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A B S T R A C T

As screwed joints, dental restorations may suffer mechanical failures such as screw loosening and
implant or prosthetic screw failure due to fatigue. This work is focused on the failure of the
implant and develops a numerical methodology to predict its fatigue life under cyclic loading
conditions. This methodology is based on the combination of Critical Plane Methods and the
Theory of Critical Distances to account for stress multiaxiality and notch effects. The obtained
predictions were validated experimentally, which can be used to identify the main geometrical,
assembly and operational factors affecting the fatigue behavior of dental implants. As a result, a
powerful and efficient design tool for fatigue life prediction of dental implants is presented. This
methodology complements a previously presented one focused on the fatigue life prediction of the
prosthetic screw, thereby, offering now a complete design tool package regardless the critical
component of the dental restoration, predicting accurately the fatigue response of the restoration,
with no need for long-term fatigue test campaigns. This is a pioneering work since no other fa-
tigue design methodology for dental implants with such a solid foundation and experimental
validation has been published to date.

1. Introduction

Oral rehabilitation based on implant-supported restorations represents a widespread practice to replace either a single missing
dental piece or even a full arch of an edentulous patient [1]. The most commonly used restoration is composed by a dental implant,
which is placed into the maxillar or mandibular bone, and an abutment. The abutment along with a previously cemented crown is then
placed on the implant. Finally, a prosthetic screw is inserted and properly tightened in order to achieve structural integrity of the whole
assembly (see Fig. 1).

Although the use of implant-based dental restorations is a highly reliable treatment, any case is susceptible to biological or me-
chanical complications. Together with screw self-loosening [2–6] and microgap formation [7–23], fatigue failure of implant or any of
its prosthetic components is one of the most common mechanical problems [24–26]. Previous work presented a methodology for
fatigue life prediction of regular or wide implants, where the prosthetic screw is usually the critical component [27], later validated
experimentally on 4 implant supported restorations [28].

However, the industry of dental implantology is increasingly looking for narrower dental implants to deal with cases where the
patient has little bone section. In case a narrow dental implant is used, the implant is likely to be critical component in terms of fatigue
failure rather than the prosthetic screw, whose fatigue failure was previously studied by the authors in Refs. [27,28]. The fatigue
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analysis of the screw is relatively simple due to its geometry and uniaxial working condition that allow for the use of the uniaxial
nominal stress value obtained straightforward from the formulation of the Theory of Elasticity. By contrast, implant body fatigue
analysis may be considered more challenging because of its complex geometry and loads. In this case, multiaxial stresses with strong
gradients show up at notch root of the outer implant thread where crack initiation occurs.

There are many publications regarding fatigue performance of dental restorations, most of them consisting of purely experimental
works [29–34] often according to ISO 14801 standard [35]. In these studies the F-N curves (cyclic force vs fatigue life), or more
commonly the fatigue life under a unique load level are provided, in order to find out which restoration behaves better under certain
conditions. Some works also use Finite Element Analysis (FEA) [36–41], obtaining stress maps and correlating a higher peak stress
under maximum load with a lower fatigue life without a rigorous fatigue live prediction methodology. This type of approach is un-
derstandable considering that these works are published in journals of the field of oral implantology whose target readers are clini-
cians. They usually are more interested in clinical implications of the different restorations designs available in the market than on an
in-depth study of the fatigue phenomenon itself.

Although no works have been found that employ the theory of multiaxial fatigue for the study of dental implants, there is plenty of
literature that presents the basis of multiaxial fatigue [42–44]. Papuga et al. besides compiling many of the multiaxial fatigue methods
known so far, evaluate their accuracy [45]. Deng et al. on the other hand focuses on multiaxial fatigue under variable amplitude loads
[46]. In the review, he compiles the basic concepts as well as classifies the latest achievements. Susmel focused on Theory of Critical
Distances (TDC) and tested its accuracy under different loading conditions [47]. Shen et al. found in their paper that stress gradient and
critical distance value are strongly related [48]. It should be noted that a dental restoration assembly is, in essence, a screwed joint. Its
fatigue response should therefore be explainable and predictable by using the concepts and analysis methods developed in fatigue
related scientific literature. Thus, the aim of this work is to apply these methodologies to the field of dental implantology, considering
the particularities of narrow dental restorations, where the implant itself is commonly the critical component.

