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Effects of implant diameter, implant-abutment connection
type, and bone density on the biomechanical stability of

implant components and bone: A finite element analysis study

Hyeonjong Lee, DMD, PhD,a Minhye Jo, BS,b Irena Sailer, DMD, PhD,c and Gunwoo Noh, PhDd
ABSTRACT
Statement of problem. Various kinds of implants of different diameters and connection types are
used for patients with a range of bone densities and tooth sizes. However, comprehensive studies
simultaneously analyzing the biomechanical effects of different diameters, connection types, and
bone densities are scarce.

Purpose. The purpose of this 3-dimensional finite element analysis study was to evaluate the stress
and strain distribution on implants, abutments, and surrounding bones depending on different
diameters, connection types, and bone densities.

Material and methods. Twelve 3-dimensional models of the implant, restoration, and surrounding
bone were simulated in the mandibular first molar region, including 2 bone densities (low, high), 2
implant-abutment connection types (internal tissue level, internal bone level), and 3 implant
diameters (3.5 mm, 4.0 mm, and 4.5 mm). The occlusal force was 200 N axially and 100 N
obliquely. Statistical analysis was performed using the general linear model univariate procedure
with partial eta squared (hp

2) (a=.05).

Results. For bone tissue, low-density bone induced a larger maximum and minimum principal
strain (in magnitude) than high-density bone (P<.001). As the implant diameter increased, the
volume of the cancellous bone in low-density bone at the atrophy region (strain<200 mε)
increased (P<.001). For implant and abutment, the internal bone-level connection type was
associated with increased peak stress as compared with the tissue-level connection type
(P<.001). For all models, the stress distribution on the implant complex was influenced by
implant diameter (P<.001): a decrease in implant diameter increased the stress concentration.

Conclusions. The implant connection type had a greater impact on the stress of the implant and
abutment than the diameter. A tissue-level connection was more advantageous than a bone-level
connection in terms of stress distribution of the implant and abutment. Bone density was the most
influential factor on bone strain. The selection of dental implants should be made considering these
factors and other important factors including tooth size. (J Prosthet Dent 2022;128:716-28)
Various kinds of dental im-
plants of different diameters,
lengths, and connection types
are currently used in clinical
practice, and the long-term
success rate of implant-
supported restorations has
been reported to be 94%.1,2

However, mechanical compli-
cations and failures remain
critical issues.3-6

A correlation between
bone density and strength has
been reported,7 and the
different types of implant
connection have been
analyzed biomechanically.8-11

The stress distribution of
different implant crown
heights has been demon-
strated; when the crown
height is increased, the stress
level becomes greater because
of the lever effect.6 Finite
element studies of implants
have been performed for

different factors with various methods,12-17 including
biomechanical analyses of implants as per their
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Figure 1. Three-dimensional finite element models and 2 types of
implant system. A, Internal tissue level (IT) and internal bone level (IB).
Right side shows half view of model without crown for clarity. Complete
implant model and bone cylindrical part near the implant to evaluate
bone strain more closely. B, Meshes of finite element model for 2
connection types.

Clinical Implications
In patients with low-density cancellous bone, a
tissue-level connection should be preferred over an
internal bone-level connection because it is
associated with better implant and abutment stress
distribution and reduced bone strain. If an internal
bone-level connection is used for low-density bone,
an implant with a diameter of 4.5 mm or greater
should be considered.
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of these factors simultaneously.12,13,18 The correlation
between the stress and strain analysis of implants and
the surrounding structures as per bone density, implant
diameter, load of direction, and type of connection in a
single controlled study is necessary. Understanding the
stress transmission from the implant crown to the
implant component and the surrounding bone would
be useful for clinicians who must decide on the diam-
eter and connection of the implant based on factors
such as the status of residual bone, antagonist, and
prosthetic planning.

