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ABSTRACT
Statement of problem. Short implants have been increasingly used in the aging society. However,
studies which explain the difference of stress distribution according to different connections in
short implant treatment are scarce.

Purpose. The purpose of this finite element (FE) analysis was to evaluate the stress and strain
distribution of short implants and surrounding bone under static and cyclic loading conditions with
4 different connections.

Material and methods. Three-dimensional models of 4 types of implant systems were considered:
internal tissue level, internal tissue level wide, internal bone level (IB), and external bone level. Each
system had different types of abutment, implant, and screw with the resorbed mandibular segment
of the bone block. Static FE analysis was performed under external loads of 200 N (vertical or 30-
degree oblique) to each cusp tip. The strain distributions of the peri-implant bone and von Mises
stress fields in the abutment, implant, and screw were evaluated. Based on the static FE results, a
computational fatigue analysis was performed to predict the risk of fracture caused by fatigue
accumulation of repetitive mastication.

Results. Bone tissues in fatigue failure level (greater than 4000 mε) were observed in the alveolar
ridge and the plateaus close to the implant apex in all situations. Under the oblique loading
condition, the total volume of the bone tissue in hypertrophy and fatigue failure levels (greater than
2500 mε) was the largest at IB and the smallest at external bone level. Among the 4 situations, the
highest stress occurred in the abutment (506.9 MPa) and implant (311 MPa) of IB. In fatigue analysis,
fracture was only predicted in the IB abutment model (588 301 cycles), and cracking occurred in the
lingual direction, where stress concentration occurred when the oblique load was applied.

Conclusions. The abutment of IB showed the highest stress of the implant component, and internal
tissue level model showed the highest strain of bone. In all groups, the bone strain values mostly
appeared within physiologic capacity (under 4000 mε). Various mechanical situations should be
considered when using internal bone-level connections in short implants for replacing posterior
teeth. (J Prosthet Dent 2019;121:659-70)
Recently, short implants have
been used to reduce the need
for bone grafting. The implant
and prosthetic survival rate of
short implants is similar to that
of longer implants in vertically
augmented bone1,2; however,
randomized clinical controlled
studies that compare the pro-
cedures are lacking.

Finite element analysis
(FEA) studies have evaluated
the stress distribution of the
implant, abutment, and sur-
rounding bone under various
conditions.3-16 The effects of
different abutment connection
designs on the stress distribu-
tion around the implants have
been reported.3-11,16 When
short implants are installed in
a reduced alveolar ridge with
various connection types such
as internal, external bone, or
tissue-level connection, the
stress distribution of the
implant component and sur-

rounding bone would differ according to different con-
nections. However, studies of biomechanical analysis
depending on different connections in short implants
are scarce.
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The crown/implant (C/I) ratio is an important factor in
implant restoration.17 A high C/I ratio is related to the
high-lever effect on the implant restoration under non-
axial loading, which might lead to technical problems.18-20
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Figure 1. Cross-sectional view of 3D models showing internal structure
and cement layer. Inset: Structure of implant components implanted in
second molar region.

Clinical Implication
A more than 2-fold difference was obtained in
the stress on implant components depending on
the connection and nearly a 3.5-fold difference
according to the different loading directions. In
selecting short implants, the off-axis load and
connections should be considered.
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From the biological aspect, the correlation between the
C/I ratio and marginal bone loss is unclear.21-23 A lower
marginal bone loss at higher C/I ratio has been reported
in some studies,21,22 whereas others have reported the
opposite.23,24 The anatomic C/I ratio was used in some
studies,25,26 whereas the clinical C/I ratio was used in
others.21,27 Both ratios have different implications from a
mechanical aspect. When bone-level and tissue-level
implant restorations have the same clinical C/I ratio,
the anatomic C/I ratio of the tissue-level implant could be
reduced compared with the bone-level implant because
of the length of the transmucosal part, which decreases
the length of the anatomic crown.

The stress distribution of the surrounding bone has
been explained on the basis of the crown height rather
than the C/I ratio.28,29 In view of the lever effect, the
clinical crown height of the implant is more meaningful
than the C/I ratio in explaining the stress concentration of
cortical bone. The diameter of the connection is another
important factor for understanding the lever effect. It
changes the length and degree of the lever arm as well as
the position of the fulcrum, which has not been eluci-
dated in detail.

