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Featured Application: A methodology to study screw self-loosening phenomenon in preliminary
design stages of dental implants is presented.

Abstract: Self-loosening of the prosthetic screws is a major mechanical problem affecting roughly
10% of dental implants, according to the literature. This phenomenon may lead to micro-movements
that produce crestal bone loss, peri-implantitis, or structural failure of the implant assembly. In this
paper, a simple and effective tool to predict self-loosening under masticatory loads is presented.
The loads acting on the screw are obtained from a simple finite element (FE) model, and introduced in
a mathematical formula that calculates the torque needed to loosen the screw; self-loosening will occur
when this torque becomes zero. In this sense, all the parameters involved in self-loosening phenomenon
can be easily identified, and their effect quantified. For validating purposes, 90 experimental tests were
performed in a direct stress test bench. As a result, a powerful tool with a maximum experimental
error of 7.6% is presented, allowing dental implant manufacturers to predict eventual occurrence of
self-loosening in their developed dental implant products and take corrective actions at preliminary
design stage. Furthermore, the following clinical implications can be directly derived from the
methodology: a higher screw preload, that is a higher tightening torque, improves self-loosening
response of the dental implant and, similarly, for a given preload force, higher friction coefficient and
screw metric, as well as lower pitch and thread angle values, are also found to be beneficial.

Keywords: dental implant; self-loosening; analytical tool; design methodology; mechanical approach

1. Introduction

In dental implant restorations, implant and prosthetic elements are usually held together by means
of a screw [1]. A tightening torque is applied to the screw head in order to create a tension load known
as preload [2] and ensure a good structural integrity among the components [3,4]. The recommended
torque is provided by manufacturers based on different implant design factors [5].

Nevertheless, during their life span dental implants are subjected to variable loads; biting,
mastication and bruxism loads to name a few. Axial loads are generally predominant but are always
accompanied by lateral forces [6]. These loads can cause the screw to untighten or loose preload;
this is known as screw self-loosening phenomenon and is produced by the lateral external force that
generate a rotational movement of the screw. As a result, gradual preload loss may occur, leading to
micro-movements and eventual structural failure of the dental implant assembly [2,7–11].
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Screw loosening is one of the major mechanical cause of tooth implant replacement [12], affecting
between 4.3% and 12.7% of dental implants according to specialized literature [13–15]. It is well
established that screw loosening depends on a large number of parameters, such as tightening
torque, preload, occlusal forces, thread embedment and geometrical misfits [10,16,17]. In this sense,
screw loosening is generally the result of an inadequate tightening torque, incorrect implant design,
manufacturing defects or unexpected load conditions, amongst others [18–20].

Many works have studied the influence of different parameters of screw self-loosening. Wu et al.
concluded that lubrication reduces friction and consequently increases the clamping force while
reducing the loosening torque [21]. Elias et al. studied the effect of screw coatings that decreases
the friction coefficient, agreeing with Wu et al. in terms of preload and untightening torque [22].
Park et al. recommend the clinical use of gold-plated screws to prevent screw loosening. Teflon
coating is also recommended by these authors as well as avoiding repeated tightening [23]. In several
works, a significant reduction of removal torque after cyclic loading was noticed, demonstrating that
screw preload decreases with the number of cycles due to screw self-loosening [9,24]. Siamos et al.
studied the influence of the screw tightening torque and consequently the screw preload level and
recommended a tightening torque above 30 Ncm to minimize screw self-loosening [25]. In this sense,
Lang et al. stated that the preload should be 75% of the yield strength of the screw [26]. Aboyoussef
et al. concluded that anti-rotation strategies may be used to reduce screw self-loosening problems [16].
Along this line, Arshad et al. proposed adding an adhesive to the screw joint interface [19]. The effect
of other parameters on the screw self-loosening, such as abutment type, has also been studied in dental
implant applications [27].

Researchers agree that transverse loading is a major source of self-loosening in bolted joints in
general [28–33] and in dental implants in particular [6,9,16,24]. In this sense, Nassar et al. [31,32]
presented a mathematical model to estimate self-loosening under transverse cyclic loads, and validated
it using an experimental setup with two sliding plates. Fort et al. [33] found some limitations in
these mathematical model such as the difficulty to analytically obtain the bending stiffness under
the bolt head and nut, and further developed a model that includes the effect of plate thickness on
self-loosening. In general, this model is very useful to understand the mechanical foundations of
the phenomenon and the effect of different design parameters. Some conclusions were derived from
this work; the thickness of the clamping parts increases self-loosening and so does the amplitude
of the transverse vibrations. Meanwhile, higher friction coefficient, lower modulus of elasticity and
lower thread pitch value improve self-loosening response. As a drawback, the model must be solved
using numerical integration rendering its applicability not straightforward to use. The present work
simplifies the models in [31,32] to a simple equation for use in a step-by-step methodology to predict
screw self-loosening of dental implants. Due to its simple and intuitive nature, the methodology not
only allows a better understanding of the self-loosening phenomenon and the parameters involved in
its evolution in dental implants, but its implementation in a tool help manufacturers make suitable and
efficient decisions during the process chain of design, manufacturing and assembly.

