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ABSTRACT
Statement of problem. Dental implant geometry affects the mechanical performance and fatigue
behavior of butt-joint implant-supported restorations. However, failure of the implant component
has been generally studied by ignoring the prosthetic screw, which is frequently the critical
restoration component.

Purpose. The purpose of this in vitro study was to evaluate the effect of 3 main implant geometric
parameters: the implant body diameter, the platform diameter, and the implant-abutment
connection type (external versus internal butt-joint) on the fatigue life of the prosthetic screw.
The experimental values were further compared with the theoretical ones obtained by using a
previously published methodology.

Material and methods. Four different designs of direct-to-implant dental restorations from the
manufacturer BTI were tested. Forty-eight fatigue tests were performed in an axial fatigue testing
machine according to the International Organization for Standardization (ISO) 14801. Linear
regression models, 95% interval confidence bands for the linear regression, and 95% prediction
intervals of the fatigue load-life (F-N) results were obtained and compared through an analysis of
covariance (ANCOVA) to determine the influence of the 3 parameters under study on the fatigue
behavior (a=.05).

Results. Linear regression models showed a statistical difference (P<.001) when the implant body
diameter was increased by 1 mm; an average 3.5-fold increase in fatigue life was observed.
Increasing the implant abutment connection diameter by 1.4 mm also showed a significant
difference (P<.001), leading to 7-fold longer fatigue life on average. No significant statistical
evidence was found to demonstrate a difference in fatigue life between internal and external
implant-abutment connection types.

Conclusions. Increasing the implant platform and body diameter significantly improved (P<.001)
the fatigue life of the prosthetic screw, whereas external and internal connections provided
similar results. In addition, experimental results proved the accuracy of the fatigue life prediction
methodology. (J Prosthet Dent 2022;127:477.e1-e9)
Implant-supported restora-
tions typically consist of a
dental implant, an abutment,
and a prosthetic screw. The
screw is the critical component
of most dental restorations
(except for narrow implants)
with regard to mechanical
failure,1,2 especially with butt-
joint implants, because it is
responsible for providing
structural integrity to the
whole assembly by means of
the preload force generated by
the applied tightening tor-
que.3-5 A screw malfunction
may lead to an inadequate
assembly joint, with large
abutment-implant micro-
gaps,6,7 self-loosening,5,8-12

and, occasionally, the loss of
the whole restoration due to
fatigue failure.3,8,13-20 Thus,
knowledge about how geo-
metric parameters of dental
implants affect the prosthetic
screw is a major concern. The

most studied geometrical parameters have been implant
length, body diameter, platform diameter, and implant-
abutment connection (IAC) type.
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Clinical Implications
For butt-joint implant-supported restorations where
the prosthetic screw is the critical component, a
larger implant platform and body diameter should
significantly improve the fatigue life. The implant-
abutment connection type, internal or external,
should not significantly affect fatigue behavior.
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being beneficial21 because it increases the contact surface
with the surrounding bone, thus improving stress dis-
tribution22-25 and providing enhanced initial stability.26,27

In addition, with increased implant diameter, stresses in
the implant are reduced, especially around the implant
neck,28 improving the static and fatigue response of
dental restorations.29,30 However, these in vitro studies
focused on implant failure rather than the behavior of the
prosthetic screw. The authors are unaware of studies on
the effect of implant body diameter on the mechanical
behavior of the prosthetic screw.

