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The finite element analysis (FEA) of the stress distribution in the mono- and bicortically fixed implants subjected
to 3-axial loading was performed and verified experimentally on a model mandible to evaluate the benefits of
each type of fixation from the viewpoint of the compressive stress reduction in the cortical part of atrophied
mandible. The analysis revealed that the highest compressive stresses in the cortical bone are generated at the
edge of the cortical bone where the highest torque from the implant is acting. The most effective way to reduce
the maximum level of compressive stresses in the cortical bone and in the implant is the recession of the implant
thread slightly below the surface of the cortical bone. Shortening of the intraosseal length of the implant and/or
thinning of the upper cortical bone result in a substantial increase of the maximum compressive stresses. The
comparison of FEA and model experiments suggests that bicortical fixation is the most efficient in the fresh
implants and the advantage of bicortical fixation compared to monocortical fixation decreases with time due
to osteointegration, possibly as a result of gradual suppression of sliding between the bone and implant during

Keywords:

Dental implants
Cortical bone
Monocortical fixation
Bicortical fixation

FEA stress distribution

loading.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The replacement of lost teeth by dental implants in the mandible
became a common technique to this esthetical and health problem
during the last decade. For healthy jawbones with sufficient height
and width, conventional two-phase metallic dental implants with the
diameter more than 3.5 mm are used. Such implants were introduced
in the mid-1960s after Brinemark demonstrated the possibility of
osteointegration — structural integration of a biocompatible metal into
the living bone at biochemical level [1]. Later it was found out that the
changes of shape, length and width of implants could influence the
level of the implant osteointegration. The application of this theory to
dental implants reduced the dependence on mechanical interlocking
and enabled the development of implant systems in more versatile
enosseous design [2-4]. However, the application of dental implants
in the anterior part of the mandible still remains a challenging task.
This is because massive atrophic changes often occur after teeth remov-
al and due to aging which result in significant reduction of the vertical
and horizontal dimensions of the mandible as well as in the loss of
bone density. The level of atrophy is classified based on the size changes
according to Lekholm and Zarb classification [5]. The classification of
Cawood and Howell [6] is also frequently cited. They showed that the
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average heights of the highly atrophied mandibles may be reduced
down to 21.3-12.7 mm, and the corresponding widths to 15-10 mm,
respectively. Different ways to classify the atrophy is based on the abso-
lute bone volume index (ABV) which is a ratio of the trabecular bone
volume to total bone volume. According to Bodic et al. [7], ABV ratio in
the healthy mandible is 50.2 4- 11.8%. It decreases with age to 30-50%
in male population and to 22-30% in female population.

Obviously, conventional two phase dental implants with large
diameter cannot be fixed in such thin and low atrophied bones. The
implants have to be single phase to have smaller diameter and their
length must be adjusted to the bone profile. A new class of single
phase implants has therefore developed for these cases. They have a
shape of a thin screw with various thread pitch and width. The neck
diameter is usually less than 2.25 mm and their length varies depending
on the height of the mandible. It may also have three notches near the
tip for better osteointegration with the bone. The implants can be
fixed in the bone either only in the upper cortical bone or in both
upper and lower cortical bones. The first case, when the implant tip is
“free” in the trabecular bone, is called monocortical fixation. In the
second case called bicortical fixation, implant neck is fixed in the
upper cortical bone and its tip is embedded into the lower cortical bone.

Monocortical fixation is commonly used in the case of healthy and
even atrophied bones [8]. However, bicortical type of fixations is expect-
ed to increase the resistance of bone against vertical load [9]. This is
critical especially in highly atrophied mandibles when both the bone
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and implant are subjected to wide range of occlusal and masticatory
forces [10,11]. If the related stresses exceed the strength of the bone
or implant, their failure may occur [12,13]. To prevent that, the reduc-
tion of maximum stresses well below the bone strength is required.
Obviously, the calculation of stress and deformation distributions in
the implant and adjacent bone are necessary for the design of the im-
plants. The development of a single mathematical model is difficult
due to geometry, material and bond system complexity. Therefore,
sophisticated mathematical simulations such as finite element analysis
(FEA) were introduced to visualize the corresponding distributions
[14,15].

FEA is able to calculate stress distributions in cortical and spongious
part of mandible for various implants, fixations and bone geometry. FEA
was often used on conventional and monocortical screw implants in
monocortical fixation and a number of authors demonstrated that the
stresses generated by the vertical occlusal forces are concentrated in
the neck of the implant and in the surrounding cortical bone [14,15].
Interestingly, the bicortical fixation of thin, screw type implants in
atrophied mandible is studied considerably less than the monocortical
fixation. Among few, Pierrisnard in his FEA study evaluated stress distri-
butions in the implants with different lengths [ 16]. It was found out that
regardless of the length of the implant, the stresses generated in the im-
plant with bicortical fixation were slightly higher than in monocortical
fixation. Ivanoff et al. [2] also reported up to four times more frequent
failures of bicortical screws compared to monocortical implants due to
enhanced non-axial forces in the neck zone of the implant. These results
seem to be contradictory to the general expectation that bicortical fixa-
tion generates lower stresses in the upper cortical bone due to addition-
al support of the implant tip. Therefore, the aim of this work is to
compare the stress distributions in cortical and trabecular parts of the
model mandible by FEM analysis using linear static methods for
monocortical and bicortical fixation of dental implant subjected to 3-
axial loading and to verify it experimentally on model mandible. The
comparison is focused on the implant neck zone and on the evaluation
of the influence of the position of neck of implant with regard to the
surface of the cortical bone. The results of FEA are compared with the
measurement of “yield strength” of the model bone and real implant
under corresponding 3-axial loading.

