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Obijectives. Occlusal overloading is one of the causes of peri-implant bone resorption,

and many studies on stress distribution in the peri-implant bone by three-dimensional

finite element analysis (3D FEA) have been performed. However, the FEA models

previously reported were simplified and far from representing what occurs in clinical

situations. In this study, 3D FEA was conducted with simulation of the complex

structure of dental implants, and the influences of neck design and connections with an

abutment on peri-implant bone stress and abutment micromovement were investigated.

Methods. Three types of two-piece implant CAD models were designed: external joint

with a conical tapered neck (EJ), internal joint with a straight neck (1J), and conical joint

with a reverse conical neck (CJ). 3D FEA was performed with the setting of a “contact”

condition at the component interface, and stress distribution in the peri-implant bone

and abutment micromovement were analyzed.

Results. Among the three groups, EJ had the highest shear stress concentrated on the

mesio-distal side of the cortical bone and largest amount of abutment micromovement.

While the von Mises and shear stresses around the implant neck were concentrated on

the labial bone for EJ, they were distributed on the mesiodistal side of the cortical bone

for CJ. CJ had the least amount of abutment micromovement.



Significance. Implants with a conical joint with an abutment and reverse conical neck
design may effectively control occlusal overloading on the labial bone and abutment

micromovement.

Keywords: biomechanics, dental implant, finite element analysis, occlusal force,

micromovement



1. Introduction

In accordance with the increase in their success rate, dental implants have

become a popular treatment option for missing teeth. One of the criteria for successful

dental implant treatment is radiographic vertical peri-implant bone loss of <2.0 mm [1].

Remodeling of the peri-implant bone occurs once the implant is exposed to the oral

environment by a second surgical procedure or by the immediate placement of an

abutment after implant surgery. Factors that negatively affect the remodeling process

and result in marginal bone resorption include traumatic surgical technique [2],

excessive loading conditions [3], microbial contamination of the microgap between an

implant and an abutment [4-6], micromovement of an implant and abutment [4,7-9], and

repeated screwing and unscrewing [10]. Exclusion of one or more of these factors is

important for successful implant treatment.

Osteoclastic bone resorption occurs in areas where microcracks are

produced by occlusal dynamic stress and osteocyte apoptosis [11,12]. Bone is resistant

to compressive stress but is susceptible to tensile and shear stresses, and the threshold

values of tensile and shear stresses that cause resorption of cortical bone are reportedly

about 30% and 65% less than the threshold value of compressive stress, respectively

[13,14]. Therefore, reducing the shear stress caused by occlusal loading effectively



controls peri-implant bone resorption [14]. Considering the benefits of eliminating an

excessive occlusal loading condition [15-20], much attention has been paid to

biomechanical evaluation of implants. Finite element analysis (FEA) is useful for

numerical stress analysis of multiple structured materials and has been widely used for

the analysis of dental implants. However, because dental implants have a complex

structure, most of the previous FEA studies utilized simplified simulation such as

two-dimensional models [15,16] or three-dimensional (3D) models of one-piece

implants coupled with an abutment [17-19]. While advantageous in terms of calculation

costs, limited information on stress distribution can be provided by two-dimensional

models. The 3D models are more informative and clinically relevant. However,

one-piece models do not reflect the real structure of implants, and stress distribution

analysis of each component of an implant is not possible.

In this study, 3D two-piece implant CAD models were created, and FEA

was performed by a CAD software add-in. In addition, different implant body and

abutment connection types were designed, including the reverse conical neck by which

bone platform switching [21] is achieved. The purpose of this study was to investigate

the influences of the neck design of an implant body and types of implant-abutment

joints on peri-implant bone stress by 3D FEA of two-piece structured implants. Under



simulation of the complex structure of implants, the influences of these designs on

stress in the abutment screw and abutment micromovement were also evaluated.



2. Materials and methods

2.1. 3D CAD model

Three 3D models were created by CAD functions in computer-aided

engineering software (SolidWorks Simulation 2011; SolidWorks Corporation, MA,

USA) (Fig. 1A-C). The diameter and length of the implant body, the shape of the neck,

and the types of implant-abutment joints of the three models are shown in Table 1. The

pitch and shape of the threads were the same in all groups. Each abutment had the same

shape and size with the exception of the type of connection with the implant body. The

implant and abutment were connected with an abutment screw.

A CAD model of an anterior maxillary bone with a 1.5-mm-wide cortical

bone was prepared, and each 3D implant model was placed (Fig. 1D). The mechanical

properties of bone and titanium used for the finite element (FE) models are shown in

Table 2 [22]. For simulations of osseointegrated implants, a “fixed bond” condition was

set at the interface of the bone and the implant. A “contact” condition, which accepts

possible microscopic sliding, was set at the interfaces among the components of the

implants. The bottom part of the maxillary bone was fixed, and a static load of 100 N

was applied to the basal ridge surface of the abutment 45° obliquely to the long axis of

the implant (Fig. 1E). Elements for FEA were tetrahedrons. The results of convergence



testing to select the best number of elements are shown in Table 3. FEA was performed

by SolidWorks Simulation SolidWorks 2011 add-in (SolidWorks Corporation).