To the best of the authors’ knowledge, FEA that
evaluated the stress distribution of the implant, abut-
ment, and bone, considering connection types and fa-
tigue analysis in short implants, has not been previously
conducted. Therefore, the purpose of this FEA study was
to analyze the stress and strain distribution of short im-
plants and surrounding bone under static and cyclic
loading conditions with 4 different connections. The null
hypothesis was that no differences in the stress and
strain distributions would be found among the 4
connection types.

MATERIAL AND METHODS

Three-dimensional models were prepared for analysis,
and 4 types of implant assembly with the resorbed
mandibular segment of the bone block were considered.
FEA was performed under external loads of 200 N, and
the strain distributions of the peri-implant bone and von
Mises stress fields in the abutment, implant, and screw
were evaluated.
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The bone structure with the inferior dental nerve of a
resorbed posterior mandible was modeled by using a 3D
modeling software program (Materialise 3-Matic 9.0;
Materialise Group). The cortical bone had a thickness of 2
mm, and the inferior dental nerve canal was located 1
mm below the apex of the implant (Fig. 1).30 The as-
sembly of implant components was implanted in the
second molar region and contained a layer of cement
(Fig. 1).

The design of the implant models was provided by
the manufacturer (TSIII SA, SSIII, USIII; Osstem
Implant Co Ltd). Figure 2 showed the dimensions of 4
types of implant system; internal tissue level (IT), in-
ternal tissue level wide (ITW), internal bone level (IB),
and external bone level (EB). Each system used the same
implant length, implant diameter, and total length but
used different types of abutment, implant, and screw.
The different abutment types were used according to
the implant type; IT and ITW had an internal octagon
abutment (ComOcta; Osstem Implant Co Ltd), IB had a
Morse-tapered internal hexagon abutment (Transfer
abutment; Osstem Implant Co Ltd), and EB had an
external hexagon abutment (Cement abutment; Osstem
Implant Co Ltd). Each crown and cement layer was
modeled by proper scaling. All geometries were expor-
ted to the FEA software (ABAQUS 6.14; Dassault Sys-
tèmes SIMULIA Corp) by using 4 node tetrahedral
elements.

The components of the implant system and the sur-
rounding bone were assumed to be isotropic, homoge-
nous, and linearly elastic. Material properties were
presented in Table 1.31-36 The cement layer was thin, at
0.1 mm, whereas the bone fragments and crown com-
ponents were divided into 0.25- to 1-mm-sized parts to
place the smaller elements closer to the implant. Other
titanium components were discretized by elements with
a minimum size of 0.25 mm. The total number of
Lee et al



Figure 2. Dimension of 4 types of implant components. Each system used same implant length, diameter, and total length but different types of
abutment, implant, and screw. EB, external bone level; IB, internal bone level; IT, internal tissue level; ITW, internal tissue level wide.

Table 1.Material properties used in finite element models

Material
Component

Elastic Modulus
(MPa)

Poisson
Ratio Reference

Crown 140 000 0.28 Vaillancourt et al31

Ti-grade 4 110 000 0.34 Niinomi33 and Bulaqi et al32

Cortical bone 13 700 0.3 Sertgoz34

Trabecular bone 1370 0.3 Sevimay et al35

Nerve canal 70 0.45 Vaillancourt et al31

Cement 10 760 0.35 Tolidis et al36

Figure 3. Boundary conditions and load conditions of FE model. Both
ends of bone block (blue) fixed in all directions, and total force of 200 N
applied to each of 60 nodes on 3 cusps in vertical direction and each of
30 nodes on 3 cusps and 3 fossae in oblique direction. FE, finite element.
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elements used for each model ranged from 1 444 688 to
1 603 982.