2. Materials and Methods

2.1. Background: Loosening Torque

Figure 1 shows the free body diagrams of a screw during tightening and untightening operations
showing the different torques involved. TT and TL are, respectively, the applied external tightening
and untightening (loosening) torques. Th and Tt are the resistance torques developed under the screw
head and in the thread contact surface due to friction forces, respectively, both acting in the opposite
direction to the screw rotation. Finally, Tp is the pitch torque generated by the axial load acting on
the helical surface of the threads, always acting in the screw loosening direction. Thus, the external
tightening and loosening torques TT and TL can be expressed in terms of the following twisting moment
equilibrium equations:



Appl. Sci. 2020, 10, 6748 3 of 16

TT = Th + Tt + Tp (1)

TL = Th + Tt − Tp (2)
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Based on the Motosh methodology and including the 3D effect of both the helix and thread profile
angles the approximate torque tension relationship is to give [34,35]:

TT = Fp·µh·rh + Fp·µt·
rt

γ·cosα
+ Fp·

tanβ
γ
·rt (3)

TL = Fp·µh·rh + Fp·µt·
rt

γ·cosα
− Fp·

tanβ
γ
·rt (4)

where the first term is Th, the second one Tt and the third one Tp. The more accurate expressions for (3),
(4) are given in [32]. In Equations (3) and (4), Fp is the screw preload, and µh and µt are respectively the
friction coefficients of the screw head and thread contacts. Besides, as illustrated in Figure 2, α is the
half-angle of the thread profile, β is the helix angle, and rh and rt are respectively the screw head and
thread effective contact radii obtained by considering the preload to be uniformly distributed under
the bolt head and on the thread surface:

rh =
2
3
·
rhmax

3
− rhmin

3

rhmax
2 − rhmin

2 ≈
rhmax + rhmin

2
(5)

rt =
2
3
·
rtmax

3
− rtmin

3

rtmax2 − rtmin2 ≈
rtmax + rtmin

2
(6)

where rhmax and rhmin are the maximum and minimum radius of the screw head contact surface,
and rtmax and rtmin are the maximum and minimum radius of the screw thread contact surface (see
Figure 2). Finally, the parameter γ is:

γ = 1− µt·
sinβ
cosα

(7)

Thus, Equation (3) allows putting into relation the applied tightening torque and the preload
achieved in the screw, and similarly with the loosening torque (Equation (4)). Nevertheless, Equations
(3) and (4) do not consider the effect of an external transverse force on the tightening and loosening
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torques. As mentioned in the Introduction section, this force contributes to overcome the resisting
friction torques. Consequently, the loosening torque needed to untighten the screw when an external
transverse force is acting on it will be smaller than the value predicted in (4).
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In this sense, Nassar et al. [31,32] developed an analytical model to study self-loosening in screwed
joints under transverse cyclic loading, which experimentally proved to give accurate results for the
case of two sliding plates, similar to Junker test machine [28,29]. The effect of the screw head flexibility
was further implemented in the model by Fort et al. [33]. This model allows understanding the
mechanical foundations of the phenomenon and quantifying the effect of the design, manufacturing
and operational parameters involved, thus enabling to take the correct decisions in terms of screw
head and thread geometry, friction coefficient, tightening torque, and other relevant parameters.
As a drawback, its applicability is not straightforward, as the analytical model must be solved via
numerical integration.

2.2. Simplified Model for the Loosening Torque

Based on these works by Nassar et al. [31,32] and Fort et al. [33], the present work proposes
a simpler analytical formula, obtained by curve-fitting, to predict self-loosening. The complete
development of the model is detailed in the Supplementary Materials section. As a final result,
the following equation that expresses the loosening torque TL and therefore predicts self-loosening in a
simple and straightforward way was obtained:

TL = µh·Fa·rh·〈1−
Fe

µh·Fa
〉

1/2
+ µt·Fa·

rt

γ·cosα
·〈1− γ·δ·

Fe

µt·Fa
〉

1/2
−

(
Fa·

tanβ
γ
·rt

)
(8)

Being:

δ =
1 + cosα

2
(9)
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where, Fe is the transverse load acting on the screw and Fa is its axial load. Note that Fa is not necessary
equal to Fp in (3)–(4), since the force that introduces a transverse force Fe may also change the axial force
in the screw, making it different to Fp. Additionally, Equation (8) can be considered as a generalization
of the classical torque-preload equation with the first term being Th, the second one Tt and the third one
Tp, when the transverse load Fe is set to zero. As Fe helps reducing the loosening torque, this variable
appears in the first and second terms reducing the underhead and thread frictional torques. In this
sense, an important observation must be made regarding Th and Tt: once any of these two resisting
torques is completely overcome, i.e., once the expression between Macaulay brackets becomes negative,
the term is put to zero in Equation (8).

Equation (8) predicts the screw self-loosening for a combination of an axial and transverse load Fe

that makes the loosening torque TL becomes zero. Its main advantage is its torque-preload-like form,
which makes it quite simple to use and intuitive to understandable while it quantifies the influence of
the parameters involved in the phenomenon of self-loosening. As a particular application, the model
has been successfully implemented in a new step-by-step methodology to study and predict screw
self-loosening in dental implants that is presented in the following section.