As a result, this paper develops and experimentally validates a methodology to predict fatigue life of dental implants. In this way, a
consistent methodology for engineering departments is provided in terms of design optimization and experimental tests reduction. The
methodology is based on standardized specimen tests to determine the fatigue behavior of the implant material and notch effect. Then,
it analyzes the multiaxial stress condition at the specimen notch root combining Critical Plane Methods (CPM) and the TCD to predict
the fatigue life of dental restorations under any conditions.

2. Methodology

The fatigue assessment methodology presented in this work combines CPM and TCD and its procedure is outlined in the following
steps. In a first step, pure alternating axial fatigue tests were carried out on notched and unnotched standardized hourglass specimens.
By means of these tests, material fatigue behavior is characterized and stress concentration effect (notch effect) is evaluated. In a
second step, the local stress fields corresponding to the applied fatigue loading were obtained by FEA. Then the CPM combined with
the Volume Method (VM) of TCD was used to calibrate critical distance value as a function of the normalized stress gradient. Based on
those results, in a third step, a methodology which predicts the fatigue behavior of narrow dental restorations (where the implant is the
fuse of the restoration). The following sections explain, respectively, these three steps.

2.1. Axial fatigue tests on standardized specimens

Pure alternating (R− 1) axial fatigue tests of standardized hourglass specimens [49–51] of CP4 titanium were performed, which is
the material of the dental implants under study (chemical composition given in Table 1). Fatigue specimens were produced using the
same bars used to create dental implants, so that the material used to manufacture the specimens is strictly identical to that used in the
dental implants.

Fig. 2 (A - D) shows the drawings of the unnotched specimen as well as the three notched specimens. The unnotched specimen has a

Fig. 1. A visual of an implant-supported restoration placed in a jawbone section.
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3.5 mm neck diameter (critical section) while notched specimens have a 3 mm section diameter at the notch root and notch radii of
0.137 mm, 0.164 mm, and 0.650 mm. The notch radii were chosen so that the stress gradient located at the notch root for the three
geometries bounds the ones computed in the critical zones of the dental implants. The stress concentration factor of each notch radius,
based on the net section, is 3.1, 2.8, and 1.8 for notch radii of 0.137 mm, 0.164 mm, and 0.650 mm, respectively.

Fig. 3 shows the S-N curves composed by the fatigue data points obtained experimentally along with the regression models ac-
cording to ASTM E739-91 [52]. This charts relate the nominal stress (i.e., not accounting for the stress concentration/gradient) in the
critical section (force divided by net section) with the experimental fatigue life. The tests were carried out on a INSTRON 8801
servo-hydraulic test bench located at the Department of Mechanical Engineering (University of the Basque Country UPV-EHU, Bilbao,
Spain). The linear regression models in Fig. 3 are virtually parallel, which involves that, for the material and notch geometries under
study, the notch effect is independent of fatigue life (number of cycles). Thus from Fig. 3, the fatigue strength ratios, i.e. the rela-
tionship between the nominal stress ratios of notched specimens and the one of the unnotched specimen, turn out to be 2.1 for the
R0.137 mm notch, 2.0 for the R0.164 mm notch and 1.43 for the R0.650 mm notch.

2.2. FEA of standardized specimens: critical distances and normalized stress gradients

The notch effect is accounted by using the TCD, reproducing the experimental load cases in Finite Element (FE) models. This
approach consists of obtaining an effective stress σeff (also known as Fatigue Indicator Parameter (FIP) as defined in Ref. [53]) at a
given distance (related to a critical distance dc) from the root of the notch. This value is then used as the pertinent mechanical quantity
to compute the fatigue life [47,54] of the notched sample from the unnotched S-N curve of the material as given in Fig. 3. Fig. 4 shows
how stress is distributed along the notched section of a specimen and how the effective stress σeff , always higher than the nominal stress
due to the influence of the notch effect, is located at a critical distance dc. This critical distance can be identified using several methods
such as the Point Method (PM), the Line Method (LM), the Area Method (AM) and the Volume Method (VM) (see Fig. 5(A–D)). PM
defines σeff as the stress value at a point located at a distance dPM from notch root. Alternatively, LM calculates σeff as the average stress
on a straight line starting from the notch root to a distance dLM. AM averages the stress within a well-defined area, in this case of a half
circle with radius dAM and centered at the notch root. Finally, VM calculates the average stress of a given volume, in this case defined as
a sphere centered at the root of the notch with radius dVM. PM, LM or AM are adequate for cases in which the direction (in the case of
PM and LM) and the plane (in the case of AM) of the fatigue crack propagation is already known or can be easily predicted. However, in

Table 1
Ti6Al4V and CP4 Titanium composition.