For interaction conditions, the abutment and implant
were tightly connected to each other by tightening the
screw; thus, the area of the tightly engaged surfaces
differs for different abutment types. All contact areas
between the screw, abutment, and implant were stimu-
lated by contact conditions with a friction coefficient of
0.16.37 Contact analysis ensured the transfer of load
and deformation between all titanium-titanium in-
terfaces. To simulate perfect osseointegration, all in-
teractions incorporating implant and bone were
simulated as tied conditions. The tied condition was also
used for crown-cement and cement-abutment interfaces.

The boundary conditions were established as fixed in
all axes (x, y, and z) at the distal and mesial plane in the
block section (Fig. 3). Two loading conditions were
considered: (1) a total force of 200 N applied to 60 nodes
on 3 cusps in the vertical direction and (2) 200 N to 30
nodes on 3 cusps and 3 fossae in the 30-degree oblique
direction (Fig. 3).38,39

To predict the risk of fracture caused by the fatigue
accumulation of repetitive mastication, a computational
fatigue analysis was performed under the 2 loading
Lee et al
conditions. A multiaxial fatigue algorithm incorporating a
multiaxial plasticity model with the stress results ob-
tained from the FEA was used in a computer program
(FE-Safe v6.5; Safe Technology Ltd). This required the
extrapolation of the stresses obtained from FEA at the
integration points to the nodes of finite elements.40 In
this study, fatigue calculations of the implant compo-
nents were conducted for the parts made of grade 4 ti-
tanium (Table 1).33

The principal strain was used to evaluate the stability
of the cortical and trabecular bones. Volume fractions
according to strain levels of bone remodeling were esti-
mated using the Frost mechanostat theory, where bone
remodeling activity is controlled by the peak strain of
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 4. Maximum and minimum principal strain distribution of cortical bone and trabecular bone according to strain levels induced by short
implants under 2 loading conditions. A, Internal tissue level. B, Internal tissue level wide. (Continued on page 663.)
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Figure 4. (continued). C, Internal bone-level. D, External bone-level. Section A-A’ represents upper surface of cortical bone, and B-B’ represents interface
between cortical bone and trabecular bone.
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dynamic loading. The bone remains in the maintenance
level when the strain is in the range of 200 to
2500 mε, whereas prolonged exposure to the atrophy
level in the range of 0 to 200 mε results in decreased bone
density. The hypertrophy level, which lies in the range of
2500 to 4000 mε, stimulated remodeling activity, resulting
in an increase in bone density. In addition, a fatigue
failure level greater than 4000 mε induces the generation
of internal cracks that cannot be repaired by normal
remodeling activity and might cause bone failure.41 The
von Mises stress was used to evaluate the stress distri-
bution in the abutment, implant, and screw; von Mises
interpretation was adequate for the analysis of a ductile
material such as titanium.42
B

Max. maintenance range

(200-2500     )

Min. maintenance range

Max. hypertrophy range

(2500-4000      )

Min. hypertrophy range

Max. fatigue range

(>4000      )

Min. fatigue range

μεμεμε

1600
(mm )

1200
1400

1000
800
600
400
200

IT ITW

Oblique

IB EB
0

6
(mm )

5

4

3

2

1

IT ITW

Oblique

IB EB
0

0.4
(mm )

0.35
0.3

0.25
0.2

0.15
0.1

0.05

IT ITW

Oblique

IB EB
0

Figure 5. Bone volume according to maximum and minimum principal
strain for 4 different types of short implant system under 2 loading
conditions. A, Vertical loading condition. B, Oblique loading condition.
EB, external bone level; IB, internal bone level; IT, internal tissue level;
ITW, internal tissue level wide.
RESULTS

Figure 4 shows the maximum and minimum principal
strain distributions representing the tensile and
compressive strains in the surrounding bone induced by
4 different types of implants for vertical and oblique
loading conditions. Strains mainly occurred in the buccal
direction under vertical load and in the lingual direction
under oblique load. The bone tissues in the fatigue failure
level were observed in the alveolar ridge and in plateaus
close to the implant apex. In the plateau tip, strains in the
range of 2500 mε or more (both hypertrophy and fatigue
failure) were mostly observed, and the strain on the
cortical and trabecular bone in the plateau tip was mostly
greater than that in the groove. The results for vertical
loading and oblique loading showed a similar distribution
pattern around the peri-implant bone for all types of
implant components; meanwhile, the maximum value
and total volume of the overstrained bone tissue (hy-
pertrophy and fatigue failure) under oblique loading were
more than twice those under vertical loading (Fig. 5).