2.3. Methodology to Study Self-Loosening in Dental Implants

The flowchart in Figure 3 shows a four-step methodology. In the first step, input data is entered
namely the dental implant geometry, friction coefficients, screw tightening torque TT and, finally,
the external masticatory load F which is applied on the abutment. In the second step, the preload
value Fp is calculated from the tightening torque TT according to Equation (3). In the third step,
a finite element (FE) model of the dental implant with the geometry and friction coefficient values
of Step 1 must be analyzed; first, the screw is preloaded to the preload value Fp calculated in Step 2,
and afterwards the masticatory load F is applied to the abutment; the outputs of the FE model are the
transverse and axial loads Fe and Fa acting on the screw head-abutment contact, i.e., the transverse and
axial contact reactions acting on the screw head contact surface. It is to be noted that, as mentioned
before, Fa may be different to Fp, because both the axial component of the applied force F on the
abutment and its transverse component that create bending may alter the axial force of the screw.
In the fourth and last step of the methodology, Fe and Fa obtained from the FE model are introduced in
Equation (8). If TL > 0, the dental implant under study, assembled with the tightening torque TT and
subjected to the masticatory load F will not suffer screw self-loosening. Otherwise, corrective actions
will be necessary to avoid self-loosening such as a change of one or a combination of the following
parameters; the implant global geometry, the screw thread configuration, the friction coefficients and
the screw tightening torque. Thus, the flowchart in Figure 3 can be implemented in the iterative design
process of dental implants to improve self-loosening performance.
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2.4. Experimental Setup

Experimental tests were performed on a dental implant model provided by BTI (Biotechnology
Institute, Vitoria, Spain). The purpose of these tests was to validate the methodology presented in
Figure 3. The dental implant assembly under study is composed by a BTI INTERNA® IIPUCA3313
implant with a 3.3 mm body diameter and a 4.1 mm Universal Platform with a four-lobe anti-rotation
connection, a BTI INPPTU44 titanium abutment (used for direct restorations) and an INTTUH retaining
screw with TiBlack® coating (see Figure 4). The half-angle of the thread profile is α = 30◦ and the
helix angle is β = 5.75◦ (0.35 mm pitch). The screw head and thread effective radii are rh = 1.115 mm
and rt = 0.810 mm. The friction coefficients are µt = µh = 0.17 for the screw contacts and 0.21 for the
implant-abutment contact, as measured in a MicroTest SMT-A/0200 pin-on-disk tribometer (Microtest
S.A., Madrid, Spain) in a previous work by the authors (see Figure 5) [36]. The experimental tests were
carried out by applying a cyclic load on the implant by means of an INSTRON 8801 servo-hydraulic
direct stress test bench (Instron, Barcelona, Spain). Force control was used to apply the load cycles
using a DYNACELLTM 2527-129 load cell (±2 kN load range). The dental implant was attached to the
specimen holder hole by using Loctite 401, which is an embedding material that meets the specifications
of [37].
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Using the predictions obtained from the methodology of Figure 3, the preliminary experimental
tests confirmed that, under moderate external load F applied at 30◦ [37], the tightening torque
recommended by the manufacturer (35 Ncm) is sufficient to avoid self-loosening. Extreme values
of F that may structurally harm the dental implant are not of interest. As the aim of this work is to
present and validate the screw self-loosening methodology, some modifications were introduced in
order to promote the self-loosening phenomenon in the dental implant under study. Firstly, the screw
tightening torque was reduced to 10, 15 and 20 Ncm. Secondly, the thickness of the lower part of the
abutment was reduced 0.19 mm in diameter to allow bigger lateral movements of the abutment (see
Figure 6). Finally, the cyclic external load F was applied in both directions (pure alternating sinusoidal
force) at a frequency of 1Hz on the bottom of the abutment perpendicular to the axis of the dental
implant (i.e., with an inclination of 90◦). For this purpose, a special loading jig was designed and
manufactured to hold the dental implant and transmit the cyclic external load F to the bottom of the
abutment as shown in Figure 7. A steel ring is installed around the abutment ouside surface near
the junction with the implant post to ensure a point load application on the bottom of the abutment.
Under these deliberately unfavorable conditions, screw self-loosening takes place with reasonable
external load magnitudes, and thus the methodology can be experimentally validated.
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In order to validate the methodology under specific test conditions, three different screw tightening
torques TT were applied: 10, 15 and 20 Ncm by means of a TOHNICHI BTG60CN-S torque gauge (2%
accuracy). According to the methodology summarized in Figure 3, screw self-loosening under
transverse loading occurs when TL ≤ 0 in Equation (8). Experimentally, loosening is usually
detected and quantified by measuring the change of force in the screw [38]. Unfortunately, screws
in dental implants are very small and hardly accessible, so the option of installing strain gauges was
discarded. As a well-established alternative in dental implant literature, untightening torque after a
number of external load cycles can be measured, since torque is proportional to preload according to
Equation (3) [9,28,29,31–33].