Several important factors should be considered in the
analysis of stress and strain distributions. Strain analysis
has been performed on the bone surrounding the
implant,14,15,19-21 and the maximum or minimum strain
values at a specific point have been evaluated. As per the
mechanostat theory,22,23 strain values may be classified
into 4 regions: atrophy (<200 mε), maintenance (200 to
2500 mε), hypertrophy (2500 to 4000 mε), and fatigue
failure (>4000 mε). Volumetric analysis of strain as per the
mechanostat theory focused around implants could
provide more meaningful information than common
strain analysis.24

To decrease the failure rate of the implant, it is clin-
ically important when selecting an implant to consider
various biomechanical factors simultaneously, including
bone density, type of connection, diameter, and loading
condition, as well as other important factors such as
emergence profile, soft-tissue condition, implant posi-
tion, and esthetics.25-30 The biotype of the peri-implant
soft tissue is also an important variable.31,32 The pur-
pose of the present finite element analysis study was to
analyze the strain distribution of peri-implant hard tissue
and stress distribution of implant components for various
bone densities, implant diameters, and implant-
abutment connection types. The null hypothesis was
that different implant diameters, implant-abutment
connection types, or bone densities would not result in
different stress values in the implant components or
different strain values in the surrounding bone near the
prosthesis.
Lee et al
MATERIAL AND METHODS

Twelve 3-dimensional (3D) finite element models were
constructed (Fig. 1; Table 1). The models were designed
based on 2 levels of bone density (low, high), 2 different
connection types (internal tissue level [IT], internal bone
level [IB]), and 3 implant diameters (3.5 mm, 4.0 mm, 4.5
mm). All the 3D models were constructed by using a
modeling software program (3-matic Research 9.0;
Materialise Corp). Each model consisted of a mandibular
bone section of the molar region with a nerve canal and
implant complex (Fig. 1). Bone tissue was modeled with
cancellous bone in the center, surrounded by a 2-mm
layer of cortical bone.17 Two levels of cancellous bone
density (low, high) were considered to evaluate the effect
of different bone densities on these systems. A cylindrical
part near the bone-implant interface (0.33 mm from the
implant thread and 0.55 mm from the bottom of the
implant) was also set to thoroughly investigate the sur-
rounding area of the implant (Fig. 1). The cylindrical part
was a virtual window for measurement, not a physical
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 1.Model description

Cancellous Bone Density Connection Type Diameter (mm)

Low IT 3.5

4.0

4.5

IB 3.5

4.0

4.5

High IT 3.5

4.0

4.5

IB 3.5

4.0

4.5

IB, internal bone level; IT, internal tissue level.

Table 2.Mechanical properties of materials used in finite element
models

Material Young Modulus (MPa) Poisson Ratio Reference

Crown 140000 0.28 Rungsiyakull et al33

Titanium 110000 0.34 Bulaqi et al6

Cement 10 760 0.35 Tolidis et al34

Cortical bone 13 700 0.30 Barbier et al35

Cancellous bone d d d

Low density 259 0.30 Sugiura et al36

High density 3507 0.30 Sugiura et al36

Nerve canal 70 0.45 Vaillancourt et al37

Table 3.Number of tetrahedral elements and nodes for each part in
models of 6 implant systems

Model IT3510 IT4010 IT4510 IB3510 IB4010 IB4510

Element 1 300 548 1 390 543 1 443 195 1 421 108 1 640 428 1 661 340

Node 251 659 268 476 278 377 267 357 312 300 316 262

IT3510, model of IT with 3.5-mm diameter and 10-mm length; IT4010, model of IT with
4-mm diameter and 10-mm length; IT4510, model of IT with 4.5-mm diameter and 10-
mm length; IB3510, model of IB with 3.5-mm diameter and 10-mm length; IB4010,
model of IB with 4-mm diameter and 10-mm length; IB4510, model of IB with 4.5-mm
diameter and 10-mm length.

Figure 2. Interface conditions used in 2 types of implant system.
A, Internal tissue level (IT). B, Internal bone level (IB).
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part; therefore, the same material properties are also used
in this part. The implant complex included the crown,
cement layer, abutment, screw, and implant. All implants
in the study were 10 mm in length and had 3 possible
diameters (3.5 mm, 4.0 mm, and 4.5 mm). The design of
the implant complex was provided by the manufacturer
(Osstem Implant).