2. Experimental procedure
2.1. Mandible model

Depending on the atrophy level, mandibles exhibit significant varia-
tions of their shape and size [5-7] which cannot be accommodated in
single FEA calculation. However, the shape of the mandible is of lesser
importance because the maximum forces are always concentrated in
the small localized zones in the neck of the implant and in the adjacent
cortical bone [15,16]. The dimensions and the properties of the cortical
bone are the crucial parameters. Thus, the FEA calculations can be per-
formed on model mandibles with any reasonable shape but with
variable height, thickness of the cortical bone and ABV ratio.

To obtain the size data of the corresponding parameters, 178 CT
scans of edentulous atrophic mandibles were evaluated. The group
consisted of 84 men (age interval 52-72 years) and 94 women (age in-
terval 48-68 years). The frontal part of the mandible in the canine re-
gion and in the mental foramina, where the greatest atrophic changes
are observed, was analyzed. The height and width of the contours of
CT cross sections (Fig. 1) were classified according to Cawood and
Howell [6]. In the men's group, the atrophy was from levels Ill to V, in
the women's group from levels IV to VI. In the men's group, the corre-
sponding mandible height range was from 26.8 mm down to 11.3 mm
(with the mean value of 19.3 mm) and width from 14.8 mm to
10.1 mm (mean value 11.2 mm). In the women's group, the height
range was from 21.1 mm to 9.8 mm (mean value 16.8 mm and width
from 13.9 mm to 8.5 mm) (mean value 10.8 mm). The thickness of

Fig. 1. Typical CT cross section of the atrophied mandible in the zone of mental foramina to
illustrate the variations in the cortical bone thickness and density. The measured values in-
clude: 1 —width and 2 — height of the jaw, 3 and 4 — width of the cortical bone in different
areas.

cortical bone in the crestal region ranged from 0.2 mm to 2.5 mm and
from 0.5 mm to 4.9 mm in the bottom part of the mandible. The ABV
index in the men's group was in the range 52-33% and in the women's
group 78-36%. These data were used as the variables for the model of
the atrophied mandible.

The shape of the simplified model of the mandible in the form of
trapezoid has been selected for FEA calculations (Fig. 2). The variables
included two different heights, 17.5 mm (Fig. 2a and b) and 12 mm
(Fig. 2c and d), corresponding to the atrophied and highly atrophied
jawbones with different ABV while keeping the length of the intraosseal
part of the implant constant (14 mm and 8.5 mm, respectively). To
obtain mono- and bicortical fixations, the thickness of the bottom corti-
cal bone has been adjusted accordingly.

Besides implant length and bone height, three different positions of
the implant thread with regard to the position of upper cortical bone
were considered: the beginning of the thread is located 0.5 mm below
the surface (as indicated in Fig. 2), the recess is only 0.2 mm below
the surface, or the implant is not fully recessed and the beginning of
the thread is located 0.5 mm above the bone surface. The last case
may occur after certain time due to continuous bone atrophy.

Two certified (CE 1293.40042/101/1/2009/CE (ISO9001)) commer-
cial implants designated as SVMB 3.0-14 D and SVMB 3.0-8.5 D
(Martikan, Slovak Republic) were used for both FEA and experimental
measurements (Fig. 3a). These implants with small diameter were
primarily developed for the indications in frontal part of atrophied
mandible for bi- and mono-cortical fixations [17]. They were identical,
just the lengths of the intraosseal part (thread) in the implants were
14 mm and 8.5 mm, respectively. The thread diameter and inner diam-
eter of the implant were 3.0 mm and 2.0 mm, respectively. The original
three dimensional model of the implant in the ProEngineer software has
been imported into the SolidWorks. The geometry of the implant was
used to create thread in the adjacent cortical and spongious bones
using Boolean operations.

2.2. Finite element analysis (FEA)

Geometrical boundary conditions used in the analysis simulated
strong fixation of the model segment of the mandible in the remaining
body of the mandible (Fig. 3a). Physical boundary conditions defined
the loading point in such a way that it was always at the distance of
28.7 mm from the bottom of the mandible regardless of its height and
implant fixation (Fig. 3a). This distance corresponds to the case of a
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Fig. 2. The geometry and dimensions of the model jawbone and real implant in the cases of its mono- and bicortical fixation for atrophied mandible with the height of 17.5 mm —a), b) and
highly atrophied bone with the height of only 12 mm — c), d). The length of the intraosseal part of the implant was constant, 14 mm and 8.5 mm, respectively, and the thickness of the
bottom corticalis has been adjusted according to the fixation modeled. The implant thread is located 0.5 mm below the surface of the upper cortical bone.

healthy tooth in the mandible. In the case of tooth replacement, this
distance is adjusted by the size of the crown on the implant [18,19].
The use of one loading point at the selected distance is justified by the
fact that any number of complex forces on the crown can be replaced
by one vector sum of these forces which consists of three main compo-
nents in x, y and z directions. In the general case, the resulting force
consisting from the loads applied in all three main directions has been
considered because pure occlusal forces are not common. Adapted
from the work of Mericske-Stern et al. [20], vertical (normal) force of
F, = 114.6 N, mesiodistal force of F, = 23.4 N and vestibulolingual
force of F, = 17.1 N were used for the calculations. These main compo-
nents summarize into overall resulting force of 118 N.