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

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 – –

Fig. 2. Hourglass specimens used for material and notch effect characterization. A, Unnotched specimen. B, R0.137 notched specimen. C, R0.164
notched specimen. D, R0.650 notched specimen.
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Fig. 3. Fatigue S-N curves of all tested specimens.

Fig. 4. TCD applied on a notched specimen to obtain an effective stress to account for fatigue calculations.

Fig. 5. Different methods based on the TCD. A, Point Method. B, Line Method. C, Area Method. D, Volume Method.
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the case of a dental implant the crack propagation direction is hardly predictable due to the complexity of the geometry and loading
conditions. Therefore, the VMwas preferred as it does not presuppose a crack propagation direction and was found to give good results
for complex multiaxial loadings or in the case of fatigue corrosion crack initiation from pits [53,55]. Thus, the FEmodels of the notched
specimens were meshed in such a way that a sphere of 0.2 mm around the notch root was gradually refined as illustrated in Fig. 6 (A, B)
for the R0.137 mm specimen. The material was modelled as linear elastic with a Young modulus E = 103,000 MPa and Poisson co-
efficient υ = 0.35 [27].

A nominal stress of 1 MPa (force divided by net section of the critical section) was applied on the three FE models. From the FEA
results, the stress field within the 0.2 mm-radius sphere was extracted, and the CPM of Findley and Dang Van were employed to obtain
their associated equivalent stresses [44,45,47,56,57], calculated in Matlab R2019b. In brief, Findley method defines the critical plane
as the one that satisfies equation (1) and uses the damage function of equation (2). With α and β being parameters obtained from
alternating axial tests and alternating torsion tests (see equations (3) and (4)).

maxp
n=1(τa +α(σm + σa)) (1)

τaeq=τa + α(σm + σa)< β (2)

α=
2 − σ− 1

τ− 1

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ− 1
τ− 1

− 1
√ (3)

β=
σ− 1

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ− 1
τ− 1

− 1
√ (4)

Besides, Dang Van method identified the critical plane as the one meeting equation (5)and used the damage function in equation
(6). With α and β being parameters obtained from equations (7) and (8).

maxp
n=1(τa(t)+ α ⋅ σh(t)) (5)

τaeq = τa(t) + α ⋅ σh(t) < β (6)

α=3
(

τ− 1
σ− 1

− 0.5
)

(7)

β= τ− 1 (8)

Since all computations were performed using 1 MPa as a nominal stress, the obtained stress field and subsequent equivalent stress
values are normalized values with respect to the nominal stress. Then, according to the VM, the effective stress σeff ; that is, the averaged
value of the stress, was determined as a function of the sphere radius (ranging from 0 mm to 0.2 mm), also normalized with respect to
the nominal stress (see Fig. 7(A–C)). From the obtained effective stress σeff distributions, critical distance was defined as the distance at
which σeff equals the aforementioned fatigue strength ratio. These values are 2.1 MPa for the R0.137 mm notch, 2.0 MPa for the
R0.164 mm notch and 1.43 MPa for the R0.650 mm. As a result, the critical distances listed in Table 2 according to Findley and Dang
Van criteria were obtained. As the critical distances are different for the three different notch geometries, the normalized stress
gradient at the notch root was chosen as a suitable parameter to evaluate this variability. Table 3 shows the stress gradients for the

Fig. 6. FE model of the R0.650 mm notched hourglass specimen. A, Overview. B, Detail of the sphere-form progressive refinement at the root of
the notch.
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Fig. 7. Normalized effective stresses obtained though Findley and Dang Van methods (σeff/σnom) as function of the sphere radius (critical distance)
for different notched specimens. A, R0.137 mm notch. B, R0.164 mm notch. C, R0.650 mm notch.

