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Introduction

Implant-supported restorations either cement retained or screw-

Abstract

Introduction: The purpose of this study was to investigate the biomechanical
aspects of screw-retained restorations secured by conical-head abutment
screws.

Materials and Methods: A Three-dimensional finite element models of a
Straumann implant, a cast-to gold abutment, a conical-head abutment screw,
and prostheses with screw-retained fixation method were constructed. ABAQUS
software was used to simulate the one-step process of screw tightening.
Additionally, to separately recognize the behavior of each influential parameter,
mathematical method was used to reduce the computational costs. Distribution
of stress and radial displacement obtained by FE analysis were presented, and
predicted values of the stresses in cross-sectional areas of the prostheses,
obtained by mathematical method, were presented in regard to influential
parameters (ceramic thickness and cone angle of conical-head abutment
screw).

Results: During tightening, due to the conical nature of the abutment screw,
lateral pressure was developed in the internal conical region of abutment, and
thus caused stresses within and around the prostheses. The distribution of
tangential stress along the Metal-Ceramic thickness was not uniform. Cone
angle of conical head abutment screw (up to 30 degrees) has a reverse effect
on stresses created in the metal-ceramic interface, in contrast to the ceramic
thickness.

Conclusion: Metal ceramic interface bonding acts as a stress concentration
point in screw-retained restorations due to the differences in material properties.
In the cross-sectional areas of the prostheses, lateral pressure arising from
conical-head abutment screw tightening can propagate the existing micro-
cracks in metal-ceramic interface and thus can lead to porcelain fracture or
chipping of the veneer.

Keywords: Conical-Head Abutment Screw; Screw-Retained Restoration;
Metal-Ceramic; Finite Element Analysis; Mathematical Analysis

restorations [1,2,13]. Sailer et al [13], indicated that technical
complications occurred primarily with screw-retained restorations
and that biologic complications occurred primarily with cement-

retained, are a common treatment modality for missing teeth [1-5].
Although both retention types have advantages and disadvantage [1-
6], the choice of connection type is based on the clinician’s preference
[4,7]. According to various studies, while screw-retained restorations
offer retrievability, higher stability and security [8,9], cement-retained
restorations have the potential for complete passivity as their primary
advantage [3,10,11].

Considering implant survival and failure rates, there are
no significant differences between screw- and cement-retained
restorations [1,2,12,13]. In a systematic review, the estimated 5-year
restoration survival rate was 96.03% for screw-retained restorations
and 95.55% for cement-retained restorations [1]. However, some
authors reported statistically significant differences in technical
and biologic complications between screw- and cement-retained

retained restorations.

Some investigators reported that porcelain fracture or chipping
of the veneer in implant-supported restorations was more prevalent
in screw-retained restorations than cement-retained restorations,
as a technical complication [1,2,14-16]. In an in-vitro study
performed by Torrado et al [14], the fracture resistance of porcelain
was demonstrated to be significantly higher in cement-retained
restorations than in screw-retained restorations. In another in-vitro
study, Karl et al [15], indicated that weak points in the ceramic layer
are caused by the presence of screw-access holes in screw-retained
restorations. Nissan et al [16], observed that the incidence of porcelain
fracture was 38% for screw-retained restorations and 4% for cement-
retained restorations.
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Screw-retained restoration could be directly connected to
the implant using cast-to or castable abutments. The design of the
abutment-abutment screw head interface can be either conical-head
or flat-head [17]. Conical-head joints provide increased stability and
seal performance due to a friction-locking mechanism between the
two mating parts [17,18]. Coppede et al [17], concluded that the shape
of the abutment screw head significantly affected the resistance to
screw loosening. Budynas and Nisbett presented a lateral pressure on
the conical region under axial force (preload) [19]. This pressure leads
to the generation of radial stress in the cross-section of the conical
region. In a systematic review, Wittneben et al [1], reported that
the existence of radial stress may interrupt the integrity of the metal
frame and the porcelain veneer at their interface during tightening of
the assembly.

The application of metal-ceramic (MC) restorations is common
in prosthetic treatment [20]. Several previous studies discussed the
causes of porcelain fracture in the context of MC restoration failures
[21-23]. Although, the ceramic materials used in MC restorations
have the advantages of high biocompatibility and esthetic, the primary
disadvantage of these materials is sensitivity to microscopic cracks
due to their brittle nature [24]. Furthermore, cracks can be created
during the process of fusing and cooling porcelain on the metal
frame due to differences in bulk modulus and thermal coefficient of
expansion between the materials [23,25].

