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Effect of labiopalatal position of an 
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a 3-dimensional finite element analysis 
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Department of Prosthodontics, Graduate School, Seoul National University 

(Directed by Professor Jung-Suk Han, D.D.S., M.S., Ph.D.) 

 

 

Purpose: The aim of this study was to investigate the effects of labiopalatal position of an 

immediately loaded implant on stress and displacement of surrounding bone in the anterior 

maxilla using three-dimensional finite element analysis. 

 

Materials and methods: Five simplified three-dimensional finite element models, 

consisting of an internal connection-type implant (4.0 × 10.0 mm), a customized abutment, 

and a cemented zirconia crown of the central incisor, were constructed. These implants 



 

 

were inserted into five different labiopalatal positions, located 0.5 mm (P1) and 1.0 mm 

(P2) palatally from the center, at the center (C), and 0.5 mm (L1) and 1.0 mm (L2) labially 

from the center of the crestal cortical bone. An oblique static load of 178 N was applied to 

the palatal surface of the zirconia crown at an angle 30° to the long axis of the implant 

under immediate and delayed loading conditions. The von Mises stress and displacement 

of the surrounding bone were calculated at the bone-implant interface and at the surface of 

the labial bone. 

 

Results: The von Mises stresses were mainly concentrated on the crestal cortical bone 

around the implant platform and neck. Stress distributions on the labial cortical bone 

increased with more labial positioning of the implants. The stresses in cancellous bone were 

more evenly distributed under conditions of immediate than delayed loading. The 

maximum stresses on cortical bone were regularly related to the labiopalatal positions of 

the implant at the labial bone surface, but not at the bone-implant interface. Under 

immediate loading conditions, the P1 and C models showed favorable stress and 

displacement patterns in the cortical bone. The maximum displacement increased as 

implants were placed more labially, but differed little between immediate and delayed 

loading conditions. The maximum displacement at the bone-implant interface was 33.44 

μm under immediate loading condition. 

 

 



 

 

Conclusions: The labiopalatal position of an implant affected the von Mises stress and 

displacement of surrounding bone in the anterior maxilla. Immediate loading of an implant 

in the center or on the palatal side of the crestal cortical bone resulted in favorable stress 

and displacement patterns in surrounding bone. 
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I. INTRODUCTION 

 

Implant-supported prostheses have been widely used to replace missing teeth because of 

their proven functional, biological, and mechanical advantages, as well as their long-term 

clinical success rates [1]. Brånemark’s classical loading protocol requires the implant to be 

covered with gingiva during an osseointegration period of 3–6 months without loading. 

However, improvements in the design and surfaces of implants, along with patient demands 

for shorter treatment periods, have led to the increased use of immediate loading rather than 

classical loading protocols [2, 3]. 

Immediate loading is defined as a provisional or definitive restoration within 48 hours after 

implant placement [4-5]. Immediate loading protocols can reduce overall treatment times 

and the number of operations, while improving soft tissue healing by providing prosthetic 

support. In addition to providing satisfactory aesthetic and psychological outcomes, 

immediate loading was shown to be reliable and successful in providing stable implants for 

the restoration of missing teeth [6-10]. 

Satisfactory aesthetic outcomes of prosthetic implants in the anterior maxilla require that 

the implants be inserted into their proper three-dimensional position [11]. The labiopalatal 

position of the implant influences the emergence profile of the prosthesis, as well as labial 

bone thickness [12, 13]. An implant positioned too labially can result in resorption of labial 

bone and gingival recession [14], whereas an implant positioned too palatally can result in 
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occlusal and esthetic problems as well as difficulties managing oral hygiene. Labial bone 

thickness is an important determinant of long-term implant success, as determined by 

maintenance of labial bone and aesthetic outcomes of soft tissue [15], with a labial bone 

thickness of 2 mm reported necessary to avoid vertical bone resorption and maintain 

appropriate soft tissue support [16, 17].  