Table 2
Findley and Dang Van critical distances obtained for the three notch cases.

Findley critical distance (mm) Dang Van critical distance (mm)

R0.137 Notch 0.054 0.062
R0.164 Notch 0.061 0.069
R0.650 Notch 0.138 0.158

Table 3
Findley and Dang Van Normalized stress gradients for the three notch cases.

Findley normalized stress gradient (mm− 1) Dang Van normalized stress gradient (mm− 1)

R0.137 Notch 7.360 6.517
R0.164 Notch 6.191 5.494
R0.650 Notch 1.580 1.406
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three different notch geometries divided by the maximum stress to obtain the normalized values. Then, a linear relationship between
the critical distance d and the normalized stress gradient ∇σ, plotted in Fig. 8, was proposed. Note that, since the proposed linear
relationships are obtained from the combination of both theoretical and experimental approaches, the values of critical distances d
obtained in Table 2 may vary due to the scatter inherent to experimental fatigue tests. Hence, as occurs with S-N curves, the trends in
Fig. 8 may suffer variations if more experimental tests are performed. Furthermore, it should be mentioned that since only three
different notch geometries were used in this study, linear seems to be the most rigorous regression, even though the test of more notch
geometries may suggest more appropriate regression models.

2.3. Methodology for dental implants fatigue life prediction

Once the fatigue response and the notch effect of CP4 Titanium has been characterized with standardized hourglass specimens, the
fatigue life of those dental implants made of that material can be predicted by following the methodology outlined in the flowchart of
Fig. 9. Step 0 corresponds to the procedure described in previous sections. In step 1, a FEA of the dental restoration under study at a
certain fatigue load is carried out. The details of such a model will be outlined in the next section. As has been done for the hourglass
specimens, the stress results of the FE within a 0.2 mm-radius sphere centered at the crack initiation point, i.e., the notch root, are then
obtained. These results must be computed for both the peak and valley values of the force since, as it may be expected, dental res-
torations do not work under pure alternating load as the specimens do. From the computed stress fields, the corresponding uniaxial
equivalent stresses are obtained according to Findley or Dang Van criteria are obtained (step 2). Then, the effective stress σeff is
computed for both criteria as a function of the sphere radius (ranging from 0mm to 0.2 mm) as it was done for the hourglass specimens,
obtaining a chart homologous to the one shown in Fig. 7(A–C), but, in this case, corresponding to the dental implant and fatigue load
under study. Next, in step 3, the normalized stress gradient at the notch root is obtained, and the critical distance is determined ac-
cording to the linear model proposed in Fig. 8. Finally, the effective stress σeff corresponding to that distance is calculated in step 4 so
that, in step 5, the dental implant fatigue life is obtained from the S-N curve of the unnotched hourglass specimen.

This methodology is able to predict the fatigue behavior (number of cycles until failure) of any dental restoration regardless its
geometry and working conditions (masticatory load, preload of the screw, etc) as long as the implant material is the same as the one
characterized in step 0.

3. Experimental validation of the methodology on dental implants

The fatigue life of three different dental restorations under certain loading conditions were experimentally obtained. Then, the
results were compared with the theoretical predictions from the methodology, in order to validate the presented fatigue life assessment
methodology and verify its accuracy.

Fig. 8. Critical distance (sphere radius) as function of the normalized stress gradient for the three notch cases and the corresponding linear models
proposed for Findley and Dang Van methods.
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3.1. Experimental tests on dental restorations

Three different dental restorations were tested experimentally by performing fatigue loading until failure. All of them were
composed of narrow implants so the implant itself was expected to be the critical component. The first restoration, from now on I-1, is
composed by an IIPUCA3313 implant (BTI, Spain) with a butt-joint internal connection, Ø3.3 mm implant body and Ø4.1 mm plat-
form, an INPPTU44 abutment and an INTTUH prosthetic screw with a M1.8 screw metric. The second dental restoration, from now on
I-2, is composed by an IIP3CA3013 implant (BTI, Spain) with a butt-joint internal connection, Ø3mm implant body and Ø3mm
platform, a INPPT3B34 abutment, and the aforementioned INTTUH prosthetic screw. The last dental restoration, from now on I-3, is
composed by an IRTCA2513 (BTI, Spain) implant with an external connection, Ø2.5 mm implant body and Ø3.5 mm platform
diameter. The abutment used in this third dental restoration is a PPATEB44 with a TTTH prosthetic screw with M2 screw metric. All of
them were previously tested to verify that the dental implant was in fact the critical component, and to identify the crack initiation
point. Fig. 10 (A - C) shows these restorations and Table 4 summarize their main features. The implants as well as the abutments are
made of CP4 Titanium, the material tested in the standardized specimens, while the prosthetic screws are made of grade 5 Titanium
(Ti6Al4V) (see Table 1).