Porcelain fracture and delamination of metal-ceramic bonding
have been implicitly reported based on clinical and experimental
comparative studies of screw- and cement-retained restorations. A
comprehensive study of the reason causing this phenomena has not
been conducted. Moreover, few studies have considered the reason
why screw retained-restorations have low fracture resistance.

This gap in the literature may be caused by the restrictions
of the conventional experimental methods. However, the finite
element method facilitates an accurate study of the stress and strain
distribution within the models by overcoming the problems of the
conventional methods such as stress measuring within the models
and time consuming.

Therefore, the aim of this study was to investigate the
biomechanical aspects of the technical problems such as porcelain
fracture or chipping of the veneer associated with screw-retained
restorations secured by conical-head abutment screws, and also the
reason of high possibility of their fracture.

Materials and Methods

Finite element modeling

The primary form of the second premolar tooth was used for
computer-aided design (CAD) modeling of the implant-supported
single restoration with screw-retained fixation method. In the CAD
model, the metal frame and the porcelain were modeled on the
abutment to ensure that they acted as one piece, and the abutment
hole was continued to the occlusal surface to provide accessibility to
the abutment screw and the ability to tighten the screw. Additionally,
lingual ledge for the metal framework was considered. The three-
dimensional CAD model of the screw-retained restoration is
presented in Figure 1A.

A B C

Figure 1: Three dimensional of FEM models. (A) Screw-retained restoration,
(B) Implant, (C) Abutment screw.

The exact geometries and dimensions of a 4.1x8 mm Straumann
implant (SLA 043.031S; Institute Straumann), a directly attached
abutment (048.642; RN SynOcta gold abutment), and an abutment
screw (048.356; SynOcta basal screw) were obtained through
microscope projection. The CAD models were constructed using the
SOLIDWORKS software (DassaultSystemes). To simulate the screw
tightening process and create a secure preload within the implant
complex, the outer surface of the abutment screw was geometrically
modeled with a continuous spiral threaded helix, and the inner
surface of the implant was geometrically modeled with a continuous
spiral threaded bore (FigurelB and1C). After assembling the implant
complex together with the screw-retained restoration, the initial
position of the abutment screw within the implant complex was
modeled as “snug tight”.

To perform a dynamic simulation of the screw tightening process,
the CAD models were transformed into the ABAQUS 6.11 software
(DassaultSystemesSimulia Corp). An explicit dynamic simulation
was performed in one step, with the abutment screw turned enough to
achieve the target torque of 35Ncm (according to the manufacturer’s
recommendations). Explicit dynamics analysis is computationally
efficient for the analysis of large models with relatively short dynamic
response times and for the analysis of extremely discontinuous events
or assembly processes, and also allows for the definition of very
general contact conditions.

The contact interfaces and tangential behavior of the reciprocal
interfacing surfaces were considered. The coefficient of friction
at the contact interfaces of the abutment screw, the abutment and
the implant was considered to be equal to 0.12 [26,27]. The metal
frame-porcelain contact interface was defined as “tie”. Additionally,
a boundary condition was applied to the external surface of the
implant. The explicit element library with linear geometric order was
used to generate the tetrahedral elements. Table 1 lists the number of
elements for each part. All materials were considered to be isotropic

Table 1: Number of tetrahedral elements for each part.

Part No. of Elements
Implant 76894
Abutment screw 27238
Porcelain 29229
Abutment + metal frame 25961
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Figure 2: Cross-sectional view of 3D dimensional CAD models of screw-
retained prosthetic. Metal frame and abutment (blue), Abutment screw
(yellow), porcelain (green), Implant (purple), (d=2.015 mm) (D=2.6 mm) (
0=2p= 6 radian) (L=0.4 mm) (d_=1.66 mm).
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Figure 3: Distribution of Von Mises stress (A) and radial displacement, (B) in
metal frame and abutment.

and homogeneous. The mechanical properties of the materials are
presented in Table 2 [28].