Thus, 30 tightening and untightening operations were performed before testing (without applying
external load cycles between both operations) in one of each preload cases in order to set the mean
value of the loosening torque TLi referred to as initial untightening torque from now on and its standard
deviation σ, inherent to the tightening operation [2]. Additionally, few tests were conducted to evaluate
the load loss due to creep-relaxation with time; although this phenomenon is not expected to happen
with metals at room temperature.

Then, the cyclic load was applied to the tested dental implant. Preliminary results indicate that,
for the particular implant tested in this work, when self-loosening occurs, 1000 cycles are enough to
promote a significant loosening. Thus, in each experimental test, the final untightening torque TL f was
measured after applying 1000 load cycles, and compared with TLi. Self-loosening was considered to
take place if TL f < TLi − 2σ. The 2σ is used to account for the normal distribution [2] noting that the
probability of fulfilling such criterion without occurring self-loosening is only 2.1%. This procedure
was repeated in the 30 tests for each of the three initial tightening torques. Furthermore, in order to
obtain experimentally the critical external load value that causes self-loosening Fexp and compare it
with the theoretical one Fcrit, the staircase method was used [39]. This procedure is widely used in
fatigue testing to obtain the value of the fatigue limit. Accordingly, an initial arbitrary external load F
is applied in the first test; if the screw self-loosens, the external load is decreased by 5N; if it does not,
the external load is increased by 5N.

2.5. Finite Element Model

A finite element (FE) model of the implant under study is needed in step 3 of the methodology
(see Figure 3) in order to achieve the axial load Fa and the transverse load Fe acting on the screw
head. The authors used Ansys Workbench® 19 R1 software (Ansys Iberia S.L, Madrid, Spain) to
run the analyses, which consist of two load steps: in the first one, the preload calculated in step 2 of
the methodology was applied to the screw via pretension section. As explained, Equation (3) was
used to calculate the preload Fp for each of the three tightening torques applied, namely 232 N the
corresponding preload for 10 Ncm, 349 N for 15 Ncm and 465 N for 20 Ncm. In the second load
step, the external load F was applied to the abutment through the ring shown in Figure 7 in order to
reproduce the experimental conditions described in the previous section. Implant and abutment are
made of grade 4 commercially pure titanium (Ti CP4) and the prosthetic screw is made of Ti6Al4V ELI
(Ti Gr5). Chemical composition of both materials is described in Table 1. Both materials were modeled
as linear elastic, with E = 103 GPa, ν = 0.35 for CP4 and ν = 0.31 for GR5.

The sole purpose of the FE analysis is to obtain the values of the loads transmitted to the screw,
and not to reproduce the exact condition of screw self-loosening itself. Consequently, a relatively
simplified FE model is used to minimize the complexity and cost of the analysis. Along this line,
only half dental implant assembly was modeled, and accordingly half the preload and the external
load were applied to the model. Cylindrical threads where modelled in the screw since the error
introduced is negligible as demonstrated in authors’ previous work [36]. Since stress results are not
needed at all in the screw-loosening prediction methodology presented in this paper, a very refined
mesh is not necessary. In this sense, a mesh sensitivity study was performed and the mesh shown in
Figure 8 was finally chosen in order to have a good compromise between the accuracy of the results
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(this is, loads acting on the screw) and the analysis cost. Quadratic elements were used with a total of
185.320 Degrees of Freedom (DoF). Target and contact elements were used to model the interface of the
mating surfaces with a friction coefficient obtained experimentally as already pointed out. The external
surface of the implant part attached to the specimen holder was held by a fixed support in the analyses.
Finally, the forces transmitted to the screw head were directly obtained by using the force reaction tool
of Ansys Workbench® to be used to test the self-loosening state using Equation (8).
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Table 1. Chemical composition of materials used in implant and prosthetic component manufacturing
process.

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 - -

3. Results and Discussion

The new methodology was used to predict screw self-loosening under external cyclic loading for
the dental implant under study, and the experimental tests were carried out to support the simplified
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model and verify the results. Thus, the critical external load Fcrit for which screw self-loosening occurs
was evaluated following the methodology in Figure 3: an external load F was applied in the FE model,
from this analysis Fa and Fe force reactions were obtained in the screw head and using the developed
Equation (8) TL loosening torque value was achieved. The procedure was repeated iteratively by
increasing the value of F until TL falls to zero. As mentioned, three different tightening torques (10, 15
and 20 Ncm) were studied, and the obtained Fcrit, Fa and Fe values for which self-loosening occur are
shown in Table 2.

Table 2. Calculated load values that cause self-loosening in the dental implant under study using
the methodology.