The material properties were determined based on
previous literature (Fig. 1; Table 2).6,33-37 All materials
were assumed to be linearly elastic, homogenous, and
isotropic. Table 3 lists the total number of elements for
each model. To simulate complete osseointegration, the
implant-bone interface was defined as a tie. The implant-
abutment, abutment-screw, and abutment-cement layer
contacts were assumed as contacts, and all other contacts
were assumed as a tie (Fig. 2). Friction coefficients of
0.16, 0.441, and 0.25 were used for the implant-
abutment, abutment-screw, and abutment-cement layer
interfaces, respectively.38,39 The boundary conditions
were established as fixed in all axes (x, y, z) at the mesial
and distal surfaces of the cortical and cancellous bone.40

The simulation was performed in 2 steps. In the first
step, to simulate a tightening torque of 32 Ncm, the
preload as calculated using the formula established by
Bickford41 was applied to the screw.39,42 In the second
step, the external force was applied to the crown to
simulate masticatory loading. Two loading conditions
were considered. A total force of 200 N was applied to
60 nodes on 3 cusps and 3 fosse in the vertical direction
THE JOURNAL OF PROSTHETIC DENTISTRY
and of 100 N to 30 nodes on 3 cusps in the oblique di-
rection (Fig. 3).43,44

All finite element analyses were performed by using a
finite element analysis software program (ABAQUS 6.14;
Dassault Systèmes SIMULIA Corp). The von Mises stress
values were used to evaluate the stress distribution in the
implant and abutment. The maximum and minimum
principal strain were evaluated for bone tissue. The cy-
lindrical part of the bone surrounding the dental implant
was used to evaluate the 4 strain levels: atrophy (<200
mε), maintenance (200 to 2500 mε), hypertrophy (2500 to
4000 mε), and fatigue failure (>4000 mε) established by the
Frost mechanostat theory.45 To measure the tissue vol-
ume with a strain level, the volumes of each finite
element with the corresponding elemental strain level
were used.
Lee et al



Figure 3. A, Loading and boundary conditions: hollow triangle
represents boundary condition, red arrows illustrate preload on screw to
achieve tightening torque of 32 Ncm, and blue arrows show 2 types of
occlusal force. B, Each occlusion area according to loading type (vertical
load, oblique load).

Table 4.Maximum and minimum principal strain and von Mises stress

Results Average SD Lowest Largest

Maximum principal strain (m 3)

Cortical bone 3 103.6 1 512.3 698.0 7 952.5

Cancellous bone 4 630.3 3 761.2 697.0 13 637.5

Minimum principal strain (m 3) 13 637.5

Cortical bone -7 253.2 4 100.4 -1 950.0 -19 542.1

Cancellous bone -4 133.2 2 739.2 -786.0 -10 068.5

von Mises stress (MPa)

Implant 364.3 208.8 136.0 825.0

Abutment 402.7 269.6 121.5 946.5

October 2022 719
Each case was simulated once, and the maximum
values of the von Mises stress and microstrain of 50 el-
ements were collected: each finite element had 1
elemental stress and strain value, and those were treated
as independent measures, as each element had a unique
response because of its 3D size, shape, and position.46

The maximum 50 values of the elemental von Mises
stress and principal strain were considered as represen-
tative values in each case. For statistical analysis, the
effects of 4 different factors were assessed by using the
general linear model univariate procedure in a statistical
software program (IBM SPSS Statistics, v20.0; IBM
Corp).47 Twenty-four sets were created to consider the
effect of 2 levels of bone density, 2 connection types, 2
types of loading condition, and 3 implant diameters. The
analysis of the main effects, 2-way, 3-way, and 4-way
interactions were performed as per the literature
(a=.05).47-50 Partial eta squared (hP

2) analyses were
Lee et al
performed to investigate the effect size of each factor.48-50

The Tukey honestly significant difference test was used
as a post hoc test for differences among 3 levels of
implant diameter to assess interactions among the
groups. The mean, standard deviation, lowest values, and
highest values were calculated.47

RESULTS

The mean, lowest value, highest value, and standard
deviation of maximum principal strain, minimum prin-
cipal strain, and von Mises stress for independent factors
are summarized in Tables 4 and 5. The effects of the
independent factors on stress and strain distribution are
summarized in Tables 6 and 7 and in Figure 4.