The bone quality of the anterior maxilla is usually inferior to that of the mandible, and 

maxillary incisors are positioned obliquely to the occlusal force [18, 19]. Thus, the long-

term success of implantation is largely dependent on the biomechanical environment, 

regardless of loading protocols [20, 21]. An immediately loaded implant subjected to 

excessive force may fail early in the healing phase. Application of excessive force to an 

osseointegrated implant may causes loss of surrounding bone and result in late failure of 

the implant [22]. Thus, application of excessive force to an implant-supported prosthesis 

during the first healing period may result in micromotion, which may ultimately cause 

fibrous encapsulation at the bone-implant interface [23-25]. A mechanical stress level 

exceeding the tolerance of bone can cause bone resorption, which may lead to implant 

instability. 

Finite element analysis (FEA) is a computational numeric method that assesses stresses and 

strains in mesh structures. For example, FEA has been used to predict biomechanical 

behaviors of bones surrounding dental implants and to evaluate the contribution of clinical 

factors to implant success [26]. Three-dimensional (3D) FEA has also been used in 
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biomechanical studies that simulate implant loading conditions and insertion torque [27, 

28]. FEA has been utilized in studies assessing the effects of the apicocoronal position of 

an implant on bone stability and in morphological analyses of labial bone thickness around 

the implant [29, 30]. To our knowledge, however, FEA has not been used to assess the 

relationship between the labiopalatal position of an immediately loaded implant with 

insertion torque and the biomechanical behavior of surrounding bone. 

The aim of this study was to utilize FEA to assess the effect of the labiopalatal position of 

an immediately loaded implant on the stress and displacement of surrounding bone in the 

anterior maxilla. The null hypothesis was that the labiopalatal position of an immediately 

loaded implant would not affect the distribution and magnitude of stress and displacement. 
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II. MATERIAL AND METHODS 

 

2.1. Model construction  

Implants were inserted into five different labiopalatal positions in a partially edentulous 

healed ridge and restored with a customized abutment and a zirconia crown for immediate 

or delayed loading in the anterior maxilla. 

Images obtained by cone-beam computed tomography (CBCT; CS9300, Carestream 

Dental LLC, Atlanta, GA, USA) were used by OnDemand3D software 1.0.10.5385 

(Cybermed, Inc., Seoul, Korea) to reconstruct a 3D virtual model of the maxilla. The 

reconstructed model was transformed to a simplified bone model using Altair HyperWorks 

software 13 (Altair Engineering Inc., Troy, MI, USA). The model was designed to have an 

inferosuperior height of 22.0 mm, a mesiodistal length of 20.0 mm, a labiopalatal width of 

7.3 mm, and a uniform cortical bone thickness of 0.75 mm surrounding the cancellous bone, 

yielding a D3 bone (Fig. 1) [31, 32]. A solid model of an internal connection-type tapered 

and threaded IS III active implant (Neobiotech Co., Ltd., Seoul, Korea), of diameter 4.0 

mm (maximum 4.3 mm) and length 10.0 mm was used. A customized abutment and a 

zirconia crown were designed using Exocad software 6136 (Exocad GmbH, Darmstadt, 

Germany), based on the position coordinates of an implant determined by CBCT (Fig. 2). 

Each of the five finite element models used in this study consisted of a simplified bone 

model, an implant, a customized abutment, an abutment screw, and a crown. Using a 
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numerical analysis program, Altair HyperWorks version 13 (Altair Engineering Inc., Troy, 

MI, USA), the implant was inserted at the level of the crestal cortical bone in different 

labiopalatal positions, with the central axis of the implant located 1.0 mm (P2 model) and 

0.5 mm (P1 model) palatally, at the center (0 mm; C model), and 0.5 mm (L1 model) and 

1.0 mm (L2 model) labially relative to the central vertical axis of the bone model (Table 1 

and Fig. 3). 

The finite element models were discretized with tetrahedral elements of various sizes to 

create a mesh (Fig. 4). To allow more accurate analyses, the regions in the vicinity of each 

bone-implant interface and cortical bone were meshed with finer elements of size 0.10–

0.15 mm. The total number of elements ranged from 1,274,419 to 1,394,707 and the total 

number of nodes from 249,299 to 255,605. 