The experimental fatigue tests were performed in an INSTRON E3000 Electropuls following the recommendations of the ISO 14801

Fig. 9. Flowchart of the methodology proposed that predicts fatigue life of dental implants.

Fig. 10. The three implant-supported restoration models studied. A, I-1. B, I-2. C, I-3.
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[35], a widely used Standard to characterize and certify the fatigue performance of dental restorations. Each abutment was mounted
on its corresponding dental implant, then, the prosthetic screw was placed and tightened at 35Ncm. The dental restoration was
inserted in a specimen holder, then glued and placed at 30◦ with respect to the load direction (vertical axis) as shown in Fig. 11. Then,
cyclic load was applied until restoration failure. The load levels selected for each restoration were: Fmax = 220N for I-1, 140N for I-2,
and 130N for I-3, with a loading ratio R of 0.1. At those load values, 6 samples of I-1, 7 samples of I-2, and 7 samples of I-3 were tested.
Fig. 12 (A - C) shows fatigue data points obtained experimentally. In all cases the implant failed at the thread positioned right below
upper boundary of the specimen holder embedment, as illustrated in Fig. 13. Anderson-Darling test was carried out at each of the three
cases studied, verifying that sample data does not significantly depart from a log-normal distribution (significance level of 0.05),
therefore, log-normal distribution assumption cannot be rejected (p= 0.5938 for I-1, p= 0.2243 for I-2, and p= 0.3219 for I-3). Mean
and Standard Deviation (SD) of logarithmic fatigue values for each dental restoration tests were: 4.63 and 0.18 for I-1, 4.42 and 0.29
for I-2, and 4.54 and 1.65 for I-3.

3.2. Methodology prediction of dental restorations

To compare these experimental fatigue life results with the theoretical predictions, FEA of the dental restorations were performed
under same loading conditions. The complete geometry was modelled in order to allow for the application of the aforementioned
fatigue design methodology. The threads of the prosthetic screw were modelled as cylindrical instead of helical, involving a negligible
error in the stress results of the dental implant [27]. The external threads of the implant, though, were modelled as they are in reality; i.
e., as helical. The abutment has undergone only one modification, the cut across its transverse section at 8 mm height from the implant
platform. This modification was performed so that the load may directly be applied at the level specified in the ISO 14801 [35]

Table 4
Narrow implant-supported restorations under study.

Restoration I-1 I-2 I-3

Implant IIPUCA3313 IIP3CA3013 IRTCA2513
Abutment INPPTU44 INPPT3B34 PPATEB44
Screw INTTUH INTTUH TTTH
Body Ø (mm) 3.3 3.0 2.5
Platform Ø (mm) 4.1 3.0 3.5
IAC Internal Internal External
Screw Metric M1.8 M1.8 M2
Torque (Ncm) 35 35 35

Fig. 11. INSTRON E3000 Electropuls fatigue test bench used for experimental testing according to ISO 14801 [35].
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mentioned above, avoiding the hemispherical device used in the experimental tests. Both materials, CP4 Titanium and Ti6Al4V, were
modelled as linear elastic, with Young modulus being 103 GPa for both, and Poisson coefficient being ν = 0.35 and ν = 0.31,
respectively [27]. Friction coefficient value of 0.17 was set for those contacts among the screw surfaces and the inner surfaces of both
the implant and the abutment. Moreover, a friction coefficient value of 0.21 was set for those contacts among the surfaces that form the
IAC [27]. In the experimental setup, the implant is placed in the specimen holder hole by previously being filled with an embedding
material (Loctite 401), as recommended by ISO 14801 [35]. This particular boundary condition is modelled by setting a contact with a
friction coefficient of 0.5. This condition allows for material deformation when either the preload is being applied or the implant is
being compressed by the applied external load, while restricting lateral displacement.