2.2. Peri-implant bone stress

By FEA, distributions of the principal, shear, and von Mises stresses in the

peri-implant bone were assessed. The value of the maximum principal stress was

recorded.

2.3. Strain distribution in abutment screw

Distribution of the equivalent strain in the abutment screw was assessed by

FEA. In the middle section of mesiodistal plane, the equivalent strain distribution was

determined.

2.4. Micromovement of abutment

In the mesiodistal plane, distribution of the principal stress on the abutment

in the x-axis direction and shear stress at the interface of the implant and the abutment

in the y-axis direction were assessed. Micromovement of the abutment was calculated

from the volume before (Vbefore) and after displacement (Vaser) using the following



equation:

Micromovement =

I/after - (Vbefore I I/after)

Vbefu re U V

after

x100 (%)

10
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3. Results

3.1. Peri-implant bone stress

Fig. 2 shows the principal stress distribution in the peri-implant bone. In all

models, the principal stress was concentrated on the bone around the implant neck. For

CJ, the principal stress concentration was found in the mesiodistal side.

Distribution of von Mises stress around the implant neck and shear stress in

the z-axis direction (xz-plane) around the first thread of the implant body for IJ and CJ

are shown in Fig. 3. For 1J, the von Mises stress was concentrated on the labial bone

around the implant neck, and intense concentration of shear stress around the first thread

on the labial side was observed (Fig. 3A, B). On the contrary, the von Mises and shear

stresses were distributed in the mesiodistal direction for CJ (Fig. 3C, D).

Fig. 4 shows the principal stress in the x-axis direction and the shear stress

in the y-axis direction in the peri-implant cortical bone. For EJ, the boundary between

the compressive and tensile stresses was clearly seen on the mesiodistal side of the

cortical bone (Fig. 4A), and the shear stress was concentrated on the mesiodistal side of

the cortical bone (Fig. 4B). On the contrary, for 1J and CJ, the boundary of the principal

stress was not clear and the shear stress concentration on the cortical bone was small.

The maximum principal stress value in the bone was in the order EJ < 1J <

CJ (Table 4).
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3.2. Strain in abutment screw

Fig. 5 shows the distribution of the equivalent strain in the abutment screw

for each model. The strain was concentrated on the top and middle of the screw for EJ,

while 1J and CJ exhibited uniform distribution of the strain on the palatal side.

3.3. Micromovement of abutment

Fig. 6 shows the distribution of the principal stress in the x-axis direction of

the abutment and the shear stress in the y-axis direction at the interface between the

implant and the abutment. For EJ, the principal stress was concentrated on the inside

palatal surface of the abutment (Fig. 6A), indicating that the abutment screw was bent

and that compressive stress in the x-axis direction was generated. The distribution of the

shear stress in the same direction was identical for 1J. However, for CJ, the interface

was subjected to shear stress in the opposite direction (Fig. 6B).

Abutment micromovement in percentage per unit volume was in the order

EJ > 1) > CJ (Table 5).
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4. Discussion

FEA is a useful tool with which to predict the longevity of restorative and

prosthetic treatments under simulation of loading conditions in the oral environment

[23]. Severe peri-implant bone resorption was reportedly found around two-piece

implants because of abutment micromovement and microgap formation between the

implant and the abutment [4,8,9]. To obtain clinically relevant information on the stress

distribution related to bone loss and within implant components, FEA with models that

simulate the detailed structure of implants is indispensable. In this study, we created 3D

CAD models of two-piece implants and performed the analysis in a more realistic

fashion than previously reported. FEA is time-consuming and calculation costs are

expensive when complex-structured materials are analyzed. SolidWorks Simulation

software containing FEA add-in is useful not only for 3D CAD, but also for the analysis.

Using this software, we successfully evaluated the stress in the peri-implant bone and

implant components in three dimensions, comparing the different implant-abutment

connection types.

Depending on the hardness of foods, the average bite force reportedly

ranges from 20 to 120 N [24]. In the present study, we applied a static load of 100 N to

simulate loading by occlusion in reference to some previous studies [25,26]. The
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principal stress concentration in the bone for the two-piece implant occurred around the

neck, similar to the previous reports that demonstrated stress concentration around the

neck of one-piece implant models [17-19,25]. For EJ, the boundary between the

compressive and tensile stresses was clearly shown on the mesiodistal side of the

cortical bone. This result indicates that the shear stress on the peri-implant bone in the

direction of the y-axis was concentrated on the mesiodistal side of the cortical bone for

EJ. Bone has lower resistance to shear stress compared with tensile or compressive

stresses, and shear stress appears to play an important role in the resorption of cortical

bone [13,14]. Therefore, it is considered that an external joint with an abutment

influences proximal bone resorption. For 1J with a straight neck, the von Mises stress

was concentrated on the labial bone around the implant neck, and intense concentration

of shear stress in the labial bone around the first thread of the implant was observed. On

the contrary, for CJ with a reverse conical neck, the principal stress concentration was

found on the mesiodistal side, and the von Mises and shear stresses in the labial bone

around the implant neck were less concentrated than those for 1J. These results suggest

that the reverse conical neck design influences peri-implant bone stress distribution.