The highest maximum principal strain was observed
in the IB with 4-mm diameter in low-density cortical
bone under oblique loading. The highest value (in
magnitude) of minimum principal strain was observed in
IB with 3.5-mm diameter in low-density cortical bone
under oblique loading. The loading type showed the
highest influence on cortical bone (hP

2=0.908). The
highest value of maximum strain was observed in the IT
with 4-mm diameter in low-density cancellous bone
under oblique loading, whereas the minimum principal
strain was observed in the IB in the same situation. The
bone density indicated a significant effect on cancellous
bone (hP

2=0.982)
Figure 5 illustrates the microstrain distribution of

bone tissue at low density. The strains were concentrated
in a lingual direction at the bone tissue near the implant.
In all models, the largest strain value (in magnitude)
under oblique loading was higher than that under vertical
loading. Low-density bone induced a larger maximum
strain value (in magnitude) than high-density bone in
both maximum and minimum principal strains (P<.001).

In the cortical bone, the IB under oblique loading
showed larger maximum values in the minimum prin-
cipal strains (in magnitude) as compared with the IT
(P<.001). There were significant differences (P<.001) in
minimum principal strain values for implant diameter,
whereas the 3.5-mm diameter and 4-mm diameter
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 5. Results of microstrain and von Mises stress for different 4 factors

Factors

Cortical Bone Cancellous Bone

Average SD Lowest Largest Average SD Lowest Largest

Maximum principal strain (m 3)

Bone density

Low 3516.5 1224.8 2003.4 7952.5 8004.4 2304.5 4563.9 13 637.5

high 2690.7 1654.1 698.0 6770.2 1256.2 446.6 697.0 2229.7

Connection type

IT 2915.9 1467.7 698.0 6724.5 5019.6 4130.9 697.0 13 637.5

IB 3291.3 1533.9 996.4 7952.5 4241.0 3309.0 748.7 11 941.7

Loading

vertical 1819.7 737.2 698.0 3686.8 3412.8 2644.8 697.0 8090.0

Oblique 4387.5 855.4 2789.7 7952.5 5847.9 4284.0 1378.7 13 637.5

Diameter

3.5 mm 3331.3 1579.5 880.9 6724.5 4406.7 3499.0 748.7 12 672.4

4.0 mm 3309.6 1648.6 754.1 7952.5 4775.0 3957.2 767.8 13 637.5

4.5 mm 2669.9 1173.4 698.0 4768.3 4709.3 3812.1 697.0 12 794.9

Minimum principal strain (m 3)

Bone density

Low -7832.9 3949.9 -3320.0 -19 542.1 -6746.0 959.6 -4757.6 -10 068.5

High -6673.6 4168.8 -1950.0 -18 752.9 -1520.4 648.9 -786.0 -3126.8

Connection type

IT -5243.3 2157.3 -1950.0 -11 688.7 -4346.1 2843.0 -786.0 -9544.1

IB -9263.1 4572.4 -3082.8 -19 542.1 -3920.3 2616.3 -787.3 -10 068.5

Loading

Vertical -4253.3 1348.1 -1950.0 -9624.8 -3555.7 2680.4 -786.0 -8644.9

Oblique -10 253.1 3715.9 -4833.6 -19 542.1 -4710.7 2676.9 -1509.7 -10 068.5

Diameter

3.5 mm -8054.1 4453.0 -2524.9 -18 938.2 -4149.5 2609.4 -848.6 -8644.9

4.0 mm -7613.9 4256.3 -2297.0 -19 542.1 -4342.9 2987.1 -867.4 -10 068.5

4.5 mm -6091.6 3233.0 -1950.0 -13 876.3 -3907.2 2592.2 -786.0 -8153.6

Implant Abutment

Average SD Lowest Largest Average SD Lowest Largest

von Mises stress (MPa)

Bone density

Low 366.0 208.1 136.2 822.4 416.5 282.5 123.9 946.5

high 362.6 209.8 136.0 825.1 388.9 255.7 121.5 879.0

Connection type

IT 232.7 77.0 136.0 472.6 213.8 71.9 121.5 329.2

IB 495.9 216.1 220.6 825.0 591.6 262.5 193.7 946.5

Loading

Vertical 226.7 67.6 136.0 422.1 262.6 193.1 121.5 877.9

Oblique 501.9 211.7 225.7 825.0 542.9 262.5 260.1 946.5

Diameter

3.5 mm 399.5 231.3 136.0 825.0 483.1 291.7 121.5 946.5

4.0 mm 364.6 203.1 157.6 791.1 361.5 267.7 132.7 908.7

4.5 mm 328.8 183.9 310.8 346.9 363.6 228.1 144.2 807.5

IB, internal bone level; IT, internal tissue level; SD, standard deviations.
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presented similar strain values of maximum principal
strain (P>.05).