The tetrahedron elements with different sizes were used for the
mesh in the implant and bone (Fig. 3 b). The mesh size in the regions
of interest with the maximum stresses was determined automatically
based on convergence using h-method and assuming the limit for the
total strain energy error of 2%. As indicated in Fig. 4, the accuracy level
for the total relative strain energy error of 1.98% was reached. The

Fy=114.6 N

Fx=17.1N i, F.=23.4N

T

28.7 mm

.

a)

corresponding mesh size has been around 0.2 mm. The total number
of elements was 1,052,610 and the number of nodes was 1,439,586.

The purpose of the calculations was to visualize stress distributions
in the implant, cortical and trabecular bone and to determine the
maximum stresses to reveal the critical points of the implant-bone
system. The analysis has been intentionally limited to linear-elastic
region because the level of masticatory forces has to be well below the
level of the yield stresses of the bone and implant to avoid their damage.
Therefore, linear static finite element analysis is sufficient to calculate
stress distributions in the implant, cortical and spongious bone. FEA
has been performed in SolidWorks software for 24 cases covering the
atrophy range observed in CT including two mandible heights and
three implant positions for both monocortical and bicortical fixations.
The elastic properties used for the calculation are summarized in
Table 1 [21,22]. Possible anisotropy of the elastic properties as well as
variations in bone density were not considered because of lack of reli-
able data, simplification for the understanding and to keep the number
of calculations reasonable.

b)

Fig. 3. Geometrical and physical boundary conditions a) and the geometry of the implant and the mesh of finite elements in the cortical and trabecular bone b).



88

F. Lofaj et al. / Materials Science and Engineering C 50 (2015) 85-96

33 T T R S T T I AL T
. cadfeeeceiacannnad @ e I 1)
[
— 200
§ —aA— Total strain energy error r
= --®-- Stress in implant - 180
o - <O~ - Stress in cortical bone I
b - 160
= r =
g
(lCJ s Ot Ol 120 ]
£ g - @
© - 100 3
4&3 o —
g0 =
2 &3
© L 60 —
] i
= 40
_g | A L
o 3] \A L 20
0 —fr 11T 7T °t%t+°1T 1" °"7T1T-°T7T.°" 0
0,0 05 1,0 1,5 20 25 30 35 40 45 50 55

Loop number

Fig. 4. Iterative determination of the maximum von Mises stresses using the h-adaptive method for 2% total strain energy error.

2.3. Mechanical testing

The mandible for the experimental investigations of the above
mentioned implants during loading was modeled by the composite
wooden bars with rectangular cross section. The difference between
trapezoidal and rectangular shape was considered unimportant
because the stresses are always concentrated in the zone close to
the implant. The bars consisted of dense tough ash wood top layer
glued on the soft porous balsa wood core from each side. Balsa and
ash wood were reported to have elastic properties close to those of
cortical and trabecular bone, respectively, and the such wooden
composites have already been used to model mechanical behavior
of the human bone [22]. As indicated in Table 1, the tabulated elastic
properties of ash wood are really close to that of cortical bone.
Young's modulus of balsa is only half of that in trabecular bone but
it is considered to be acceptable for the case of experimental compar-
ison because it is not the main load bearing part. The width of the
bars was constant (12 mm). The height of the composite bars was
11.5 mm, 13.5 mm, 15.5 mm and 17.5 mm and the thickness of the
ash wood rim was 2 mm and 2.5 mm, respectively, to obtain different
levels of atrophy via height and ABV changes (Table 2). Because the
lengths of the available implants were only 14.5 mm and 8.5 mm,
monocortical fixation was possible only in the bars with the height
of 15.5 mm and 17.5 mm.

To fix each implant in the bar, the holes with the diameter corre-
sponding to the inner diameter of each implant were pre-drilled into
the wooden bars. The implants were screwed into the model bone
using 50 Nm torque either in monocortical or bicortical fixation depend-
ing on the size of the wooden block. This torque resulted in slightly

recessed position of the implant which corresponds approximately to
the FEA case with 0.2 mm recessed thread. The other thread position
cases were not tested because of uncertainty with their adjustment
and reproducibility.

The compressive tests were performed on an LR5K Plus (Lloyd,
UK) testing machine with the bone-implant system fixed in a
specially designed fixture (see Fig. 5). The load from the crosshead
was applied normally to the loading rod with the crosshead speed
of 0.05 mm/min. However, the contact plane of the loading rod and
implant was tilted (81.5° in x direction and 78.5° in y direction) in
two directions in such a way that the ratio Fy/F,/F, was equal to the
ratio used for FEA calculation. The distance of the loading point
from the bone of 28.7 mm was adjusted by a spacer screwed on the
implant.

The experiments were performed in such a way that the force was
increased until the apparent ultimate strength was achieved and then
intentionally stopped to prevent damage of the implant. The force
corresponding to the yield point was determined from the force-exten-
sion curves for each test. At least 3 valid tests were performed for each
implant and for both fixations.

3. Results
3.1. FEA stress distribution in the implant

The overall stress distribution in the implants with 14 mm intraosseal
length in monocortical fixation obtained by FEA is shown in Fig. 6 on a

cross section of the implant/bone system. The plane of the cross section
is tilted to pass through the maximum stresses. Such distribution was

Table 1
Elastic properties of the implant, cortical and trabecular bone for FEA calculations and the corresponding properties of ash wood and balsa used to mimic the bone in the model material
[21,22].
Bone Wood materials Metallic material
Cortical bone Trabecular bone Ash wood Balsa Implant Ti-Al6-V4 Gr.5
Elastic modulus E [GPa] 13.7 23 15.7 1.2 114
Poisson's ratio pu[—] 0.3 0.3 03 03 0.3
Yield stress Ry, [MPa] - - - - 825
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Table 2
The dimensions of the model bones and implants used for mechanical testing.