Implant length has been a controversial topic, with
some authors reporting lower success rates for short and
extrashort implants,31-35 whereas others have reported
higher survival rates.36-39 These discrepancies may be
explained by the fact that short and extrashort implants
are mainly used in clinical situations with reduced alve-
olar bone height, where the experience and skills of the
clinician are critical. Nevertheless, the influence of
implant length has been reported to be much lower than
that of other parameters such as implant body diam-
eter.28,40 Regarding implant-bone interface, where an
excessive strain may lead to bone loss, stress is mainly
distributed along the first 6 threads of the implant,41 the
peak stress being at bone crest level.42-44 Consequently,
unnecessarily increasing the length of the implant may
produce limited improvements, even though a longer
implant may improve primary stability in situations
where cancellous bone is predominant.43,45

The diameter of the implant-abutment platform is
also a key geometrical parameter both clinically and
mechanically. From a clinical point of view, the reduction
of the contact diameter of the IAC is widely used in the
platform switching concept,46 where an abutment nar-
rower than the implant is used. Platform switching can
lead to reduced peri-implant bone loss.47 Nevertheless,
mechanical behavior is negatively affected by the
reduction of the contact diameter of the IAC because the
platform plays a primary role in joint strength, joint
stability, and rotational and locational stability.48 As re-
ported by Minatel et al,47 a reduction of the IAC diameter
(by using the platform switching concept) can result in
higher stresses in the retaining screw. In addition,
Nicolas-Silvente et al49 performed experimental fatigue
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tests where the retaining screws were the failing com-
ponents and concluded that a higher fatigue limit was
obtained with wider platforms, even though this
conclusion might be limited by the fact that the speci-
mens tested had different connection types.

External and internal butt-joint connections have
been compared.6,50-54 From a clinical point of view, in-
ternal butt-joint connections improve sealing against
microbial ingress6 and esthetics and provide more plat-
form switching options.50 From a mechanical point of
view, IAC type may determine not only the maximum
load of the restoration but also its failure mode.51 Thus,
finite element analysis (FEA) and experimental studies
have determined that internal butt-joint connections
have better fatigue performance than external connec-
tions.52-54 However, these studies focused on implant
failure rather than prosthetic screw failure.

Nevertheless, focusing on the mechanical behavior of
the restoration, most of these studies set aside the in-
fluence of these parameters on the mechanical behavior
of the prosthetic screw, which is often the critical
component of the restoration when quasistatic overload
or fatigue failure occurs. Moreover, the importance of the
screw must not be underestimated because it may work
as a mechanical fuse51 as it is an easily replaceable
component whose eventual failure secures the implant
and the surrounding structure from bending overload.

The fatigue behavior of the prosthetic screw has been
studied in 4 different butt-joint implant-supported
restoration designs. The research hypothesis was that
differences in fatigue life would be found when the
implant body and platform diameters were increased and
when IAC was shifted between internal and external.
Implant length was not included in this study on the
assumption that its effect would be negligible in com-
parison with the parameters studied. In addition, the
authors had previously developed a theoretical fatigue
life prediction methodology for prosthetic screws.19

Therefore, the experimental test results were compared
with the theoretical ones to determine the accuracy of the
methodology for the wide range of designs under study.
MATERIAL AND METHODS

Four different directly attached implant-supported res-
torations (BTI Biotechnology Institute) were tested
(Table 1). As the study focused on prosthetic screw fail-
ures, dental restorations with narrow implants were not
considered because the implant would be expected to be
the failing component. All implants and abutments were
made of commercially pure-grade 4 titanium (Ti CP4),
and all the prosthetic screws were made of Ti6Al4V ex-
tralow interstitials (ELI) (Ti Gr 5) with the chemical
composition provided in Table 2. Comparing couples of
restorations as illustrated in Figure 1, the effect of implant
Armentia et al



Platform Ø Body Ø IAC type

EX-I4.5-P4.1IN-I4.5-P4.1IN-I5.5-P4.1IN-I5.5-P5.5

Figure 1. Dental restorations and comparisons. IAC, implant-abutment
connection.
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Figure 2. Schematic of test design according to ISO 14801 standard.55 1,
Loading device. 2, Nominal bone level. 3, Implant abutment. 4,
Hemispherical loading member. 5, Implant body. 6, Specimen holder. 7,
Force Application. ISO, International Organization for Standardization.