TT (Ncm) Fcrit (N) Fa (N) Fe (N)

10 64.5 217.7 36.1
15 96.7 326.1 53.7
20 128.3 433.9 72.6

Then, the next step was to experimentally verify the values of the theoretically evaluated external
forces Fcrit that cause self-loosening for the three initial tightening torques. The mean values of TLi
obtained from measurements were 7.45, 11.6 and 16.0 Ncm with standard deviations of 0.4, 0.5 and
0.6 Ncm for the 10, 15 and 20 Ncm tightening torques, respectively. Figure 9 shows the scatter in
untightening torques measured for each tightening torque.
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Then, 1000 cycles were applied in the experiment using the external loads close to the theoretical
values Fcrit shown in Table 2. At the end of the 1000 cycles, TL f was measured and compared with
TLi through the 2σ criterion mentioned. Figure 10 shows the experimental results: tests where
self-loosening occurred are marked with an ‘x’ symbol, while ‘o’ marks the tests with no loosening.
Following the staircase method, the external load to cause self-loosening in the experimental setup
(Fexp) is calculated as the average of the values indicated with black markers in Figure 10 while the grey
markers are discarded. Table 3 summarizes the values of Fexp, their corresponding standard deviations
σexp and the difference between the experimental (Fexp) and theoretical (Fcrit) results.

Furthermore, it has been appreciated that in the case under study, the presented methodology
shows a constant relation between the external load at which self-loosening occurs and the tightening
torque Fcrit

TT
as it can be deducted from Table 2. Experimental results were used to validate this statement,

calculating the parameter F
TT

for all the tests performed. Figure 10 shows not only the external load
at which self-loosening occurred in each experimental test (primary axis) but also the parameter F

TT
calculated for each test (secondary axis). All the experimental results, except the ones discarded
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(grey markers in Figure 10), were used in an ANOVA to verify if the mentioned parameter F
TT

can be
considered constant. The data obtained from the ANOVA is shown in Table 4. According to the results
obtained, the null hypothesis may be accepted (p-value = 0.28) so the fact that the mean values are
the same cannot be rejected. Thus, F

TT
can be assumed constant for this particular case, as predicted

by methodology.
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Table 3. External load values that cause self-loosening in the dental implant under study: methodology
vs. experimental.

TT (Ncm) Fexp(N) σexp(N) Error (%)

10 67.9 5.9 5
15 100.8 9.9 4.1
20 138.9 6.2 7.6
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Table 4. ANOVA Table.

Source of Variation SS DoF MS F p-Value Fcrit

Between groups 0.75 2 0.38 1.29 0.28 3.11
Within groups 23.48 81 0.29

Total 24.23 83

The good correlation between the theoretical Fcrit and experimental Fexp results validate the
proposed simplified approach and gives confidence in the presented methodology. Moreover,
the theoretical results obtained by using the simplified approach Fcrit were compared with the results
of the complex model of Nassar et al. [31,32] obtaining a difference smaller than 1% in all the cases
studied in this work.

The proposed methodology is able not only to predict self-loosening under certain working
conditions but it can also be used to understand how each variable affects the screwed joint behavior
against self-loosening. From Equation (8) it can be deducted that a high preload is recommended to
avoid screw loosening. This conclusion agrees with [25,40]. Friction coefficients of the screw head and
thread contacts µh and µt are also demonstrated to highly affect the behavior against self-loosening.
Thus, for a given preload, a high friction coefficient is recommended to avoid screw loosening according
to the presented analytical tool and concurring with [21,22]. There are some other works where friction
coefficient is reduced in the screwed joint contact by means of a coating or lubrication obtaining a better
behavior against self-loosening [41,42]. This seems to disagree with the last statement. Nevertheless,
in these works different friction coefficients are studied for the same tightening torque, rather than
same preload. Hence, the results are not comparable since friction coefficient also affects the preload
obtained [26,43]. Evidently, a higher tightening torque will lead to a higher preload and, therefore, to a
better response against self-loosening.

The magnitude of the transverse load supported by the screw head also plays an important role
in self-loosening [6,9,16,24]. From (8) it can be concluded that a robust design where the screw head
suffers the less transverse load possible is desired since the transverse slippage is the cause of rotation,
preload loss and, therefore, the screw loosening.

Finally, thread parameters affect the behavior of screwed joints against self-loosening as well.
On one hand, a small thread pitch helps to avoid self-loosening. According to Nassar et al., screws
with coarse threads would require a smaller loosening torque than those with fine threads [32].
This statement also agrees with [33,44]. On the other hand, the half angle of the thread profile α is
recommended to be as high as possible according to [32]. From Equation (8), it can be concluded
that a high angle of thread profile will lead to a higher frictional force in the threads, improving the
screw-loosening response.

4. Conclusions

A simple analytical approach to assess the screw loosening condition under masticatory loading
was developed based on the torque-preload formulation. The screw axial and transverse loads
needed as input data are obtained from a simplified finite element analysis of the dental implant.
The experimentally validated methodology can be used to predict self-loosening under given working
conditions or even obtain the maximum value of load that a particular assembly can assume before
self-loosening occurs. In this sense, the methodology is an extremely useful design tool for dental
implant manufacturers and designers to select the appropriate geometry, thread configuration, friction
coefficient values, or screw tightening torque in order to minimize screw self-loosening problems and
consequently guarantee long-term stability and clinical success of dental implant fixation.