Under oblique loading, the sum of the bone volume in
the hypertrophy and fatigue failure range induced by
maximum and minimum principal strain was the largest
for IB (8.79 mm3) and the smallest for EB (4.26 mm3). The
total volume was similar for IT (6.31 mm3) and ITW (6.38
mm3). Under vertical loading conditions, the volume in
the hypertrophy and fatigue failure levels was small for
all types of implant components; the total volumes were
0.12 mm3 (IT), 0.11 mm3 (ITW), 0.05 mm3 (IB), and 0.026
mm3 (EB) (Table 2).

Figure 4 showed the maximum values (in magnitude)
of the maximum and minimum principal strains observed
in the cortical and trabecular bones. The maximum strain
values were larger in the cortical bone than in the
trabecular bone. In the cortical bone, the maximum (in
magnitude) strain was induced by the compressive
strain (minimum principal strain) for all implant types
under both loading conditions, and oblique loading led to
larger strains. IT and ITW exhibited the largest and
THE JOURNAL OF PROSTHETIC DENTISTRY
second-largest compressive strains under both vertical
and oblique loadings, whereas EB and IB exhibited the
smallest strains for oblique and vertical loading. Under
oblique loading, the maximum strains (in magnitude)
were −7678.1 mε (IT), −6440.8 mε (ITW), −5442.6 mε (IB),
and −5242.2 mε (EB). Oblique loading provided larger
maximum strains even in the trabecular bone; however,
in trabecular bone, the maximum strain was induced
mostly by the tensile strain for both the loading condi-
tions. Under oblique loading, IB provided the largest
maximum strain values (5856.8 mε), whereas ITW pro-
vides the smallest (5619.7 mε).

For all situations, the von Mises stress distribution of
implant components presented a similar distribution
pattern for each loading condition. Stress was concen-
trated in the buccal direction under vertical loading and
in the lingual direction under oblique loading (Fig. 6).

For IT and ITW implant systems, the stress was
concentrated in the region where the internal octagon
abutment contacted the implant interior and in the re-
gion where the implant neck touched the cortical bone
(Fig. 7). As IB possessed an internal-type abutment and
bone leveletype implant, stress was concentrated in the
Lee et al



Table 2. Bone volume according to maximum and minimum principal strain (value rounded)

Microstrain Range (mε)

Vertical Load Condition (mm3) Oblique Load Condition (mm3)

IT ITW IB EB IT ITW IB EB

200 to 2500 Maximum 810 805 791 696 1080 1093 1097 1065

Minimum 1218 1213 1199 1194 1360 1367 1373 1336

2500 to 4000 Maximum 0.04 0.04 0.02 0.05 3.57 3.44 5.58 2.15

Minimum 0.08 0.07 0.03 0.02 2.27 2.47 2.70 1.75

>4000 Maximum 0.00 0.00 0.00 0.00 0.23 0.22 0.34 0.19

Minimum 0.01 0.00 0.00 0.00 0.24 0.24 0.16 0.16

EB, external bone level; IB, internal bone level; IT, internal tissue level; ITW, internal tissue level wide.

Figure 6. von Mises stress distribution of implant components and bone fragments showing location where stress concentration occurs under 2
loading conditions. EB, external bone level; IB, internal bone level; IT, internal tissue level; ITW, internal tissue level wide.
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abutment at the conical seal, which is in contact with the
screw and the implant-abutment surface. However, for
the EB implant system, stress was concentrated in the
abutment at the contact area between the top surface of
the implant and external abutment.

Overall, oblique loading induced much higher
stresses in the abutment, implant, and screw than vertical
loading for all situations. The highest maximum stress of
the abutment under oblique loading was observed in IB
(506.9 MPa) and the lowest maximum stress in ITW
(129.85 MPa). For the same loading condition, in the
implant, the highest maximum stress was observed in IB
(310.10 MPa) and the lowest in EB (175.72 MPa). For the
screw, EB induced the highest maximum stress (160.2
Lee et al
MPa), whereas ITW had the lowest maximum stress
(107.2 MPa) (Table 3).