Mathematical modeling

In order to perform the mathematical analysis, all related
equations were extracted. The relationship between the preload F
and the torque applied in the abutment screw T, can be described as
follows [19]:

Tc:4s’il;ﬂx(D+d)xF:Kc.F 1)
m:‘%w%thﬁ ()
T, =T, +T, =[K, +k,].F (3)
Folu (4)

K. +K

Where T, ‘;epresents the conical torque in the conical region of the
abutment screw according to the uniform wear theory, T represents
the thread torque in the threads region of the abutment screw, p is
the coefficient of friction in the threads and the conical head, d is the
inner head friction diameter, D is the outer head friction diameter,
is the cone angle, a is the half angle of the thread, L is the thread pitch
of the abutment screw, and d__ is the pitch diameter (Figure 2).

According to the uniform wear theory for cone clutch [19], the
maximum internal pressure P_in the conical region of the abutment
screw occurs in the inner head friction diameter d, and also the
internal pressure P, at the radius r, that is shown at the cross section
S-Sin FigureZZFis given by:

QEICE) ©
PP ©
2r,

Referring to Figure 2, for the two cylindrical parts under internal
pressure P, bonded by porcelain upon the metal frame, Budynas and

Table 2: Mechanical properties of materials.
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Figure 4: Distribution of Von Mises stress (A) and radial displacement, (B)

in porcelain.

Nisbett [19], presented (with the assumption that the longitudinal
elongation is constant around the circumference of the cylinder) the
tangential strain €, the tangential stress o, and the radial stress o, as:

o, m—(8,0, m o, P=(%,0,,)
g, M= —= — &, P=— —
. E . E, (7)
2 _ 2_ 2.2 _n 2 2 2,2 2
g, m=P =P rzrl_-:zz(pn P oot +r;z_-rr32-pn/r (8)
2 1 3 2
A AR AL VA Pl — P, /T2
o, m=Fh S o P )
2 1 3 2

Where the subscript m corresponds to the metal frame, the
subscript p corresponds to the porcelain, r, is the nominal radius of
the contact between the metal and the porcelain or the internal radius
of the porcelain, E is the elastic module, and 9 is the Poisson ratio.
Additionally, P_is the nominal pressure that represents the pressure
between the metal and the porcelain; this value can be obtained by
solving the identical radial displacement u =g xr at the contact region
of the metal and the porcelain (r=r,).

. , . , . Density Strength . o
Material component Young’'s modulus (GPa) Poisson’s ratio Density(g/cm?) (MPa) Elongation (%)
Gold abutment+metal frame* 136 0.37 175 765 10 min
Titanium grade 4* 110 0.34 4.5 550 15 min
Porcelain [28] 68.9 0.28 2.44 145 2 max

*According to the manufacturer’s specifications.
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Figure 5: Distribution of stress (A) and displacement, (B) at path of metal-
ceramic thickness with different metal and porcelain thicknesses.

u_=u_atr=r, (10)

T,

The distribution of stress and the radial displacement were
presented for FE model of screw-retained restoration at buccal-lingual
cross section. According to the predicted mathematical formulation
(Eq. 1 to 10), the distribution of the stress and the radial displacement
were evaluated along the metal-porcelain thickness (along buccal-
lingual plan (r,=2.6 mm, r,=3.1 mm) and along mesio-distal plan
(r,=2.3 mm, r,=2.8 mm). Additionally, the ratio of the porcelain to the
metal frame thickness and the cone angle  were evaluated using the
predicted equations to gain insight into the behavior of the parameters
that influence the preload, the internal pressure in the conical region
of the abutment screw, and the distribution and amounts of stress and
radial displacement along the prosthesis thickness.

Result

Finite element results

Figures 3 and 4 shows the distribution of Von Mises stress and
the radial displacement on the metal frame and on the ceramic of the
screw-retained restoration at the target torque.

Mathematical results

The predicted values of the tangential and radial stresses (Eq. 8 and
9) and the radial displacement (u,) along the metal-ceramic thickness
at the cross section of screw-retained (r 1<r<r,) are presented in
Figure 5, and their values are presented in Table 3.

Table 3: Stress and displacement values at outermost radius of metal.

O, n(MPa) crelp(MPa) o (MPa) | u (um)
r=r,=2.6 mm &r,=3.1 mm 112.7 55.1 10.0 2.2
r=r,=2.3 mm &r,=2.8 mm 150.1 73.2 14.5 2.6
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Figure 6: Stress and displacement in the contact region of metal ceramic as
a function of nominal radius r,,.
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Figure 7: Internal pressure and preload (A), and stress and displacement at
r,=2.3 (B), as a function of cone angle.