In addition, Equation (8) of the methodology contains all the critical design and operational
parameters affecting self-loosening phenomenon in dental implants, and consequently some relevant
clinical implications can be directly derived from it. Thus, the axial load in the screw is required to be
as high as possible if a good self-loosening behavior is pursued; for such purpose, a high tightening
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torque is recommended. Similarly, for a given screw preload force value, larger friction coefficient and
effective contact radii values improve the response of the dental implant assembly. Finally, structurally
robust implant-abutment connections will reduce the transverse load that reaches the screw and
consequently screw self-loosening problems; this suggests that dental implants with wide platforms or
Morse taper implant-abutment connections are less prone to suffer self-loosening, as future research
will aim to study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/19/6748/s1.
Supplementary Material: Development of the expression (8) of the manuscript.

Author Contributions: Conceptualization, M.A. (Mikel Abasolo); methodology, M.A. (Mikel Armentia);
software, I.C.; validation, M.A. (Mikel Armentia); formal analysis, M.A. (Mikel Abasolo); investigation, A.-H.B.;
resources, M.A. (Mikel Abasolo); data curation, I.C.; writing—original draft preparation, M.A. (Mikel Armentia);
writing—review and editing, M.A. (Mikel Armentia), A.-H.B.; visualization, I.C.; supervision, I.C.; project
administration, M.A. (Mikel Abasolo); funding acquisition, M.A. (Mikel Abasolo) All authors have read and
agreed to the published version of the manuscript.

Funding: This work has received financial support of the Basque Government [grant number IT947-16].

Acknowledgments: The authors are very grateful to Raúl Cosgaya for the valuable assistance provided in the
experimental tests performed for this work.

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

References

1. Patterson, E.A.; Johns, R.B. Theoretical analysis of the fatigue life of fixture screws in osseointegrated dental
implants. Int. J. Oral Maxillofac. Implants 1992, 7, 26–33.

2. Bickford, J.H. Introduction to the Design and Behavior of Bolted Joints. In Introduction to the Design and
Behavior of Bolted Joints; CRC Press: New York, NY, USA, 2008; pp. 1–14.

3. Barbosa, G.S.; da Silva-Neto, J.P.; Simamoto-Júnior, P.C.; das Neves, F.D.; da Gloria Chiarello de Mattos, M.;
Ribeiro, R.F. Evaluation of screw loosening on new abutment screws and after successive tightening.
Braz. Dent. J. 2011, 22, 51–55. [CrossRef] [PubMed]

4. Theoharidou, A.; Petridis, H.; Tzannas, K.; Garefis, P. Abutment screw loosening in single-implant restorations:
A systematic review. Int. J. Oral Maxillofac. Implants 2007, 23, 681–690.

5. Dixon, D.L.; Breeding, L.C.; Sadler, J.P.; McKay, M.L. Comparison of screw loosening, rotation, and deflection
among three implant designs. J. Prosthet. Dent. 1995, 74, 270–278. [CrossRef]

6. Mericske-Stern, R.; Geering, A.H.; Bürgin, W.B.; Graf, H. Three-dimensional force measurements on
mandibular implants supporting overdentures. Int. J. Oral Maxillofac. Implants 1998, 13, 36–43.

7. Stüker, R.A.; Teixeira, E.R.; Beck, J.C.P.; Da Costa, N.P. Preload and torque removal evaluation of three
different abutment screws for single standing implant restorations. J. Appl. Oral Sci. 2008, 16, 55–58.
[CrossRef]

8. Zeno, H.A.; Buitrago, R.L.; Sternberger, S.S.; Patt, M.E.; Tovar, N.; Coelho, P.; Kurtz, K.S.; Tuminelli, F.J.
The Effect of Tissue Entrapment on Screw Loosening at the Implant/Abutment Interface of External- and
Internal-Connection Implants: An In Vitro Study. J. Prosthodont. 2016, 25, 216–223. [CrossRef]

9. Paepoemsin, T.; Reichart, P.A.; Chaijareenont, P.; Strietzel, F.P.; Khongkhunthian, P. Removal torque
evaluation of three different abutment screws for single implant restorations after mechanical cyclic loading.
Oral Implantol. 2016, 9, 213–221.

10. Schwarz, M.S. Mechanical complications of dental implants. Clin. Oral Implants Res. 2000, 11, 156–158.
[CrossRef]

11. Jeng, M.-D.; Lin, Y.-S.; Lin, C.-L. Biomechanical Evaluation of the Effects of Implant Neck Wall Thickness and
Abutment Screw Size: A 3D Nonlinear Finite Element Analysis. Appl. Sci. 2020, 10, 3471. [CrossRef]

12. Khraisat, A.; Abu-Hammad, O.; Dar-Odeh, N.; Al-Kayed, A.M. Abutment screw loosening and bending
resistance of external hexagon implant system after lateral cyclic loading. Clin. Implant Dent. Relat. Res.
2004, 6, 157–164. [CrossRef] [PubMed]