Table 1. Components and main parameters of restorations under study

Restoration IN-I4.5-P4.1 IN-I5.5-P4.1 IN-I5.5-P5.5 EX-I4.5-P4.1

Implant IIPSCA4513 IIPSCA5513 IIPACA5513 IRPS4513

Abutment INPPTU44 INPPTU44 INPPTA54 PPTU44

Screw INTTUH INTTUH INTTUH TTUH

Body Ø (mm) 4.5 5.5 5.5 4.5

Platform Ø (mm) 4.1 4.1 5.5 4.1

IAC Internal Internal Internal External

Screw Metric M1.8 M1.8 M1.8 M2

Tightening torque (Ncm) 35 35 35 35

Table 2. Chemical composition of materials used in implant and
prosthetic screw components

Ti 6Al 4V ELI (Ti GR5) Ti CP4

Composition Wt. % Composition Wt. %

Al 5.5-6.5 N (max) 0.05

V 3.5-4.5 C (max) 0.08

Fe (max) 0.25 Fe (max) 0.5

O (max) 0.13 O (max) 0.4

C (max) 0.08 H (max) 0.0125

N (max) 0.05 - -

H (max) 0.012 - -
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body diameter, implant platform diameter, and IAC type
were analyzed.

Fatigue tests were carried out in an axial fatigue
testing machine (E 3000 Electropuls; Instron) with a ±5-
kN load range load cell (DYNACELL 2527-153; Instron).
Tests were performed according to the International
Organization for Standardization (ISO) 14801 Standard
with a loading ratio of 0.1.55 Thus, each implant was
placed in a specimen holder (inclined 30 degrees)
extending 3 mm. The load was applied at 8 mm from the
implant-abutment platform. The load varied from
maximum to 10% of maximum with a frequency of 15
Hz. The load was transmitted from the actuation of the
test bench to the dental restoration by means of a
hemispherical device (Fig. 2). In total, 48 fatigue tests
were performed for the 4 dental restorations seen in
Figure 1. For each dental restoration, 3 or 4 specimens
were tested at each of the 3 to 5 load levels fulfilling ISO
14801 sample size requirements55 and at similar load
ranges, covering a wide life range. Some test results for
IN-I4.5-P4.1 have been published previously,19 and
additional tests (of the same manufacturing batch) were
performed in the present study. All the specimens were
preloaded to 35 Ncm, as recommended by the manu-
facturer. Fatigue test results were plotted in an F-N di-
agram, which relates the applied force F with the number
of cycles to fatigue failure N, as indicated in ISO 14801.55

Regression models, confidence bands for the linear
regression, and prediction intervals for 95% confidence
Armentia et al
were then calculated according to the American Society
of Testing and Materials (ASTM) E-739 Standard.56

ANCOVA calculated in a spreadsheet (Excel; Micro-
soft Corp) was used to statistically compare all the res-
torations in pairs to isolate 1 variable in each comparison
(Fig. 1). In brief, the first null hypothesis assumed the
same slope for both linear regression models and, if
accepted, the second null hypothesis assumed the same
fatigue behavior (negligible statistical differences be-
tween 2 linear regressions).