Based on the static FE results of the titanium
component for a tensile strength of 550 MPa, the
computational fatigue analysis was performed to predict
the risk of fracture caused by the fatigue accumulation of
repetitive mastication in the vertical and oblique di-
rections. In all situations, fracture was only predicted in
the IB abutment model when oblique loading and vertical
loading were performed alternately, and the number of
life cycles of the IB abutment was 588 301. No damage
was predicted for the other components within 107

loading cycles. For the abutment of IB, the crack was
predicted in the lingual direction, which was the same
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 7. von Mises stress distribution and maximum value for abutment and implant showing location where stress concentration occurs under 2
loading conditions. (A) Stress distributions in the abutments, (B) stress distributions in the implants. EB, external bone level; IB, internal bone level; IT,
internal tissue level; ITW, internal tissue level wide.
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Table 3.Maximum von Mises stress in abutment, implant, and screw

Load Condition
Vertical Load

Condition (MPa)
Oblique Load

Condition (MPa)

Implant System IT ITW IB EB IT ITW IB EB

Abutment 54 42 118 58 146 130 507 202

Implant 61 63 76 62 224 184 311 176

Screw 32 27 44 54 128 107 145 160

EB, external bone level; IB, internal bone level; IT, internal tissue level; ITW, internal
tissue level wide.
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direction along which the stress was concentrated under
oblique loading (Fig. 8).

DISCUSSION

The results of the present study revealed that the stress
distributions in the implant components and the strain
distribution in the bone are noticeably affected by the
connection type. Therefore, the null hypothesis that all
the connection types would produce similar stress and
strain distributions was rejected.

Although the yield strength of the implant and
abutment has been reported to be acceptably high, me-
chanical failure of the implant components can still occur
under different conditions. Studies that have determined
the level of strain surrounding the bone that would lead
to the failure of osseointegration of the implant are
sparce.29,43 Most bones are more durable under
compressive strain than tensile strain44 and do not frac-
ture until around 25 000 mε, according to the Frost
mechanostat theory.43,45

In this study, bone strain values were 2 to 3 times
higher under oblique loading than those under vertical
loading. IT exhibited the maximum strain (7678.1 mε) in
the cortical bone under oblique loading (Fig. 4), which is
in excess of the lower limit of fatigue failure. However, the
bone volume in the fatigue failure range was only 0.34
mm3, which occupies an extremely small portion of the
whole (Table 2). Whenever masticatory force is applied
intraorally, the location of failure over 4000 mε would be
different. Even if there is a microfracture in a very small
area around the implant, it might be able to heal because
of the short duration of application of the masticatory
force, which is around 9 minutes in a day.46 A small dif-
ference was found in the strain values under vertical
loading according to different connections; however, with
regard to the cortical bone under oblique loading, the
strain in IT was around 1.8 times higher than that in IB,
which was the greatest difference among all groups.

Although the strain values of bone were physiologi-
cally acceptable under all conditions, the lever effect from
lateral force was the major factor contributing to the in-
crease in the strain on the bone and should be considered
to be a severe high-lever effect. It could be close to the
fracture risk range with an excessive crown height and
increased lateral force because of bruxism.
Lee et al
The force and area of the contact influence stress. A
lower force and larger area of contact reduce the stress,
which minimizes mechanical failure of the implant
prosthesis. When an equal masticatory force is applied to
a prosthesis with different connections, a different force
is generated according to the length of the effort arm and
resistance arm. An increased crown height results in an
increase in the length of the effort arm, which would
escalate the force.28 The crown of a tissue-level implant is
structurally shorter than that of a bone-level implant and
is as much as the length of the transmucosal part.
Therefore, a tissue-level implant has a mechanical
advantage over a bone-level implant. The area of contact
is another factor of stress. If an abutment is thick and
wide, the stress is decreased under the same loading
condition.