In the cancellous bone, the influence of diameter on
the maximum principal strain of the bone varied based
on implant design and loading condition, whereas for the
minimum principal strain, a decrease in diameter
increased the maximum value in terms of magnitude
THE JOURNAL OF PROSTHETIC DENTISTRY
(P<.001), except for the IB model under oblique loading.
For maximum principal strain, the implant with a 3.5-mm
diameter represented a higher strain value than implants
with 4-mm and 4.5-mm diameters (P<.001).

Figures 6 and 7 show the bone volume in the ranges
of atrophy (<200 mε), maintenance (200 to 2500 mε),
hypertrophy (2500 to 4000 mε), and fatigue failure (>4000
Lee et al



Table 6. Specific results to verify influence of 4 factors

Source

Maximum Principal Strain Minimum Principal Strain von Mises Stress

Cortical Bone Cancellous Bone Cortical Bone Cancellous Bone Implant Abutment

Density <.001 <.001 <.001 <.001 <.05 <.001

Connection <.001 <.001 <.001 <.001 <.001 <.001

Loading <.001 <.001 <.001 <.001 <.001 <.001

Diameter <.001 <.001 <.001 <.001 <.001 <.001

Density×connection <.001 <.001 0.18 <.001 <.001 <.001

Connection×diameter <.001 <.001 <.001 <.001 <.001 <.001

Connection×loading <.05 <.001 <.001 0.46 <.001 <.001

Density×diameter <.001 <.001 <.001 <.001 0.93 <.001

Density×loading <.001 <.001 <.001 1.00 <.001 <.001

Loading×diameter <.001 <.001 <.001 0.13 <.001 <.001

Density×connection×diameter <.001 <.001 <.05 <.001 <.001 <.001

Density×connection×loading <.05 <.001 0.35 <.001 <.05 <.001

Connection×loading×diameter <.001 <.05 <.001 <.001 <.001 <.001

Density×loading×diameter 0.98 <.001 0.37 <.001 <.001 <.001

Density×connection×loading×diameter 0.08 <.001 0.159 <.05 0.901 <.001

Table 7. Effect size regarding 4 factors

Source

Maximum Principal Strain Minimum Principal Strain von Mises Stress

Cortical Bone Cancellous Bone Cortical Bone Cancellous Bone Implant Abutment

Density 0.504 0.982 0.270 0.982 0.004 0.195

Connection 0.173 0.415 0.816 0.264 0.962 0.978

Loading 0.907 0.874 0.908 0.725 0.965 0.962

Diameter 0.359 0.108 0.438 0.201 0.550 0.805

Density×connection 0.010 0.417 d 0.114 0.041 0.177

Connection×diameter 0.161 0.020 0.131 0.054 0.181 0.813

Connection×loading 0.008 0.058 0.604 d 0.883 0.861

Density×diameter 0.023 0.129 0.020 0.214 d 0.232

Density×loading 0.282 0.747 0.028 d 0.029 0.065

Loading×diameter 0.185 0.025 0.184 d 0.375 0.682

Density×connection×diameter 0.019 0.057 0.010 0.202 0.021 0.231

Density×connection×loading 0.006 0.047 d 0.038 0.006 0.056

Connection×loading×diameter 0.107 0.009 0.022 0.191 0.079 0.741

Density×loading×diameter d 0.048 d 0.053 0.022 0.095

Density×connection×loading×diameter d 0.017 d 0.007 d 0.095
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mε). For cancellous bone, a low bone density induced a
large (up to 22%) bone volume in the range of hyper-
trophy and fatigue failure, whereas high bone density
resulted in almost no bone volume in the hypertrophy or
fatigue failure regions. However, high bone density
induced large (up to 64%) bone volume in the atrophy
range (P<.001). For cortical bone, although the sum of
the bone volume in the hypertrophy and fatigue failure
regions for IB was still small (up to 12%), the IB for high
bone density induced greater bone volume in minimum
principal strain for the fatigue failure regions as compared
with the IT (P<.001).

Figure 8 illustrates the von Mises stress distribution of
the implant complexes under oblique loading. In both
Lee et al
implant and abutment, the stress values were highest in
IB with 3.5-mm diameters under oblique loading.