The effect of the metal frame (r-r,) and ceramic (r,r,)
thicknesses on the tangential (o,) and radial (o) stresses and the
radial displacement (u ) in the contact region of metal ceramic (r=r,)
are shown in Figure 6. The maximum values of the tangential and
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Table 4: Values of internal pressure, preload, stress and displacement in
different cone angles.

(=23 22)&452.8 P(MPa) F(N) o, (MPa) o, (MPa) o (MPa) u (um)
B = 1 degree 3206 2143 1716 & 854 | 166 | 3.00
B = 15 degree 2146 4892 1496 @ 745 | 145 | 262
B = 30 degree 117.6 702.8 1430 = 711 138 | 250

radial stresses (Ge)p=3l9.4 MPa & 0{yp=214.6 MPa) and the radial
displacement (u,=6.8 um) occurred when the entire frame was
ceramic (r,=r,). Additionally, the minimum values of the tangential
and radial stresses (0, ,=104.7 MPa & o, =0 MPa) and the radial
displacement (u =2.16 um) occurred when the entire frame was metal
(r,=r,).

Figure 7 shows the effect of the cone angle p of the abutment
conical region on the created preload F and the internal pressure P,
and on the tangential and radial stresses and the radial displacement
at the outermost radius of the metal frame. The values of these
parameters at cone angles of 5, 15 and 30 degrees are presented in
Table 4.

Discussion

Finite element analysis is widely used in implant dentistry to
understand nature of problems; this approach has some limitations
compared to clinical studies [29]. For example, in clinical and real
situation, the properties of materials are not to be isotropic and
homogeneous that was assumed in finite element analysis. A physical
understanding of the encountered problems, precise modeling
techniques, and smooth surface meshing of the models to implement
simulations that are closer to reality can increase the effectiveness
of this method. To separately evaluate the influential parameters,
mathematical methods are used to reduce the computational costs
of finite element, because it is too time-consuming to create multiple
finite element models of designs with various porcelain thicknesses
and/or cone angles. It should be noted, the simulated (FE) results and
predicted values (mathematical results) cannot be directly compared,
because the nature of the results obtained from both methods are
different. For example, finite element results, “Von Mises stress”, are
as three dimensional and based on equivalent tensile stress, whereas
mathematical results, “Plane Stress”, are as two dimensional and
based on Hooke’s law [19]; however the indirect comparison of their
results would be conceivable.

Porcelain fracture or chipping of the veneer and integrity
interruptions or delamination of the metal-ceramic bonding is
considered to be technical complications associated with implant
restorations especially in screw-retained restorations [1,2,16].
Several studies [23-25], concluded that microcrack buds are created
within ceramic at contact region of metal-ceramic during the
process of fusing and cooling porcelain on the metal frame. These
buds due to differences in bulk modulus and thermal coefficient of
expansion between the materials [23-25]. These micro-cracks would
start to propagate in the stress values much lower than the yield
strength (Table 2). Figure 4A shows 82.2 MPa Von-Mises stresses
for porcelain in the contact region with metal frame during screw
tightening process. This amount of stress could result in residual
stress within restorations. Regarding the brittle nature of porcelain,

these stresses would lead to the metal-ceramic bonding delamination
and propagation and growth of the existing microcracks.

Abutment screws with a conical-head design have exhibited
superiority in terms of seal performance and the remaining torque
in the conical regions [18]. To establish an appropriate preload
and a stable abutment-implant connection, when the conical-head
abutment screw is tightened by the wrench, the internal pressure is
created in the internal radius of the abutment conical region due to
the conical nature of the abutment screw [19]. This internal pressure
develops both radial (0,) and tangential (o) stresses, with values that
depend upon the radius and the cone angle of the conical region [19].

In this study, for the internal pressure created at the target torque,
the maximum values of the radial displacement and stress occurred
in the radius of r, and gradually diminished along the thickness of
the MC (Figures 3 and 5). According to the predicted values, the
tangential stresses were greater than those of the radial stress (Figure
5A). In addition, in contrast to the radial stress, the distribution of the
tangential stress along the MC thickness was not uniform; so in the
contact region of the metal and ceramic (r=r,), the tangential stress
of the metal was greater than that of the ceramic due to differences
in elastic modulus. Hence, this difference between tangential stresses
acts as a concentration stress at metal-ceramic interface.