No.  Height of Thickness of ash ~ Implant  Fixation Absolute
modeled wood (cortical length “bone”
bone [mm]  bone) [mm)] [mm] volume ABV

(%]

1 17.5 2 14 Monocortical 51

2 15.5 2 14 Bicortical 49

3 135 2 85 Monocortical 47

4 115 2 8.5 Bicortical 43

5 17.5 2.5 14 Monocortical 41

6 15.5 2.5 14 Bicortical 39

7 135 2.5 8.5 Monocortical 37

8 115 2.5 8.5 Bicortical 33

typical for each type of fixation and implant position; the differences were
only in the absolute values of the maximum stresses. The level of the
elastic deformation in Fig. 6 is intentionally magnified 140 times to
make the deformation of the whole system visible (true deformation is
shown as a shadow for comparison). Obviously, 3-axial loading caused
not only compression deformation but also bending deformation of the
implant and bone as well. The bending of the implant occurred as if it
was compressed with larger force at the left side than at the right side
of the implant. This approximation allows us easier understanding of
the deformation of the adjacent bone: its both sides are depressed in com-
parison with the original bone surface but the right side is depressed
more than the left side. Therefore, it appears to be lifted compared to
the bone level on the left side of the implant.

The stresses are visualized on the cross section by different colors
and the blue color corresponds to the stresses below 40 MPa, green
color to around 100 MPa and red to the stresses above 200 MPa. Red
color indicates that the highest stresses concentrated at approximately
5 different locations marked by numbers. The highest stresses (1i)
developed at the bottom root of the implant head on the left side
which is under the highest compressive stresses. The second highest
stress concentrator (21i) is at the bone surface where the implant is com-
pressed the most. The other stress concentrators were at the bended
side of the implant. The (3i) stress concentrator was again at the root
of the bottom side of the implant head followed by the stress zone at
the surface (4i). The lowest stresses among the concentrators were
found out at the root of the first thread (5i). The occurrence of this con-
centrator depended on the implant position in the upper cortical bone,
respectively on the mutual position of that thread and cortical bone.

Detail 3D visualization of the principal stresses for the nodes in the
zones with the highest stresses is in Fig. 7. It indicates the stress concen-
trators in five zones seen in Fig. 6. The inserts show not only the magni-
tude of the maximum von Mises (reduced) stresses, Oy, for each
concentrator, but also the principal stresses 0y, 0, and 03 along the
corresponding directions P1, P2 and P3. The relationship among the
principal stresses and von Mises stress is given by the formula [23].

o2 o2 L o2—
()_VM*\/O_] +03+035—(01:02+ 01 - 03+ 0, - 03).

Crosshead

Load cell (1500 N)

Loading rod

Model bone
with the implant

Fixture —— I

Fig. 5. The model bone in the fixture and loading in the testing machine.

Deformation scale: 140

von Mises (MPa)
222

Fig. 6. The cross section of the implant and the bone with the stress distribution visualized
by FEA. The case corresponds to the monocortically fixed 14 mm long implant with the
thread screwed 0.5 mm below the surface of the cortical bone. The stress concentration
zones are numbered from (1i) through (5i), where the highest stresses are in (1i) and
index “i” relates to the implant.

Obviously, this formula cannot distinguish between tensile and com-
pressive stresses. However, the inserts indicate that both, tensile and
compressive stress components were present depending on the loca-
tion. In the zone (1i) with the maximum of oyy = 222 MPa, the princi-
pal stress components 0, and 03 were compressive and o7 in P1
direction was tensile. The highest von Mises stress in the zone (2i)
consisted only of compressive principal stresses whereas tensile stress-
es were dominant on the opposite side of the implant in the zones
(3i)-(5i). However, von Mises stresses were always the highest in the
zones (1i) and (2i) and therefore, the attention is further focused only
on these two zones.

The position of the implant thread with regard to the bone surface
had a profound effect of the magnitude of von Mises stresses and even
on the location of the zone with the stress concentration. Figs. 8 and 9
illustrate these effects for monocortical and bicortical fixations, respec-
tively, and three positions of the thread. The changes were the strongest
when the implant thread beginning was located 0.5 mm above the
cortical bone surface (Figs. 8a and 9a). The maximum stresses were
higher than 415 MPa in the zone (1i) whereas the stresses in the zone
(2i) were only 327 MPa and 236 MPa, respectively. Moreover, zones
(1i) and (2i) exchanged their position in comparison with their position
in the case in Fig. 7. Dramatical increase of von Mises stress in the
insufficiently screwed implant seems to result from its reduced cross
section among threads. When the implant was screwed deeper into
the cortical bone (Figs. 8b-c and 9b-c), the differences between the
magnitude of the von Mises stresses became only 9-10% and 7.6% for
the positions 0.2 mm and 0.5 mm below the bone surface, respectively.
Stresses were slightly lower in the bicortical case but the differences
were insignificant. The corresponding principal and von Mises stresses
in the (1i) zones are summarized in Table 3.

3.2. FEA stress distribution in the bone

Stress distributions in the cortical bone were analyzed in the same
way as in the implant. Fig. 10 visualizes the stresses in the half of the
cortical bone. The stresses concentrated in the zones which were adja-
cent to the stress concentrators in the implant. However, several differ-
ences can be observed. First, the stress levels in the cortical bone were
significantly lower than in the implant. The highest von Mises stresses
were at the upper edge of the bone which was not adjacent to the
zone (1i) but to the zone (2i) in the implant. Three stress concentrators
were on the “compressive” side while only two of them were on the
“tensile” side. It is opposite to the distribution of the concentrators in
the implant (compare Figs. 7 and 11).
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Fig. 7. The 3-D visualization of the distribution of principal stresses in the implant and in the case corresponding to Fig. 6. The inserts in zones with the highest reduced stresses show the

principal stresses in three main directions and which result in the indicated reduced stress.