For the implant, the largest von Mises stress values
were observed in IB with 3.5-mm diameters in high-
density bone under oblique loading. In all cases, the
implants with 3.5-mm diameters presented the
maximum stress values (P<.001). High concentrations
were observed in the lingual area of the implant collar. As
the diameter of the implant increased, the maximum von
Mises stress also increased (P<.001).

For the abutment, low-density bone induced a higher
stress value than did high-density bone. In all models,
the magnitude of the stress value in the abutment was
influenced by the implant diameter (P<.001): decreasing
THE JOURNAL OF PROSTHETIC DENTISTRY



0
3.5 4.0

IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

4.5 3.5 4.0
High

4.5

2000

4000

6000

8000

M
ax

im
um

 P
ri

nc
ip

al
 S

tr
ai

n 
[�
���

]

10000

12000

14000

16000
Cancellous Bone

Maximum Principal Strain on Surrounding Bone

0
3.5 4.0

IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

4.5 3.5 4.0
High

A

4.5

1000

2000

3000

4000

M
ax

im
um

 P
ri

nc
ip

al
 S

tr
ai

n 
[�
���

]

5000

6000

7000

8000

9000
Corticol Bone

C

0
3.5 4.0

IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

4.5 3.5 4.0
High

4.5

100
200
300
400
500

vo
n 

M
is

es
 S

tr
es

s 
[M

Pa
]

600
700

900
800

1000
Implant

von Mises Stress in the Implant Components

0
3.5 4.0

IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

4.5 3.5 4.0
High

4.5

100
200
300
400

vo
n 

M
is

es
 S

tr
es

s 
[M

Pa
]

500
600
700
800
900

1000
Abutment

3.5

–16000

–14000

M
in

im
um

 P
ri

nc
ip

al
 S

tr
ai

n 
[�
���

]

–12000

–10000

–8000

–6000

–4000

–2000

0
4.0
IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

Cancellous Bone

4.5 3.5 4.0
High

4.5

Minimum Principal Strain on Surrounding Bone

B

3.5

–24000

–21000

M
in

im
um

 P
ri

nc
ip

al
 S

tr
ai

n 
[�
���

]

–18000

–15000

–12000

–9000

–6000

–3000

0
4.0
IT

Connection type

4.5 3.5 4.0
IB

4.5 3.5 4.0
Low

Bone density

Cortical Bone

4.5 3.5 4.0
High

4.5

Figure 4. Main results under oblique load considering 3 study factors (connection type, low and high bone density, implant diameter). A, Maximum
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and abutment. IT, internal tissue level; IB, internal bone level.
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Figure 5. Bone strain distribution for low-density bone and position and largest strain value (in magnitude) presented for each section. A, Maximum
principal strain. B, Minimum principal strain. IT, internal tissue level; IB, internal bone level.
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Figure 6. Strain distribution of surrounding bone as per 4 strain level ranges: cancellous bone for low bone quality, cancellous bone for high bone
quality, cortical bone for low bone quality, and cortical bone for high bone quality. IT, internal tissue level; IB, internal bone level.
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Figure 7. Specific bone volume ratio in fatigue failure region; maximum principal strain distribution under vertical load, maximum principal strain
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Figure 8. Stress distribution in implant components under oblique load. A, Implant. B, Abutment. IT, internal tissue level; IB, internal bone level.
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the implant diameter increased the stress concentration.
The largest stress values in the IB were found at the seat
of the abutment screw.
DISCUSSION

The present study revealed that implant diameter,
implant-abutment connection type, bone density, and
loading condition influenced the biomechanical behavior
in terms of stress distributions in both implant and
abutment and of bone strain distributions. Thus, the null
hypothesis that different prosthesis features would not
result in different stress or strain values in implant
components and surrounding bones was rejected.