 

2.2. Material properties  

To simplify calculations, all materials used in this study were assumed to be homogeneous, 

isotropic, and linearly elastic. Based on previous findings [32, 33], Young’s modulus and 

Poisson’s ratio were determined to be 13.7 GPa and 0.3, respectively, for cortical bone; 

1.37 GPa and 0.3, respectively, for cancellous bone; 110 GPa and 0.35, respectively, for 

titanium alloy; and 200 GPa and 0.31, respectively, for zirconia (Table 2). 
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2.3. Contact conditions 

The contact conditions at the bone-implant interface were constructed as described [34]. 

For immediate loading, the bone-implant interface was constructed using nonlinear 

frictional contact elements with a friction coefficient (μ) of 0.3, resulting in a non-

osseointegrated frictional surface. Frictional contact allowed for minor displacement 

without interpenetration. For delayed loading, the bone-implant interface was regarded as 

a completely fixed contact simulating 100% osseointegration (Fig. 5A). In addition, the 

interfaces among the components of the implant (i.e., the implant itself, the abutment screw, 

and the customized abutment) were regarded as frictional contacts (μ=0.3), whereas the 

interfaces of cortical bone with cancellous bone and the customized abutment and crown 

were regarded as fully fixed (Fig. 5B).  

 

2.4. Boundary and loading conditions   

Boundary conditions included constraints at all six degrees of freedom at each of the nodes 

located on the mesial and distal exterior surfaces of the bone model. The displacement 

components of the nodes were set to zero [18, 19] (Fig. 6A). An oblique static load of 178 

N, the average bite force at the incisors [35, 36], was applied to a node on the palatal surface 

2 mm vertically from the incisal ridge of the zirconia crown, at a 30° angle to the long axis 

of the implant [18] (Fig. 6B). 
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2.5. Application of insertion torque 

An insertion torque of 35 Ncm was applied in the finite element model to simulate the 

clinical situations of immediate loading. Based on previously reported method [28], the 

magnitude of deformation of cortical bone and cancellous bone was determined to be 2.38 

μm and 6.50 μm, respectively. The meshes of bone were offset to the inside of the implant 

by the calculated magnitude of force-induced deformation along the bone-implant interface. 

The interfacial bone nodes were forced outwards by the same magnitude of deformation. 

After contact conditions were achieved at the bone-implant interface, an analysis was 

performed at the time of static equilibrium. 

 

2.6. Finite element analysis 

FEA of each model was performed using Virtual Performance Solution software 2016.1 

(ESI Group, Paris, France), followed by post-processing with Visual-Viewer software 13.0 

(ESI Group, Paris, France). The von Mises stress and displacement of the bone around the 

implant were calculated. The resulting distribution patterns of stress and displacement were 

compared visually using contour plots. The effect of the labiopalatal positions of an 

immediately loaded implant was analyzed by comparing the maximum values of von Mises 

stress and displacement calculated at the bone-implant interface and the labial bone surface 

on the labiopalatally perpendicular plane that included the central axis of the implant. 
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III. RESULTS 

 

3.1. von Mises stress analysis 

3.1.1. Bone-implant interface under delayed loading conditions 

Under conditions of delayed loading, the von Mises stresses were concentrated on the labial 

side of the crestal cortical bone around the implant platform, with less stress on the palatal 

side of the neck and the apical area of the implant (Fig. 7). The stress distribution area in 

cortical bone increased as the implant was positioned more labially. Stress in the P2 and L2 

models was also concentrated at the cortical bone adjacent to the thread tip around the 

implant neck. Maximum stresses were high in cortical bone, but low in cancellous bone 

(Table 3).  

The maximum stress in cortical bone was higher in the P2, P1, and C models than in the 

L1 and L2 models. Maximum stress was lower in the P1 model (155.89 MPa) than in the 

P2 (157.57 MPa) and C (157.26 MPa) models, and was lowest in the L2 model (80.22 

MPa). In all five models, maximum stress in the entire cortical bone was identical to that 

in the crestal cortical bone (Fig. 8).  