The abutment and the screw-pretension section were meshed with second order hexahedra while second order tetrahedra were
used in the rest of the bodies. 1 mm size elements were used for specimen holder meshing with a refinement on the implant contact
surface by using 0.15 mm size elements. Both the abutment and the screw were meshed by using 0.1 mm size elements, with the last
one having a refinement on the thread contact faces by using 0.025 mm elements. Implant meshing was performed by using 0.1 mm

Fig. 12. Fatigue life obtained experimentally, its corresponding normal distribution function, and the average value. A, I-1 (220N). B, I-2 (140N). C,
I-3 (130N).

Fig. 13. Crack initiations located at the notch of the thread immediately below the implant embedment in the specimen (I-2).
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elements and refining the mesh by using 0.025 mm elements on inner thread surfaces. Finally, the implant had a sphere-form pro-
gressive refinement with the center being located at the notch root where the crack starts. The first refinement sphere used 0.03 mm
size elements with a radius of 0.3 mm. Then, the second refinement sphere used 0.008 mm size elements with a radius of 0.2, followed
by a third sphere that used 0.004 mm size elements with a radius of 0.08 mm. Finally, the last refinement sphere used 0.001 mm size
elements with a radius of 0.02. Fig. 14 (A, B) shows both the FE model and the detail of the sphere refinement at the root of the notch, i.
e. the crack initiation point, for one of the dental restorations under study. Regarding the boundary conditions, fixed supports were
applied at the base and side of the specimen holder as well as at the base of the implant. The FEA consisted of two load steps. In the first
step, the preload corresponding to 35Ncm tightening torque was applied on the screw. The values of the preload for the three cases are:
814N for I-1 and for I-2, and 761N for I-3, obtained as explained in previous work [27].

Fig. 15 (A - C) shows the Von Mises stresses for each of the three implants under study under the maximum applied load (Fmax =

220N, 140N and 130N for I-1, I-2, and I-3, respectively). As mentioned, the stress field within the sphere was obtained for the
experimentally applied loadings and a loading ratio R of 0.1. Next, Findley and Dang Van equivalent alternating stresses of those
elements were calculated. Then, the effective stress as a function of the sphere radius (see Fig. 16(A–C)) as well as the normalized stress
gradient values at the notch root (see Table 5) were obtained for each dental restoration. The values of Table 5 were then used to enter
the linear model presented Fig. 8 in order to calculate the critical distance to be used for each dental implant, with the results in
Table 6. Note that the normalized stress gradients of the implants fell within the range of the normalized stress gradients of the
specimens.

Using the critical distance values of Table 6 together with Fig. 16(A–C), the effective fatigue stresses listed in Table 7 were obtained.
Finally, these stress values were used to predict the fatigue life by entering the S-N curve of the unnotched specimen in Fig. 3. Thus,
Fig. 17 (A, B) shows these theoretical predictions according to Findley and Dang Van (CPM) as well as the material S-N (unnotched
specimen) that obviously matches the 3 prediction points. The experimental fatigue life results are also showed, including the average
value and its log-normal probability function. It can be observed that the theoretical predictions by the methodology developed in this
work accurately fit the results obtained experimentally for all the dental restorations studied, with Findley method being more con-
servative than Dang Van method for the cases under study.

4. Discussion

This work developed a methodology to assess the fatigue life of narrow dental restorations; i.e., restorations in which the me-
chanical fuse is the dental implant. It combines state-of-art fatigue calculation methods such as CPM and TCD, taking as starting point
uniaxial fatigue tests of different specimens to determine material fatigue behavior.