Furthermore, in previous work, a theoretical fatigue
life prediction methodology for prosthetic screws in
dental restorations was presented.19 Essentially, the
methodology consisted of a simple FEA that simulated
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 3. Mesh of FE models under study. A, IN-I5.5-P5.5 (2 365 587 DoF). B, IN-I5.5-P4.1 (2 202 267 DoF). C, IN-I4.5-P4.1 (1 818 912 DoF). D, EX-I4.5-P4.1
(1 671 387 DoF). DoF, degree of freedom; FE, finite element.
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Figure 4. F-N curves of dental restorations under study: experimental tests (marks) and linear model (lines). Data points marked with X from previous
study.19
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ISO 1480155 test conditions (as in the experimental test),
combined with simple formulation. In this case, half
geometry was modeled, and cylindrical threads were
THE JOURNAL OF PROSTHETIC DENTISTRY
assumed in the screwed joint. Figure 3 shows the mesh of
the FE models in Figure 1. From the FEA, force reactions
(axial force and bending moment) in the screw head
Armentia et al
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Figure 5. Experimental fatigue data points (marks), F-N curves (lines), linear regression confidence bands (dotted lines), and prediction intervals (dashed
lines) for comparison purposes (see Fig. 1). A, Body diameter. B, Platform diameter. C, IAC type. Data points marked with X from previous study.19 IAC,
implant-abutment connection.
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contact were considered instead of the resulting stress
status, which was influenced by the mesh size and the
notch effect. Thus, nominal stresses were calculated in
the failure section of the screw by using well-known
classical formulation from the theory of elasticity.
Finally, these nominal stresses were associated with a
given fatigue life by using the classical Walker fatigue
equation.57,58 Additional detailed explanation can be
found in previous work.19
Figure 6. Fatigue failure of prosthetic screw in first engaged thread.
RESULTS

Figure 4 shows the experimental results F-log(cycles) for
each restoration, with the number of cycles to fatigue
failure N for each fatigue load level F tested, and their
linear models according to ISO 14801.55 Aiming to test
similar load ranges, IN-I4.5-P4.1, IN-I5.5-P4.1, and EX-
I4.5-P4.1 were tested by decreasing the load by 25 N
starting from 425 N; the lower limits were set in 325 N,
375 N, and 350 N, respectively, below which run-outs
took place (set to 5 million cycles). IN-I5.5-P5.5 was
tested in a higher load range because run-outs occurred
below 500 N.

The restorations were compared in pairs (Fig. 5) to
perform the comparisons presented in Figure 1. For such
purpose, 95% linear regression confidence bands and
95% prediction intervals were added to the experimental
points and linear models.56 Thus, Figure 5A compares
IN-I4.5-P4.1 and IN-I5.5-P4.1 to study the effect of
implant body diameter; Figure 5B compares IN-I5.5-P4.1
and IN-I5.5-P5.5 for the influence of platform diameter;
and, in Figure 5C, IN-I4.5-P4.1 and EX-I4.5-P4.1 were
plotted to evaluate the effect of the IAC type. In all the
cases, fatigue failure occurred in the first engaged thread
of the prosthetic screw, as expected (Fig. 6).59-61

Regarding Figure 5A, ANCOVA was used to compare
both linear models, accepting the first null hypothesis
that the slopes were equal (P=.615) and rejecting the
second null hypothesis (P<.001), that is, the mean fatigue
life was statistically different. Furthermore, once the
slopes of both models were determined to be equal, the
fatigue life was calculated to be enhanced 3.5-fold when
the implant diameter was increased from 4.5 to 5.5 mm.

IN-I5.5-P4.1 and IN-I5.5-P5.5 could not be tested in
the same load range (Fig. 5B). Thus, the linear model of
IN-I5.5-P4.1 was extrapolated to allow a comparison of
both models. ANCOVA was used to compare the linear
models, accepting the first null hypothesis that the slopes
were equal (P=.541) and rejecting the second null hy-
pothesis (P<.001); moreover, the fatigue life was calcu-
lated to be 7 times larger when the platform diameter
was increased from 4.1 to 5.5 mm. This value resulted
from a linear extrapolation, and this factor may be even
larger because of the possible nonlinear behavior of the
THE JOURNAL OF PROSTHETIC DENTISTRY
material when approaching the low-cycle-fatigue
domain.

Finally, ANCOVA rejected the hypothesis that the
slopes were equal (P<.001) for the models compared in
Figure 5C, and therefore, a difference in fatigue life was
not demonstrated. The linear regression confidence
bands and prediction intervals for 3 of the 4 load levels
overlapped, indicating that significant differences were
not demonstrated in terms of fatigue life.