Fig. 11 illustrates the locations of the zones with stress concentration
in the cortical bone intentionally magnified 140 times to facilitate the
understanding of the correlation between stress and deformation. The
principal stresses in the zone (2b) were only tensile, the zone opposite
to it consisted of only compressive components and the other stresses
contained both compressive and tensile components (see also Table 3).

The effects of the fixation and implant position are summarized in
Fig. 12. The comparison was easier than in the implant, because the
highest stresses remained always at the upper edge, which is marked
as zone (1b). Extremely high von Mises stresses (346 MPa and
367 MPa in bi- and monocortical fixation, respectively) were generated
in the zone (2b) when the implant has been insufficiently screwed into
the bone. The values of 0,y in the zone (1b) were dramatically reduced
to 155-120 MPa when implant was screwed deeper into the bone
(—0.2 mm and — 0.5 mm). The stresses in the other stress concentra-
tion zones (3b)-(5b) were even lower. The general tendency was stress
decrease with deeper position of the implant and the monocortical
fixation resulted in slightly higher stress than in the bicortical case.
The level of stresses in the trabecular bone has been more than one
order of magnitude lower than those in the cortical bone.

Obviously, the zone (1b) with the highest stresses in the cortical
bone is the most critical and the other zones may be neglected. The prin-
cipal stresses and von Mises stresses in zone (1b) for two intraosseal
lengths in the cortical and trabecular bone are compared in Table 3
with the analogous stresses in the implant. The corresponding values
of von Mises stress in zone (1b) in the implant and in the cortical
bone are plotted in relative units in Fig. 13.

The differences in oy in the zone (1i) in the implant and in the zone
(1b) in the cortical bone between the fixations were quite small, usually
within 1-2% of the corresponding maximum value. Thus, the advantage

Von Mises [MPa]

of bicortical fixation in generating lower stresses is almost negligible.
The intraosseal length decrease from 14 mm to 8.5 mm resulted in the
increase of oy by 36%-65% in the monocortically fixed implant and
by 37-63% in the bicortical case depending of the thread position. The
corresponding ranges in the cortical bone were 54-70% and 40-50%.
However, much stronger changes of the maximum stress were seen
when the implant was screwed deeper into the bone. Assuming the
maximum stresses in the implant position 0.2 mm below the bone
surface level to be 100%, the maximum relative von Mises stresses in
the case +0.5 mm above the bone surface corresponded to ~215% in
the case of 8.5 mm (intraosseal length) monocortical implant and
~179% in 14 mm implant. The values for bicortical fixation were only
slightly lower. When the implant was screwed 0.5 mm below the
bone surface, the maximum relative stresses were 3-6% lower in
comparison with 0.2 mm position depending on the implant length
and fixation.

3.3. Mechanical testing

Fig. 14 shows typical load-displacement curves obtained from
compressive tests with 3-axial loading. The curve consists of linear
part until the load marked as F;, and then its slope declines until maxi-
mum is reached at the load Fy,. The values of F;, and Fy, are principally
related to the yield strength, Ry,, and to the strength of the studied ma-
terial, Ry, respectively. However, because of unknown cross sections
to which those critical loads can be related, calculation of the corre-
sponding stresses from the measured loads is not possible and only
the “yield” load and “strength” force values were used for relative
comparison and for the comparison with the FEA results. Fig. 14 also
illustrates the influence of mono- and bicortical fixation on load-
Von Mises [MPa] Von Mises [MPa]

233 222

Fig. 8. The maximum stresses in the implants with 14 mm intraosseal length in the case of monocortical fixation and three positions of the thread beginning: a) — 0.5 mm above,

b) — 0.2 mm below and ¢) — 0.5 mm below the surface.
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Von Mises [MPa]

Von Mises [MPa]

Fig. 9. The maximum stresses in the implants in the case of bicortical fixation and three positions: a) — 0.5 mm above, b) — 0.2 mm below and ¢) — 0.5 mm below the surface.

displacement curves in the same model bone. The slopes of the linear
part of the curves as well as the values obtained in the monocortical fix-
ation were different, but the F, and especially F, values in monocortical
fixation were always lower than in bicortical case.

Fig. 15 compares the curves depending on the fixation and
intraosseal length of the implant in two model bones with two
different thickness of “cortical bone”. The corresponding forces F,,
and Fy, values are summarized in Table 4 and in Fig. 16 as a function
of intraosseal length, bone thickness and even ABV index for easier
comparison. The conclusions are that bicortical fixation of longer
implant in thicker “cortical” bone results in the highest yield
and strength forces of the whole bone/implant system. ABV index
does not seem to be a relevant parameter because of the localiza-
tion of maximum stresses.

4. Discussion

The current FEA calculations assumed strong bond among the
implant and bone. It corresponded to fully osteointegrated implant.

Table 3

However, the freshly introduced implant can have only a weak inter-
face. This case was not modeled and this limitation has to be considered
during interpretation of the current data.