In this study, IB and EB had a similarly long effort
arm. However, the stress of the abutment of IB was 2.5
times higher than that of EB, which could have been
caused by the difference in the structural thickness of the
abutment and the different lengths of the resistance arm.
The stress of the abutment in IB was 3.5 times higher
than that of IT. In bone-level connections, masticatory
force is transmitted through the abutment to the implant;
all the stress of the implant is carried through the
engaging surface between the implant and abutment
only. In a tissue-level connection, some part of the force
is directly dispersed to the platform of implant as well as
the abutment due to the direct contact between the
crown and implant, which could decrease the stress of
the abutment and screw.

Balik et al8 observed the maximum stress on the
implant in several different connections. Under 111 N of
30-degree oblique loading, a tissue-level implant with a
similar design to that of the IT showed a maximum stress
of 120 MPa. It would provide about 218 MPa under the
200-N force as used in this study; the value is close to the
stress value of the implant (224 MPa) of the IT calculated
in this study.

In the implants, stress was concentrated on the tightly
engaged contact area between the implant and abutment
in the bone-level implant, whereas it was concentrated
on the first thread area below the transmucosal part
(Figs. 6 and 7). The thin part of the implant experiences
peak stress, as shown in the sectional view (Fig. 6).

Masticatory movement varies in different individuals,
making it difficult to reproduce with only a single vertical
movement or a single oblique movement. In this study,
the combination of 1 vertical and 1 oblique loading was
defined as a set of cyclic loading to simulate real move-
ment rather than simple movement in 1 direction.
Therefore, 588 301 load cycles for fracture of the abut-
ment of IB could be assumed to be around 1 200 000
under each loading condition, which corresponds to 5
years of masticatory movement.47
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 8. Left: stress distribution of abutment of IB under vertical loading condition; Middle: stress distribution of abutment of IB under oblique loading
condition; Right: location where fracture occurs as result of fatigue of IB abutment under cyclic loading condition consisting of one 200-N vertical and
one 200-N oblique loading. IB, internal bone level.
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The abutment in this study was modeled from grade 4
titanium. Of the various grades of titanium available for
abutments, grades 4 and 5 are widely available in the mar-
ket.48 As demonstrated by many studies, titanium grade 5
abutments exhibit higher strength than grade 4 abutments
because the yield strength is 785 MPa for the grade 5 and
483MPa for thegrade4.48-50Therefore, the titaniumgradeof
the abutment needs to be considered carefully in IB
implants, especially those with narrow connections which
exhibithighstressas comparedwithother typesof connection.

The stress on the implant, abutment, and screw was
influenced by the difference in the connection and
loading conditions. The mean stress in all implant com-
ponents for all groups under oblique loading was 3.5
times higher than that under vertical loading; meanwhile,
the stress of IB was 2.16 times higher than that of ITW,
which is the highest difference among all groups (Fig. 9).
Different connections lead to different lever effects,
which are defined by the ratio of the length of the effort
arm to that of the resistance arm. The stress on the
implant will decrease if the inclination of the cusp is
decreased, which would prevent the high lateral force
from loading. The highest stress of the IB implant (310
MPa) in this study was for a crown height of 13 mm and
30-degree oblique loading under 200 N, which is around
56% to 67% of the yield strength of Ti-grade 4 implant.51

However, the highest stress could be larger than the yield
strength in more challenging clinical situations.
THE JOURNAL OF PROSTHETIC DENTISTRY
All the components in this study were assumed to be
isotropic, homogenous, and linearly elastic, and perfect
osseointegration was also assumed. The computational
model used in this study may not fully represent the real
situation because there are additional factors that are
difficult to predict, such as flaws, nonlinear deformation,
or intrinsic preload. Also, for the resorbed mandible with
largely different dimensions or abnormal bone condi-
tions, the result may not be valid. Therefore, the results
need to be interpreted with caution. Although we per-
formed the analysis only with the vertical and oblique
occulusal loadings in this study, further studies with near
Lee et al
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horizontal loadings induced by mandibular advancement
devices would also be of value.

CONCLUSIONS

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

1. The abutment of IB showed the highest stress of the
implant component, whereas IT showed the highest
strain of bone.

2. Bone strain values for all groups appeared within
physiologic capacity.

3. Different mechanical situations should be consid-
ered when using IB connections in short implants
on the posterior area.
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