Figure 7 illustrates all the experimental test results
(vertical axis) versus the fatigue life estimated by the
theoretical prediction methodology (horizontal axis). The
45-degree black line represents a perfect tool-
experimental match (experimental life equal to theoreti-
cally predicted life). However, a perfect correlation is
virtually impossible because of the inherent dispersion of
the fatigue phenomenon,62 as well as the scatter of the
torque-to-preload ratio in screwed joints.12
DISCUSSION

The experimental fatigue test results determined that
fatigue response of the prosthetic screw significantly
improved when the implant body diameter was increased
from 4.5 to 5.5 mm. Linear regression models showed a
fatigue life 3.5 times higher for the highest load range
under study, accepting the research hypothesis con-
cerning implant body diameter. This beneficial effect was
consistent with the findings of Shemtov-Yona et al29 and
Fan et al,30 who also reported improved fatigue response
with larger implant diameters. This, together with the
reduction of the surrounding bone stresses22-25 and the
enhancement of the initial stability,26,27 determined that
increasing the body diameter will improve the overall
behavior of the dental restoration. However, even though
a large implant body diameter is recommended from a
mechanical point of view, horizontal crestal bone atrophy
and restricted edentulous area often limit the use of large
diameters.63 Furthermore, narrower implants decrease
Armentia et al
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Figure 7. Experimental results versus theoretical life prediction.19
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the need for bone augmentations, reducing surgical
invasiveness.64

Regarding implant platform diameter, a major
improvement in fatigue life was achieved when the
platform diameter was increased from 4.1 to 5.5 mm. The
number of cycles was increased by a factor of approxi-
mately 7 according to the linear models, accepting the
research hypothesis concerning implant platform diam-
eter. These results were consistent with those of Nicolas-
Silvente et al,49 who reported lower stresses on the
prosthetic screw with larger platform diameters. Never-
theless, the platform switching effect on peri-implant
bone should be taken into account to avoid peri-
implant bone loss.46,47

Concerning IAC type, the results did not show a
significant difference between internal and external
connections, rejecting the research hypothesis of this
study concerning IAC type. Nevertheless, the internal
connection tested had a narrower screwed joint than the
external one (M1.8 versus M2, as indicated in Table 1).
Thus, a slightly improved fatigue response of the internal
connections may be expected over the external connec-
tion if compared under the same conditions, consistent
with previous studies.52-54 Nevertheless, the effect of the
IAC type on the fatigue life of the prosthetic screw was
significantly smaller than the other 2 parameters studied,
and internal butt-joint connections have other advan-
tages, including improved esthetics, sealing, and platform
switching options.6,50
Armentia et al
The fatigue life prediction methodology previously
developed by the authors19 provided accurate life pre-
dictions for the wide range of geometric dimensions
studied. The authors believe that this methodology can
be used by manufacturers to compare different implant
designs, including different geometries, as in the present
study, loading rates, tightening torques, and friction
coefficients. Currently these comparisons are carried out
by building and experimentally testing prototypes, a
costly and time-consuming process. The theoretical
methodology is a powerful, versatile, and cost-effective
design tool. The methodology predicts the fatigue life
for the dental restoration when the prosthetic screw is
the critical component, so it cannot be used for very
narrow dental restorations where the implant is the
failing component. For other materials and coating or
surface treatments, the parameters of the fatigue life
prediction equation must be tuned as explained
previously.19

CONCLUSIONS

Based on the findings of this in vitro study, the following
conclusions were drawn:

1. Increasing the implant body diameter, and espe-
cially the implant platform diameter, increased the
fatigue life of the prosthetic screw.

2. No significant difference was found in fatigue life
between internal and external IAC types.
THE JOURNAL OF PROSTHETIC DENTISTRY
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TH
3. The theoretical fatigue life predictions were consis-
tent with the experimental results.
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