Figs. 6-7 and 10-11 indicated the existence of several stress concen-
trators which were different in the implant and in the adjacent cortical
bone. Moreover, the resulting von Mises stresses were composed of
different principal stresses — only compressive stresses were present
in the “compressed” side of the implant and cortical bone, but tensile
components were on the opposite side. The concentrators at the threads
had usually both types of principal stresses. Although the tensile stress-
es are required for the crack initiation and propagation in the inorganic
materials, compressive stresses in the living bones are more dangerous
because they cause bone recession, thinning and atrophy, which ulti-
mately result in bone failure when the local stresses exceed the bone
strength. In contrary, small tensile stresses activate bone growth and
result in stress decrease. Thus, the attention has to be focused on the
areas with the highest compressive stresses in the load-bearing cortical
bone, i.e. on the zone (1b) in Figs. 10 and in 11, which are located close
to the zone (2i) in the implant.

The maximum reduced stresses and the corresponding principal stresses in the implant, cortical and trabecular bone in the cases of two types of implant fixation, two intraosseal lengths of
the implant and three positions of the implant thread with regard to the surface of the cortical bone.

Intraosseal implant length

8.5 mm

14 mm

Thread position Principal stress

Reduced stress

Principal stress Reduced stress

[mm] [MPa] [MPa] [MPa] [MPa]
O 02 O3 Ored 01 02 O3 Ored
Implant
Monocortical fixation
—0.5 —56 —167 —795 690 —31 —110 —484 419
—-0.2 4 -39 —336 321 2 -21 —242 233
—0.5 2 —40 —318 301 1 —24 —233 222
Bicortical fixation
—05 —34 —155 —766 679 —27 —118 —480 415
—-02 0 -33 —243 328 1 -23 —246 236
—0,5 2 -35 —320 305 1 —24 —232 222
Cortical bone
Monocortical fixation
—0.5 —932 —388 —305 590 —521 —182 —169 346
—0.2 —144 —233 —395 221 —102 —176 —279 154
—05 —133 —220 —353 191 —90 —156 —233 124
Bicortical fixation
—0.5 —992 —440 —328 616 —532 —172 —157 367
—0.2 —143 —227 —374 203 —81 —124 —232 135
—0.5 —110 —200 —306 170 —88 —150 —228 121
Trabecular bone
Monocortical fixation
—0.5 12 5 —4 14 10 —6 -3 11
—-0.2 18 9 -2 17 6 -5 —4 9
—05 12 3 -5 15 7 -2 -3 10
Bicortical fixation
—0.5 10 6 -5 13 5 -2 —6 10
—-0.2 13 6 -5 16 6 -3 -5 10
—0.5 14 4 -5 16 7 -2 -3 10
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Fig. 10. Detail visualization of the stress distribution in the cortical bone adjacent to the implant. The case corresponds to Fig. 6 but the implant is hidden and stress range adjusted.

Fig. 12. The maximum stress values in the cortical bone in the case of monocortical and bicortical fixations of the implant with 14 mm intraosseal length and three positions of the thread
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Fig. 11. The distribution of the principal stresses in the cortical bone adjacent to the implant shown in Fig. 10.
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Fig. 13. Relative relationships between maximum stresses and thread positions in the case of a) implant and b) cortical bone.
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Fig. 14. The load-displacement curves from compressive tests of a model bone in an
implant with mono- and bicortical fixation. The intraosseal length of the implant was
8.5 mm and the thickness of the “cortical bone” was 2.5 mm (samples no. 7 and no. 8 in
Table 2).

Following simplification can be used to explain the appearance of
the stress concentrator (1b). Despite relatively complex geometry of
the real implants, the implant can be principally decomposed into two
cylindrical segments with different diameters: one which corresponds
to the extraosseal part with larger diameter and the second cylinder

900 4 a) 14 mm intreosseal length,
800 - bicortical fixation
700 A
600 -
Py .14 mm, mono-
= 500 - -
§400 1 8.5 mm, bi-
[
B 8.5 mm, mono-
200 -
100 4 7
0 T T T T

0 02 04 06 08 1
Displacement (mm)

1.2

with smaller diameter corresponding to the intraosseal part of the
implant body. The thread can be regarded as the third part of the
implant which can be omitted for a while for simplicity. The analyzed
3-axial loading of the implant in the mandible can be therefore
approximately described as the loading of cylindrical beam rods
with different diameters inserted into a plate. The manual calcula-
tion of the maximum von Mises stress in the cylindrical beam
under 3-axial loading was based on von Mises formula. It resulted
in the maximum stress of 148 MPa for the extraosseal case of
the rod with the diameter of 3.0 mm and “intraosseal” length of
8.5 mm. Additional FEA with the same geometry yielded the same
value. This value is close to the values of 170 MPa and 190 MPa
obtained in the real implant (see Table 3) screwed 0.5 mm below
the bone surface in the case of bi- and monocortical fixation, respec-
tively. When the implant thread was above the bone surface, the
calculation for the cantilever beam rod with 2 mm diameter resulted
in 462 MPa. The corresponding FEA values were 590 MPa and
616 MPa. Despite the difference is larger due to oversimplification
of the model, the tendency is confirmed and the difference in stress
is principally due to different cross section surface areas of the
extraosseal implant head and intraosseal implant body at different
thread positions to which the same load is applied. This approach
allows us to explain not only the existence of the zone (2i) concen-
trator in the implant but also its shift when thread position changes
with regard to bone surface (Fig. 8a vs. c and Fig. 9a vs. ¢) The thread
position 0.5 mm above the bone surface means that zone (2i) is in
the smaller diameter part of the implant and zone (1i) related to
the thread root may be above the zone (2i). The situation changes
to the case in Fig. 6 when the implant is screwed deeper into the

b) 14 mm intreosseal length,
700 1 bicortical fixation
600
500 -+
- 14 mm, mono-
Z 400 -
8
5300 - 8.5 mm, bi-
w
200 4 FF T 8.5 mm, mono-
100 -
0 F—F—-— — s

0 02 04 06 08 1 12 14 16
Displacement (mm)

Fig. 15. The comparison of the load-displacement curves of two implants with different intraosseal lengths and different fixations in the model bone with the thickness of the ash wood

(cortical bone) of 2.5 mm — a), and 2.0 mm — b).
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Table 4

Average values of the load F, at the yield strength and the load Fy, at the strength limit for
mono- and bicortical fixation of the implants with the intraosseal lengths of 8.5 mm and
14 mm in the model bone with two different thicknesses of the “cortical bone”.