13. Chaar, M.S.; Att, W.; Strub, J.R. Prosthetic outcome of cement-retained implant-supported fixed dental
restorations: A systematic review. J. Oral Rehabil. 2011, 38, 697–711. [CrossRef]

http://www.mdpi.com/2076-3417/10/19/6748/s1
http://dx.doi.org/10.1590/S0103-64402011000100009
http://www.ncbi.nlm.nih.gov/pubmed/21519649
http://dx.doi.org/10.1016/S0022-3913(05)80134-9
http://dx.doi.org/10.1590/S1678-77572008000100011
http://dx.doi.org/10.1111/jopr.12329
http://dx.doi.org/10.1034/j.1600-0501.2000.011S1156.x
http://dx.doi.org/10.3390/app10103471
http://dx.doi.org/10.1111/j.1708-8208.2004.tb00223.x
http://www.ncbi.nlm.nih.gov/pubmed/15726850
http://dx.doi.org/10.1111/j.1365-2842.2011.02209.x


Appl. Sci. 2020, 10, 6748 15 of 16

14. Jung, R.E.; Pjetursson, B.E.; Glauser, R.; Zembic, A.; Zwahlen, M.; Lang, N.P. A systematic review of the
5-year survival and complication rates of implant-supported single crowns. Clin. Oral Implants Res. 2008, 19,
119–130. [CrossRef] [PubMed]

15. Simon, R.L. Single implant-supported molar and premolar crowns: A ten-year retrospective clinical report.
J. Prosthet. Dent. 2003, 90, 517–521. [CrossRef] [PubMed]

16. 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]

17. Cavazos, E.; Bell, F.A. Preventing loosening of implant abutment screws. J. Prosthet. Dent. 1996, 75, 566–569.
[CrossRef]

18. Kirov, D.; Stoichkov, B. Factors affecting the abutment screw loosening. J. IMAB–Annu. Proceeding Sci. Pap.
2017, 23, 1505–1509. [CrossRef]

19. Arshad, M.; Shirani, G.; Refoua, S.; Yeganeh, M.R. Comparative study of abutment screw loosening with or
without adhesive material. J. Adv. Prosthodont. 2017, 9, 99–103. [CrossRef]

20. Yeo, I.-S.; Lee, J.-H.; Kang, T.-J.; Kim, S.-K.; Heo, S.-J.; Koak, J.-Y.; Park, J.-M.; Lee, S.-Y. The Effect of
Abutment Screw Length on Screw Loosening in Dental Implants with External Abutment Connections After
Thermocycling. Int. J. Oral Maxillofac. Implants 2014, 29, 59–62. [CrossRef]

21. Wu, T.; Fan, H.; Ma, R.; Chen, H.; Li, Z.; Yu, H. Effect of lubricant on the reliability of dental implant abutment
screw joint: An in vitro laboratory and three-dimension finite element analysis. Mater. Sci. Eng. C 2017, 75,
297–304. [CrossRef]

22. Elias, C.N.; Figueira, D.C.; Rios, P.R. Influence of the coating material on the loosing of dental implant
abutment screw joints. Mater. Sci. Eng. C 2006, 26, 1361–1366. [CrossRef]

23. Park, C.I.; Choe, H.C.; Chung, C.H. Effects of surface coating on the screw loosening of dental abutment
screws. Met. Mater. Int. 2004, 10, 549. [CrossRef]

24. Yao, K.T.; Kao, H.C.; Cheng, C.K.; Fang, H.W.; Yip, S.W.; Hsu, M.L. The effect of clockwise and
counterclockwise twisting moments on abutment screw loosening. Clin. Oral Implants Res. 2012, 23,
1181–1186. [CrossRef] [PubMed]

25. Siamos, G.; Winkler, S.; Boberick, K.G. The relationship between implant preload and screw loosening on
implant-supported prostheses. J. Oral Implantol. 2002, 28, 67–73. [CrossRef]

26. Lang, L.A.; Kang, B.; Wang, R.F.; Lang, B.R. Finite element analysis to determine implant preload. J. Prosthet.
Dent. 2003, 90, 539–546. [CrossRef] [PubMed]

27. Norton, M.R. Assessment of cold welding properties of the internal conical interface of two commercially
available implant systems. J. Prosthet. Dent. 1999, 81, 159–166. [CrossRef]

28. Junker, G.H. New criteria for self-loosening of fasteners under vibration. SAE Trans. 1969, 78, 314–335.
29. Junker, G.H. Criteria for Self Loosening of Fasteners Under Vibration. Aircr. Eng. Aerosp. Technol. 1973, 44,

14–16. [CrossRef]
30. Haviland, G.S. Unraveling the Myths of Fastener World; SAE Technical Papers; SAE International: Warrendale,

PA, USA, 1981.
31. Nassar, S.A.; Yang, X. A mathematical model for vibration-induced loosening of preloaded threaded fasteners.

J. Vib. Acoust. 2009, 131, 2–13. [CrossRef]
32. Nassar, S.A.; Xianjie, Y. Novel formulation of the tightening and breakaway torque components in threaded

fasteners. J. Press. Vessel Technol. Trans. ASME 2007, 129, 653–663. [CrossRef]
33. Fort, V.; Bouzid, A.H.; Gratton, M. Analytical Modeling of Self-Loosening of Bolted Joints Subjected to

Transverse Loading. J. Press. Vessel Technol. Trans. ASME 2019, 141, 1–11. [CrossRef]
34. Motosh, N. Development of design charts for bolts preloaded up to the plastic range. J. Manuf. Sci. Eng.