The differences in strain and stress distribution were
evaluated for tissue-level and bone-level implants. The
connection type demonstrated a higher influence on the
stress value (implant: hP

2=0.962; abutment: hP
2=0.978)

than other factors, whereas bone density showed the
lowest influence (implant: hP

2=0.004; abutment:
hP

2=0.195). The IB group would induce a significantly
higher stress value than the IT group. The average stress
of the implants and abutments in the IB group were 2 to
3 times higher than that of the IT group. This result
conflicts with a similar previous study by Chang et al,51

who reported that the stress of the bone-level implant
was less than that of the tissue-level implant. The size of
the abutment was also smaller than that used in the
present study, which would also decrease the thickness
of the abutment. In the IT group, the maximum stress
value was about half the yield strength of titanium grade
5 at a 3.5-mm diameter and under oblique loading
conditions; in the IB group under these same conditions,
this value was close to the yield strength.52

As per the results of the present study, the main effect
and the interaction effects of the 4 variables were signifi-
cant on the implant stress value (P<.05), except for the
combination of bone density and implant diameter (P>.05).
Overall, the stress value of the IT group was less than 50%
of the yield strength in all conditions. In the IB group, the
stress of the implant was highly concentrated on the
margin of the connection, which was close to the yield
strength. As the diameter increased from 3.5 mm to 4.5
mm, the stress level decreased to about 15% in the implant
and abutment. Little difference was noted in the stress of
the implant and abutment based on bone density. The
difference in bone density of the cancellous bone did not
affect the implant stress, whereas the difference in implant
diameter did. In general, the results of present study
indicated that the IT was more biomechanically stable than
the IB. The placement of a 3.5-mm IB implant in the
posterior region seems not to be the appropriate choice
when normal or increased occlusal force is applied.53,54 The
difference in connection had a greater effect on the stress
than the difference in diameter did.
THE JOURNAL OF PROSTHETIC DENTISTRY
Regarding the minimum principal strain related to the
compressive stress on the surrounding bone, the value of
the IB was twice than that of the IT on the cortical bone.
The strain value of the cancellous bone was primarily
affected by bone density (hP

2=0.982), and loading con-
dition has a major influence on cortical bone (hP

2=0.908).
For cancellous bone, no significant effect of binary
combinations was found between the loading condition
and another factor (P>.05); the strain values under obli-
que loading were higher than those under vertical
loading in all combinations. The effects of the ternary and
quaternary combinations of 4 independent factors were
significant for all combinations (P<.05). Bone fracturing
can occur if the strain value is about 25 000 mE or
greater.22 A maximum strain value of about 19 000 mE
was observed at diameters of 3.5 and 4.0 mm in the IB
group, which, in spite of being quite high, is still lower
than the fracture limit. In the model of low-density
cancellous bone, the IT appeared to be better than the
IB when a 3.5-mm diameter implant was selected for a
narrow posterior alveolar ridge.

Calculating not only the peak of the strain but also the
volume of the fatigue failure risk area surrounding the
implants using finite element analysis was assumed to be
important. The maximum and minimum principal strain
are related to tensile and compressive stress, respectively,
and bone is more resistant to fracture under compressive
rather than tensile strain.55 The volume ratio of
compressive strain within the fatigue failure risk region
was focused on the cortical bone, whereas the volume
ratio of tensile strain was relatively more concentrated on
the cancellous bone under oblique loading conditions.
How much the area within the fatigue failure risk region
would be affected in actual clinical conditions is unclear
because occlusal force is applied for approximately only 8
minutes per day.56

Limitations of the present study included that certain
aspects such as 3D modeling, preload, contact, and
loading condition were considered in detail to obtain
results closer to reality. However, the stress concentration
of the abutment and implant would be different from the
clinical situation because of the small nonlinear defor-
mation when stress is greater than the yield strength.
Although cone beam computed tomography has been
widely using for implant surgery, it may not be accurate
enough to use cone beam computed tomography gray
density values to determine the bone density because
they are not absolute.57,58 In addition, a simplified con-
tinuum shape and the material properties for the bone
part were used in this study. Although bone is frequently
modeled as a continuum structure in finite element
studies, it is porous and encloses numerous large spaces,
and low-density bone has more pores than high-density
bone. In this study, only the Young modulus of the
cancellous bone based on density was used to
Lee et al



October 2022 727
incorporate the different mechanical properties,4,59,60

Thus, future studies using a more realistic bone model
would be of value.

CONCLUSIONS

Based on the findings of this finite element analysis
study, the following conclusions were drawn:

1. The tissue-level connection is more advantageous as
compared with the bone-level connection in terms
of stress distribution of the implant and abutment.

2. The selection of implant diameter and connection is
important for stress distribution, and the type of
connection has a greater impact on stress than the
diameter does (P<.001).

3. Bone density was the most influential factor in the
strain of both cancellous and cortical bone (P<.001).
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