Thickness of ash wood  Intraosseal length 8.5 mm  Intraosseal length 14 mm

“cortical bone”

“Yield” “Strength” “Yield” “Strength”
force F, [N]  force F, [N]  force F, [N]  force Fy, [N]
Monocortical fixation
2.0 mm 150 220 320 430
2.5 mm 250 300 410 525
Bicortical fixation
2.0 mm 250 300 420 600
2.5 mm 340 410 550 760

bone and significant stress reduction is obtained because of larger
cross section of the extraosseal part.

The elastic deformation of the implant intentionally exaggerated in
Figs. 6-7 can also be explained using the loaded cantilever beam rod
model. The effect of three-axial loading would be equivalent to higher
off-axial compressive loading on one side of the beam than on the
other side. The result is the bending of the beam which explains the
appearance of the tensile components among the principal stresses.

Stresses in the cortical bone adjacent to the implant are slightly
different from those in the implant. The zone (1b) with the highest com-
pressive stresses is located at the neck of the implant and not at the root
of the thread as it is in the implant. The difference seems to be due to the
fact that the edge of the bone has to resist to the bending of the implant
which acts as a lever. This approach can be also used to predict possible
effects of deeper screwing-in of the implant. The positions of the
implant thread below the bone surface, which would correspond to
the well recessed implants, generate lower stresses in the bone zone
(1b) than in the position above the surface because of larger diameter
and shorter lever. Because the bone atrophy shall occur in the zone
with high compressive stresses, the bending load supporting edge of
the bone surface may “move” from thicker head part into the thinner
thread part of the implant. Subsequently, time dependent increase of
the local compressive stresses in the zone (1b) can be expected as
local bone atrophy occurs. Its progress is similar to unscrewing of the
implant from the position “below” to the position “above” the bone
surface.

All the above considerations assume that the cortical bone is the
principal load-bearing part of the mandible. Indeed, the stresses in the
trabecular bone were considerably smaller than in the cortical bone
(see Table 4). The strong influence of the length of the intraosseal part
of the implant on the maximum stress in the cortical bones with the
same thicknesses in Fig. 16 is therefore surprising. Let us consider

a) Monocortical Bicortical
fixation fixation
600 550
=
oy 500
@
S 400
£
i 300
e
=>- 200
100
0
Implant[mm] 14 14 85 85 14 14 85 85
Wood thickness 2.0 25 20 25 20 25 20 25

ABV([%] 41 51 37 47 39 49 33 43

0 0,0002 0,0004 0,0006 0,0008 0,001

Displacement (mm)

Fig. 17. The comparison of the displacements (and slopes) for the same three-axial load of
118 N obtained from FEA.

possible reasons. In the case of vertical uniaxial loading, no effect of
cortical bone thickness was expected. Under multiaxial loading, trabec-
ular bone helps to resist to the torque of the intraosseal part of the
monocortical implant rotating around the axis in the upper cortical
bone. Even more important seems to be that the shortening of the
intraosseal part of the implant results in the increase of the extraosseal
lever arm due to the constant (28.7 mm) distance from the bottom of
the mandible up to the loading point at the top of the crown (see
Fig. 3a). Thus, as longer is the extraosseal length as bigger is the torque
and stronger the influence of implant length. It is in qualitative agree-
ment with the data in Fig. 13. The ratio between intraosseal and
extraosseal lengths should be more than 1 [24-26], otherwise multiple
implants are recommended. According to Fig. 2, the corresponding
ratios with the intraosseal lengths of 8.5 mm and 14 mm were 0.49-
0.52 and 1.31, respectively. Evidently, the conditions in the former
case are far from optimum and shortening of the intraosseal length
and larger arm results in excessive torque.

The simplified model of rod-like implant fixed in the upper cortical
bone allows us to understand also the differences between mono- and
bicortical fixations of the implant. The principal difference of the
bicortical fixation is that not only the tip of the implant fixed in the
lower cortical bone takes some part of the load from the upper cortical
bone but also it acts against the torque of the implant. In the case of
monocortical fixation, only weak trabecular bone acts against the
torque. Although FEA usually showed slightly lower stress levels in
bicortical case, the differences between mono- and bicortical fixations
in Fig. 13 were quite small. The real experiments indicated considerably
greater differences not only in terms of F;, and Fy, but also in the slope of
the load-penetration depth curves (see Fig. 15a). The discrepancies in
the slopes can again be rationalized within the above mentioned simpli-
fied model of the rod-like implant. The vertical displacement of the

Bicortical

b) Monocortical
fixation

fixation

760
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200 -
100

0

Implant[mm] 14 14 85 85 14 14 85 85
Wood thickness 20 25 20 25 20 25 20 25
ABV[%] 41 51 37 47 39 49 33 43

“Strength" Force, F.(N)

Fig. 16. a) The comparison of the force corresponding to the yield strength — a) and maximum force corresponding to the strength of the system implant/model bone — b) depending on

the type of fixation, implant length, cortical bone thickness and ABV index.
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Fig. 18. The comparison of the trends from FEA and from the experimental measurements on model bone for mono- and bicortical fixations.

