx.doi.org/10.3390/ma12223728
http://www.ncbi.nlm.nih.gov/pubmed/31726659
http://dx.doi.org/10.1016/j.jmbbm.2017.03.022
http://dx.doi.org/10.3390/ma13061429
http://dx.doi.org/10.1097/ID.0b013e31817776cf
http://dx.doi.org/10.1186/s40729-020-00228-4
http://thmedical.es/wpcontent/uploads/2014/10/F_8_Norma-ISO-14801.pdf
http://thmedical.es/wpcontent/uploads/2014/10/F_8_Norma-ISO-14801.pdf
http://dx.doi.org/10.1111/j.1600-0501.2008.01581.x
http://www.ncbi.nlm.nih.gov/pubmed/19040443
http://dx.doi.org/10.1002/jbm.a.34709
http://www.ncbi.nlm.nih.gov/pubmed/23533139
http://dx.doi.org/10.1016/j.msec.2016.02.015
http://www.ncbi.nlm.nih.gov/pubmed/27040208
http://dx.doi.org/10.3390/ijerph17134738
http://www.ncbi.nlm.nih.gov/pubmed/32630294
http://dx.doi.org/10.3390/app9020351
http://dx.doi.org/10.1111/clr.12122
http://dx.doi.org/10.11607/jomi.5604
http://dx.doi.org/10.1016/j.dental.2009.07.003

Int. |. Environ. Res. Public Health 2020, 17, 8988 12 of 12

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

Shemtov-Yona, K.; Rittel, D.; Levin, L.; Machtei, E.E. Effect of dental implant diameter on fatigue performance.
Part I: Mechanical behavior. Clin. Implant Dent. Relat. Res. 2014, 16, 172-177. [CrossRef]

Carneiro, T.A.; Dietrich, L.; Prudente, M.S. Fracture resistance of internal conical and external hexagon:
Regular and narrow implant-abutment assemblies. Implant Dent. 2016, 25, 510-514. [CrossRef] [PubMed]
Eskitascioglu, G.; Usumez, A.; Sevimay, M. The influence of occlusal loading location on stresses
transferred to implant-supported prostheses and supporting bone: A three-dimensional finite element study.
J. Prosthet. Dent. 2004, 91, 144-150. [CrossRef] [PubMed]

Chun, HJ.; Cheong, S.Y; Han, ].H. Evaluation of design parameters of osseointegrated dental implants using
finite elements analysis. J. Oral Rehabil. 2002, 29, 565-574. [CrossRef] [PubMed]

Gil, EJ.; Aparicio, C.; Manero, ].M.; Padrés, A. Influence of the height of the external hexagon and surface
treatment on fatigue life of commercially pure titanium dental implants. Int. J. Oral Maxillofac. Implant. 2009,
24, 583-590.

Binon, PP; Curtis, D.A. A classification system to measure the implant-abutment microgap. Int. |. Oral
Maxillofac. Implant. 2007, 22, 879-885.

Ritcher, E.J. In vivo vertical forces on implants. Int. J. Oral Maxillofac. Implant. 1995, 10, 99-108.

Maeda, Y.; Horisaka, M.; Yagi, K. Biomechanical rationale for a single implant-retained mandibular
overdenture: An in vitro study. Clin. Oral Implant. Res. 2008, 19, 271-275. [CrossRef]

Velasco, E.; Monsalve-Guil, L.; Jimenez, A.; Ortiz, I.; Moreno-Mufiioz, J.; Nufiez-Marquez, E.; Pegueroles, M.;
Perez, R.; Gil, FJ. Importance of the Roughness and Residual Stresses of Dental Implants on Fatigue and
Osseointegration Behavior. In Vivo Study in Rabbits. |. Oral Investig. 2016, 42, 469-476. [CrossRef]
Tortopidis, D.; Lyons, M.E; Baxendale, R.H. The variability of bite force measurement between sessions, in
different positions within the dental arch. J. Oral Rehabil. 1998, 25, 681-686. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/j.1708-8208.2012.00477.x
http://dx.doi.org/10.1097/ID.0000000000000446
http://www.ncbi.nlm.nih.gov/pubmed/27280738
http://dx.doi.org/10.1016/j.prosdent.2003.10.018
http://www.ncbi.nlm.nih.gov/pubmed/14970760
http://dx.doi.org/10.1046/j.1365-2842.2002.00891.x
http://www.ncbi.nlm.nih.gov/pubmed/12071926
http://dx.doi.org/10.1111/j.1600-0501.2007.01425.x
http://dx.doi.org/10.1563/aaid-joi-D-16-00088
http://dx.doi.org/10.1046/j.1365-2842.1998.00293.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Dental Implants 
	Fatigue Test 
	Scanning Electron Microscopy (SEM) Analysis 
	Statistical Analysis 

	Results 
	Hexagon External Connection 
	Double Hexagon Internal Connection 
	Octagonal Internal Connection 

	Discussion 
	Conclusions 
	References