Bone platform switching results in an inward bone ring in the coronal part of an implant

that is in continuity with the alveolar bone crest [21]. Therefore, the reverse conical
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neck design may be useful to control labial bone resorption compared with the straight

neck design.

Maximum stress values have been determined in many mechanical stress

analyses of dental implants [8,9,15,16,18,19,25,27]. Among the three models, the

maximum principal stress value in the bone was the greatest for CJ. It is suggested that

the deep, rigid connections of 1J and CJ with an implant are sensitive to the stress

distribution and transmit the load more directly to the bone around the implant neck.

The 3D two-piece models fabricated in the present study were useful to

evaluate the stress in the implant components in three dimensions. For rigid connections

with an abutment (i.e., IJ and CJ), the equivalent strain of the abutment screw was

uniformly distributed. On the other hand, for flexible connections with an abutment (i.e.,

EJ), concentration of the equivalent strain occurred in the middle and top of the

abutment. In addition, for EJ, the compressive stress in the x-axis direction was

concentrated on the inside palatal surface of the abutment. It is considered that the

abutment screw of EJ bends greatly and slides microscopically by repeated occlusal

stress, suggesting that the abutment screw of EJ may loosen more easily. For 1J, the

distribution of the shear stress in the y-axis direction of the interface between the

implant and the abutment was uniformly dispersed. However, for CJ, the shear stress in
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the opposite direction occurred at the interface between the implant and the abutment.

This suggests that the taper of the abutment of CJ resists microscopic sliding between

the implant and the abutment.

In addition to negative influences on peri-implant bone remodeling [28],

abutment micromovement may also induce destruction of the epithelial attachment to

the abutment and crown and result in bacterial microleakage [10,29]. In this study, we

successfully simulated micromovement and assessed the effects of different connection

types by means of two-piece implant CAD models. The amount of micromovement in

the three models was in the order EJ > 1J > CJ, and EJ with a flexible connection

exhibited the greatest movement. This finding can be explained by the large amount of

bending of the abutment screw and the fact that the compressive stress of the abutment

in the x-axis direction was concentrated on the inside palatal surface for EJ.

The results of the present FEA study revealed that neck design and

abutment connection types affect stresses generated in the bone and abutment

micromovement. Therefore, use of an implant with the least stress generation and

abutment micromovement may be recommended to reduce peri-implant bone resorption.

Optimization of implant design by further analysis with detailed simulation of the

structure of clinically used implants could help to exclude overload and subsequently



achieve a better prognosis.

17
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5. Conclusions

Implant neck design and implant-abutment joint types influence
peri-implant bone stresses and abutment micromovement. The reverse conical neck
design and conical joint implants with an abutment are recommended to reduce occlusal
stress concentration on the labial bone and abutment micromovement. Abutments of
external joint implants might loosen more easily, while tapered abutments are more

resistant to loosening.
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Captions

Table 1. Three-dimensional CAD models

Table 2. Mechanical properties of bone and titanium used for FEA

Table 3. Total number of elements and nodes for each model

Table 4. Maximum principal stress value for each model (MPa)

Table 5. Micromovement of the abutment (%)

Figure 1. Three-dimensional CAD models (A, B, C) and views of the finite element

model (D, E).

(A) EJ, (B) IJ, (C) CJ. (@ Implant body, (b) abutment, (c) abutment screw, (d)

connected body.

(D) Whole assembly of bone and implant models. The bottom part of the bone was

fixed.
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(E) Static load of 100 N was applied to the basal ridge surface of the abutment 45°

obliquely to the long axis of the implant.

Figure 2. Maximum principal stress distributions for EJ (left), IJ (center), and CJ (right).

Black arrow indicates the concentration of principal stress on the mesiodistal side of the

peri-implant bone.

Figure 3. The von Mises stress distribution around the implant neck (A, C) and the shear

stress distribution around the first thread of the implant (B, D).

(A, B) 1J, (C, D) CJ.

Black arrows indicate concentrations of von Mises and shear stresses.

Figure 4. Distributions of the principal and shear stresses.

(A) Principal stress distributions on the proximal side of the peri-implant bone for EJ

(left), 1J (center), and CJ (right).

Black arrow shows the boundary between the compressive and tensile stresses.

(B) Shear stress distributions on the proximal side of the peri-implant bone for EJ (left),

1J (center), and CJ (right).
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Black arrow shows the concentration of shear stress.

Figure 5. Equivalent strain distributions in an abutment screw for EJ (left), 1J (center),

and CJ (right).

Black arrows show that the strain was concentrated on the top and middle of the screw.

Figure 6. Distribution of principal and shear stresses.

(A) Principal stress distributions of an abutment for EJ (left), 1J (center), and CJ (right).

Black arrow shows that the principal stress in the direction of x-axis was concentrated

on the inside palatal surface of the abutment.

(B) Shear stress distributions of the interface between an implant and an abutment for 1J

(left) and CJ (right).

Black arrow shows that the interface was subject to opposite shear stress.
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