Consequently can cause both delamination of the metal-ceramic
bonding, and propagation and growth of the existing microcracks
created during the process of fusing and cooling porcelain on the
metal frame. These phenomena reduce the integrity of the metal
and the ceramic bonding, which can ultimately cause an porcelain
fracture during next functional stage (Figure 5) [1].

In practical situation, since the final prosthesis of a cement-
retained restoration is mounted on the abutment after tightening the
abutment screw, these stresses and deformations have no effects on
the final prosthesis and can be compensated by the passivity of the
prosthesis [10,11]. In contrast, these stresses and deformations are
transmitted to the ceramic layers in screw-retained restorations and
can propagate existing microcracks, and delaminate metal ceramic
bonding [24], ultimately leading to fracture or chipping within and
around the ceramic (Figure 3) [1,23].

Ceramic thickness (r,-r,), with the same thickness of MC (r,-
r1=1.56), has an direct effect on the stresses and radial displacements
created within the contact region of the metal and ceramic; so that
with decreasing the ceramic thickness (r,-r,), the tangential and radial
stresses and the radial displacement decrease (Figure 6) [23]. Stress
reduction in the metal-ceramic layers, through reducing ceramic
thickness, can diminish integrity interruptions in screw-retained
restorations [1,23]. On the other hand, despite advantages, such as
high biocompatibility, aesthetics, and low plaque accumulation on
ceramic materials, there are limitations associated with reducing the
ceramic thickness [24].

With increases in the cone angle, the preload increases, as
a parameter influencing the joint stability, whereas the internal
pressure decreases, as a parameter influencing torque maintenance,
seal performance, and screw loosening prevention (Figure 7A) [19].
It seems that the cone angle of 15 degrees is the breakeven point
for the preload and internal pressure. This is the reason why most
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manufacturers choose an angle of 15 degrees for abutment conical-
head screw. According to the predicted values, the effect of the cone
angle on the stress and radial displacement in the contact region of
the metal and ceramic is reverse for cone angle values less than 30
degrees, and direct for cone angles greater than 30 degrees (Figure
7B). Thus, by increasing the angle from 1 to 30 degrees, the tangential
stress and the radial displacement are decreased by 16.67% (Table 4).
On the other hand, a limitation that is associated with increasing the
cone angle and must be considered is the widening of the abutment
screw access hole, which can compromise appearance and increase
the probability of plaque accumulation [24]. In practice, clinicians are
incapable of changing the cone angle and head design, but a precise
recognition of the effect of each influential parameter can give them
enough insight for the right choice of restoration and abutment
connection types and abutment screw design among the various
brands with different cone angles and head designs.

In thisstudy, biomechanical aspects ofa screw-retained restoration
secured by abutment screw with a conical-head design were separately
assessed to recognize the technical problems associated with porcelain
fracture, and to determine the effect of each influential parameter.
Although the results of this study cannot be directly confirmed in
the clinic due to limitations in the experimental methods, they may
pave the way to understanding of the effects of dynamic nature of
screw-retained fixation method. However, it should be emphasized
that screw-retained prosthesis that was designed in this study was
considered completely passive. Lack of passivity could induce more
stresses in the restoration and could justify porcelain chipping during
screw tightening. Although the choice of cement- versus screw-
retained restorations is typically made based on clinician preference
[4,7], accumulating evidence demonstrates that this choice can vary
according to the connection type with different technical problems,
and the functional conditions [6].

Conclusion

Within the limitations of this nonlinear FEA and mathematical
study, the following conclusions can be drawn:

. Metal ceramic interface bonding acts as a stress
concentration point in screw-retained restorations due to the
differences in characteristics of the materials.

. In the cross-sectional areas of the prostheses, lateral
pressure arising from conical-head abutment screw tightening can
propagate the existing micro-cracks in metal-ceramic interface and
thus can porcelain fracture or chipping of the veneer.

. Cone angle of conical head abutment screw (up to 30
degrees) has a reverse effect stresses created in the metal-ceramic
interface, in contrast to the ceramic thickness.
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