Trans. ASME 1976, 98, 849–951. [CrossRef]
35. Juvinall, R.C.; Saunders, H. Fundamentals of Machine Component Design, 5th ed.; John Wiley & Sons, INC:

Hoboken, NJ, USA, 2012; Chapter 10, pp. 411–471. ISBN 13 9781118012895.
36. Armentia, M.; Abasolo, M.; Coria, I.; Albizuri, J. Fatigue Design of Dental Implant Assemblies: A Nominal

Stress Approach. Metals 2020, 10, 744. [CrossRef]
37. ISO 14801:2007 Dentistry. Dynamic Fatigue Test for Endosseous Dental Implants; ISO: Geneva, Switzerland, 2007.
38. Horváth, P.; Tóth, P. Nondestructive Bolt Preload Measurement. Athens J. Technology Eng. 2018, 5, 91–110.

[CrossRef]

http://dx.doi.org/10.1111/j.1600-0501.2007.01453.x
http://www.ncbi.nlm.nih.gov/pubmed/18067597
http://dx.doi.org/10.1016/j.prosdent.2003.08.025
http://www.ncbi.nlm.nih.gov/pubmed/14668750
http://dx.doi.org/10.1016/S0022-3913(00)70040-0
http://dx.doi.org/10.1016/S0022-3913(96)90464-3
http://dx.doi.org/10.5272/jimab.2017231.1505
http://dx.doi.org/10.4047/jap.2017.9.2.99
http://dx.doi.org/10.11607/jomi.3125
http://dx.doi.org/10.1016/j.msec.2016.11.041
http://dx.doi.org/10.1016/j.msec.2005.08.011
http://dx.doi.org/10.1007/BF03027417
http://dx.doi.org/10.1111/j.1600-0501.2011.02282.x
http://www.ncbi.nlm.nih.gov/pubmed/22092296
http://dx.doi.org/10.1563/1548-1336(2002)028&lt;0067:TRBIPA&gt;2.3.CO;2
http://dx.doi.org/10.1016/j.prosdent.2003.09.012
http://www.ncbi.nlm.nih.gov/pubmed/14668754
http://dx.doi.org/10.1016/S0022-3913(99)70243-X
http://dx.doi.org/10.1108/eb034949
http://dx.doi.org/10.1115/1.2981165
http://dx.doi.org/10.1115/1.2767354
http://dx.doi.org/10.1115/1.4042798
http://dx.doi.org/10.1115/1.3439041
http://dx.doi.org/10.3390/met10060744
http://dx.doi.org/10.30958/ajte.5-2-1


Appl. Sci. 2020, 10, 6748 16 of 16

39. Little, R. Manual on Statistical Planning and Analysis, 17th ed.; ASTM International: Philadelphia, PA,
USA, 1975.

40. Guda, T.; Ross, T.A.; Lang, L.A.; Millwater, H.R. Probabilistic analysis of preload in the abutment screw of a
dental implant complex. J. Prosthet. Dent. 2008, 100, 183–193. [CrossRef]

41. Kim, S.K.; Lee, J.B.; Koak, J.Y.; Heo, S.J.; Lee, K.R.; Cho, L.R.; Lee, S.S. An abutment screw loosening study of
a Diamond Like Carbon-coated CP titanium implant. J. Oral Rehabil. 2005, 32, 346–350. [CrossRef] [PubMed]

42. Sun, F.; Wang, L.; Li, X.C.; Cheng, W.; Lin, Z.; Ba, D.C.; Song, G.Q.; Sun, C.S. Effect of surface modification on
the long-term stability of dental implant abutment screws by plasma nitriding treatment. Surf. Coat. Technol.
2020, 399, 126089. [CrossRef]

43. Bulaqi, H.A.; Mousavi Mashhadi, M.; Geramipanah, F.; Safari, H.; Paknejad, M. Effect of the coefficient of
friction and tightening speed on the preload induced at the dental implant complex with the finite element
method. J. Prosthet. Dent. 2015, 113, 405–411. [CrossRef]

44. Yang, X.; Nassar, S.A.; Wu, Z. Criterion for preventing self-loosening of preloaded cap screws under transverse
cyclic excitation. J. Vib. Acoust. 2011, 133, 041013. [CrossRef]

© 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/10.1016/S0022-3913(08)60177-8
http://dx.doi.org/10.1111/j.1365-2842.2004.01475.x
http://www.ncbi.nlm.nih.gov/pubmed/15842243
http://dx.doi.org/10.1016/j.surfcoat.2020.126089
http://dx.doi.org/10.1016/j.prosdent.2014.09.021
http://dx.doi.org/10.1115/1.4003596
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Background: Loosening Torque 
	Simplified Model for the Loosening Torque 
	Methodology to Study Self-Loosening in Dental Implants 
	Experimental Setup 
	Finite Element Model 

	Results and Discussion 
	Conclusions 
	References