Regarding the notch effect, specimen tests showed that, for the material and notch geometries under study, the reduction of the
fatigue resistance in the S-N curve is independent of the number of cycles. For other materials or notch geometries with stress gradients
significantly different from the ones studied in this work, the notch effect may be sensitively different, so experimental tests should be
carried out to feed the methodology correspondingly. Based upon this material characterization, the TCD was used to calculate an
effective stress, using VM as the most reasonable alternative for cases like the one under study in which the crack propagation direction
is difficult to foresee. However, other approaches such as the PM with less computational cost could be used analyzing different
potential propagation paths [47]. Besides, in principle the TCD was developed for infinite life calculation; that is, to establish if a
component would or not suffer fatigue failure, and therefore the critical distance was set as a material property (as well as the load ratio
R). Nevertheless, Susmel experimentally validated its use for finite life assuming a linear relationship in log-log scale between fatigue

Fig. 14. A, Meshed model of I-2 dental implant and its prosthetic components. B, Detail of the sphere-form refinement at the notch root.
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Fig. 15. Von Mises stresses at the root of the notch of each of the three implants analyzed. A, I-1 (220N). B, I-2 (140N). C, I-3 (130N). Element edges
(usually in black) are not shown to allow the correct visualization of the stresses, especially at the root of the notch there the mesh is
extremely refined.

Fig. 16. Effective stresses for Findley and Dang Van methods as function of the critical distance (sphere radius) (critical distance). A, I-1. B, I-2. C,
I-3.
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life (number of cycles) and critical distance [47]. More recently, other works claimed that critical distance also depends on notch
geometry. In this sense, they adapted the aforementioned “critical distance vs number of cycles” equation by Susmel [47] including the
values of the theoretical stress concentration factor or the normalized stress gradient in order to account for the notch effect [48]. In the
present work, for the material, geometry and working conditions under study, the critical distance was found to be independent of the
number of cycles. This is explained by the fact that the critical distance is closely related to the fatigue strength ratio. Therefore, if the
fatigue strength ratio is constant over the cycles, so will be the critical distance. Hence, the critical distance was dependent only on the
notch geometry; to this extent, a linear relationship between critical distance and normalized stress gradient was proposed. Even
though the results of the methodology are satisfactory, even higher accuracy could be expected if more notch geometries were tested to
obtain a potentially more representative ‘critical distance vs stress gradient’ relationship.

Regarding multiaxial fatigue methods, even though CPM were initially developed for infinite life, they may also be used for finite

Table 5
Normalized stress gradient values at the notch root for the three dental restorations studied.

Findley normalized stress gradient (mm− 1) Dang Van normalized stress gradient (mm− 1)

I-1 5.420 3.636
I-2 4.914 3.607
I-3 4.449 3.486

Table 6
Critical distance values for the three dental restorations studies.

Findley critical distance (mm) Dang Van critical distance (mm)

I-1 0.079 0.113
I-2 0.086 0.114
I-3 0.092 0.115

Table 7
Effective stress values for the three dental restorations studied.

Findley effective stress (MPa) Dang Van effective stress (MPa)

I-1 405.6 380.1
I-2 429.0 412.5
I-3 407.4 389.1

Fig. 17. Experimental fatigue life of each dental implant and their corresponding fatigue life prediction obtained from the proposed methodology.
A, Findley. B, Dang Van.
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life calculations [42] if only very little cyclic plasticity occurs at the notch root during cyclic loading. In this work, Findley and Dang
Van equivalent stresses were used, however other multiaxial fatigue methods could provide similar results [45].

5. Conclusions

A methodology for the fatigue life calculation of implant restorations in which the dental implant is the mechanical fuse was
developed. Due to its complex geometry and loading condition, the stress status in dental implants is multiaxial and notch effects are of
great importance. Thus, a simple nominal stress approach like the one presented in previous work by the authors for the fatigue life
assessment of prosthetic screws is not valid in this case. Therefore, the methodology numerically calculates the multiaxial stress
components via FEA, and obtains an alternating equivalent stress using state-of-art Critical Plane Methods. In order to consider the
notch effect, the effective stress value was obtained by means of the Theory of the Critical Distance, with the Volume Method to
account for any possible crack propagation direction. In this sense, standardized hourglass-shaped material specimens showed that, in
this case, the critical distance value does not depend on fatigue life. However, it varies with the normalized stress gradient at the crack
initiation point, following a linear relationship proposed by the authors for this case.

The fatigue life predicted by the methodology was further validated with experimental fatigue tests on three different dental
restorations, with satisfactory results. Further research will aim to simplify the methodology, for example using Point Method instead
of VolumeMethod, or vonMises stress instead of Critical PlaneMethods. This will decrease the computational cost of the methodology,
but presumably at the cost of a loss of precision.
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