All five models showed higher stress concentrations on the labial than on the palatal side 

of cancellous bone around the implant, especially, in the vicinity of the vertical surface 

between the implant threads. The models showed similar stress distributions according to 

the labiopalatal position of the implants. Maximum stress increased gradually from the P2 
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to the L1 model. Although maximum stress was highest for the L1 model (15.75 MPa), it 

was lowest for the L2 model (5.20 MPa).  

 

3.1.2. Bone-implant interface under immediate loading conditions 

Under conditions of immediate loading, the von Mises stresses were mainly concentrated 

on the labial side of the implant platform and on the crestal cortical bone around the implant 

neck. The stress distribution area in cortical bone increased as the implant was positioned 

more labially. The stress distribution patterns for more labial implants were similar to those 

observed under delayed loading conditions, but the stress concentration areas in the 

immediate loading models were above the interface between crestal cortical and cancellous 

bone (Fig. 9). In the P2 and L2 models, the stress was also concentrated in the area of 

cortical bone around the thread tip.   

Of the five models, the C model showed the lowest maximum stress (133.82 MPa) on 

cortical bone. Maximum stress was observed on the labial side of the crestal cortical bone 

in the P1, C, and L1 models, but on the apical one-third area of the labial cortical bone in 

the L2 model. The P2 model showed the highest maximum stress (306.34 MPa) on the 

apical one-third area of the palatal cortical bone (Table 3). Maximum stresses on the entire 

cortical and crestal cortical bones were similar in the P1, C, and L1 models, but maximum 

stresses on the entire cortical bone were twice those on crestal cortical bone in the P2 and 

L2 models (Fig. 10).  
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All five models showed stress concentration on the surrounding cancellous bone along the 

implant thread, especially on the bone below the labial and above the palatal thread tips. 

All models showed higher maximum stresses under immediate than under delayed loading 

conditions. Maximum stresses decreased gradually from the P2 to the L2 model as the 

implant was positioned more labially. 

 

3.1.3. Labial bone surface 

Under delayed and immediate loading conditions, the stress distribution areas in cortical 

bone increased as the implant was positioned more labially (Fig. 7 and Fig. 9). From the 

P2 to the L2 model, the von Mises stresses became more concentrated on the marginal bone 

around the implant neck and were distributed widely toward the apical region. The 

maximum stresses gradually increased from the P2 to the L2 model under both delayed and 

immediate loading conditions (Table 4). 

In all five models, maximum stresses were higher under immediate than under delayed 

loading conditions, regardless of the labiopalatal position of the implant. Maximum stress 

in the L2 model was twice that in the P2 and P1 models under immediate loading conditions, 

and twice that in the P2, P1, and C models under delayed loading conditions (Fig. 11). 
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3.2. Displacement analysis  

In all models, displacement was greater on the labial side of the cortical bone around the 

implant platform, but less on the palatal side of the apical one-third area. From the P2 to 

the L2 model, the displacement area was greater on the labial side of the surrounding bone 

and was distributed more widely on the labial cortical bone toward the apical region under 

immediate than under delayed loading conditions (Fig. 12 and Fig. 13).  

 

3.2.1. Bone-implant interface 

Under immediate loading conditions, the L2 model showed the highest maximum (33.44 

μm) displacement (Table 5). The maximum displacements in the P2 and P1 models were 

slightly lower under immediate than under delayed loading conditions, whereas maximum 

displacements in the C, L1, and L2 models were lower under delayed loading conditions 

(Fig. 14). In all models, the maximum displacement was observed at the interface between 

the labial edge of the implant platform and the crestal cortical bone. 