monocortical implant subjected to compression should be determined
mainly by the elastic properties of the cortical bone because much stiffer
implant only transfers the load to the bone. In contrary, the stiffness of
the implant/cortical bone system in bicortical case would be controlled
by the bone and much stiffer implant as well because it is indented into
the lower cortical bone. The slope of the loading curve should be there-
fore higher than in the monocortical case. Indeed, higher slope in the
bicortical case observed experimentally (Fig. 14) was confirmed also
by the additional FEA for the equivalent loading (see Fig. 17). Stiffer
bicortical fixation subsequently results in higher F, and F,, experimental
values than in the monocortical case. The effect of the cortical bone
thickness on F, and Fy, in Fig. 16 is a direct confirmation of the earlier
assumption that the upper cortical bone is bearing the main part of
the load.

The understanding of the differences between FEA and experimental
measurements for mono- and bicortical fixations is more complicated.
The direct comparison of the maximum stresses and experimental
forces is not possible because the overall forces cannot be transferred
into localized stresses. However, the trends of stresses and forces for
obtained from the calculations and experimental measurements should
be the same. Fig. 18 compares the trends for the maximum FEA stresses
and experimental “yield” forces in both fixations. The experimental data
increase with intraosseal length whereas the modeled data exhibit
opposite tendency. It is reasonable because the meanings of F, and
Omax are different — maximum yield force has to be higher when the
implant fixation is enhanced (intraosseal length is increased) while
the maximum stresses have to be reduced because of the same reason.
The lines connecting the corresponding data-points are parallel which
means that the trends are identical in both FEA and experiment. Howev-
er, the relative changes between mono- and bicortical fixation are
different: they are 31-67% in the experiment but only 9-14% in the
FEA. Such a large difference can hardly be related only to the variations
in the elastic module of the bone and wood types. The most probable
explanation is based on the consideration of the implant bonding.
Strong bonding assumed in FEA cannot be achieved in the model exper-
iment because osteointegration is absent. Thus, the experiments with
the implant in model bone correspond to the freshly introduced implant
while FEA describes the case with the well osteointegrated implant. This
assumption has significant consequence: bicortical fixation is more effi-
cient in the freshly introduced implant then the monocortical one but
the difference is decreasing over time due to osteointegration, possibly

as a result of gradual suppression of sliding between the bone and
implant during loading. Thus, the differences between the model exper-
iment and FEA as well as between mono- and bicortical fixations can be
rationalized.

The final remarks justify the range of forces used for FEA and the
applicability of the results in the real situation. It is obvious that the
average and even maximum chewing forces applied to the implant
have to be significantly lower than the yield strength forces to prevent
sudden and/or fatigue bone failure with sufficient safety margin. The
force of 118 N used in FEA as a reasonable upper force limit for individ-
ual teeth in the front part of the mandible [20], is at least two times
lower than most of the experimentally measured forces corresponding
to the yield strength (Fig. 16a). The safety margin in the case of
“strength” forces of the model implant/bone system (Fig. 16b) is even
higher. Only in the case of short (8.5 mm) monocortical implant in
2 mm thin cortical bone, the “yield” force of 150 N is approaching to
the applied force of 118 N. Safety margin in the same bone with
bicortical fixation is still more than 2. It indicates the limits of applicabil-
ity of monocortical and advantage of bicortical fixation.

The current FEA and experiments correspond to the static
loading which is definitely not the case during chewing. Such situ-
ation can be experimentally simulated by dynamic multi-cyclic
loading. FEA of such process would require introduction of the
deformation and damage mechanisms. Both cases are behind the
scope of the current work. Thus, the work applies only to the case
of an unrepeated bite.

5. Conclusions

The FEA of the stress distribution in the implant, cortical and trabec-
ular bone of the atrophied mandible for the case of the implant subject-
ed to static 3-axial loading in mono- and bicortical fixation and 3
different positions of the implant thread with regard to the cortical
bone surface revealed:

» Multi-axial compressive loading generates von Mises stresses not only
with compressive but also with tensile principal stresses.

* The highest compressive principal stresses in the implant are concen-
trated at the root of the first thread on the compressed side of the
implant and in the implant neck opposite to the surface level of the
cortical bone.
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* The highest compressive principal stresses in the cortical bone are
always generated at the edge of the cortical bone where the highest
torque from the implant is acting.

The recession of the implant thread slightly below the surface of the
cortical bone is a very effective way to reduce the maximum level of
compressive stresses in the implant and cortical bone as well.

* The gradual atrophy of the bone subjected to high compressive stress-
es at the implant neck would result in the increase of the local stresses.
Shortening of the intraosseal length of the implant and/or thinning
of the upper cortical bone result in a substantial increase of the
maximum compressive stresses.

According to FEA, bicortical fixation compared to monocortical
fixation brings only small reduction of the maximum compressive
stresses.

Additional model experiments using the real implant and model bone
confirmed the tendencies suggested for the changes of intraosseal length
and cortical bone thickness implied from FEA. However, the effects in
the experiment were significantly more pronounced in bicortical fixa-
tion than in the FEA. It is because FEA describes the case of well
osteointegrated implant whereas the model experiments are close to
the freshly introduced implant. Apparently, bicortical fixation is the
most efficient in the fresh implants and the advantage of bicortical fixa-
tion compared to monocortical fixation decreases with time due to
osteointegration, possibly as a result of gradual suppression of sliding
between the bone and implant during loading.
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