 

3.2.2. Labial bone surface 

Regardless of loading conditions, maximum displacement gradually increased from the P2 

to the L2 model (Table 6). Displacement patterns were similar under immediate and 

delayed loading conditions, although maximum displacement was higher under immediate 
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loading conditions (Fig. 15). The maximum displacement was observed closer to the 

marginal bone around the implant platform from the P2 to the L2 model. 
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IV. DISCUSSION 

 

Implant-supported fixed prosthetic restorations were shown to be effective alternatives to 

conventional fixed partial prostheses or removable dentures in the restoration of missing 

teeth. These implant-supported restorations are regarded as definitive treatment because of 

their long-term successful osseointegration and predictable treatment outcomes. The 

accuracy of surgical guides has recently improved due to advances in CBCT, computer-

aided design and manufacturing, and 3D printing technology, enabling the immediate 

loading of implants into the anterior maxilla [37, 38]. 

Immediately loaded implants are fixed into surrounding bone, without osseointegration, by 

mechanical engagement between the thread of the implant and bone. Primary stability at 

the time of implant placement is an important determinant of the long-term success or 

failure of implantation [39, 40]. Primary stability is dependent on bone quantity and quality, 

implant geometry, and surgical technique. The primary stability of immediately loaded 

implants into anterior maxilla with poor bone quality requires correct positioning of the 

implant with an appropriate insertion torque, such that the implant is surrounded by labial 

bone of adequate thickness [41]. An insertion torque of at least 32 Ncm has been reported 

to achieve osseointegration of immediately loaded implants in the esthetic zone [42, 43]. 

Immediate loading conditions in the present study were reproduced by application of an 

insertion torque of 35 Ncm in a finite element model.  
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The success of implant treatment is highly dependent on the method by which force applied 

to an implant is transmitted to the surrounding bone [44, 45]. Factors that may contribute 

to force transmission include implant diameter, length, position, angle, shape and surface 

characteristics; the implant-abutment connection method; the direction, magnitude, and 

frequency of the occlusal load; and the biomechanical characteristics of the bone-implant 

interface [18, 21, 26]. Excessive force leads to micromotion and bone resorption [22, 24]. 

In this study, an oblique static load of 178 N, the average bite force at the incisors [35, 36], 

was applied to a zirconia crown under both immediate and delayed loading conditions, with 

FEA used to assess the stress and displacement of surrounding bone according to the 

labiopalatal position of the implant. 

The present study found that stress was concentrated on the labial side of the crestal cortical 

bone around the implant platform and neck. Maximum stress was greater on cortical than 

on cancellous bone in all five models, regardless of the loading conditions. These findings 

are in agreement with the results of previous FEA studies [18, 35, 45]. For example, von 

Mises stresses were found to be highly concentrated in cortical bone and widely distributed 

on the labial side of the cortical plate [28], and stresses were found to be concentrated on 

the cortical bone around the implant neck [46]. Stress was likely concentrated on cortical 

bone because this bone is much harder and has a more elastic modulus than cancellous 

bone [47]. Stress that exceeds the elastic limits of bone can lead to cortical bone resorption 

on the labial side of the anterior maxilla. 



 

16 

The present study found that the maximum stress at the cortical bone-implant interface was 

not proportional to the labiopalatal position of the implant. These findings are likely due to 

the different characteristics of bone-implant interfaces and differences in loading direction 

and the amount of cortical bone in contact with the implant. Under immediate loading 

conditions, the load was transmitted toward the apical area of the implant because of 

frictional contact, and stress was highly concentrated on the thin lateral cortical bones in 

contact with the sharp implant threads. Under delayed loading conditions, however, stress 

was concentrated on the crestal cortical bone because of bonded contact and was reduced 

as the contact surface between the implant and labial cortical bone increased. Thus, 

positioning an immediately loaded implant in the center or on the palatal side of the ridge 

resulted in a favorable stress distribution. Long-term stability may also be enhanced by 

increased contact surface between the implant and cortical bone after osseointegration. 

In the present study, an oblique static load of 178 N was applied to the palatal surface of 

the zirconia crown. As a result, stress was concentrated on the labial side of the crestal 

cortical bone around the implant platform and neck. These results are similar to those 

showing that von Mises stresses following oblique loading were highest on the buccal 

surface of cortical bone around the implant neck [27], suggesting that the type of load is 

crucial in the distribution and magnitude of stresses on bone surrounding an implant [18]. 

An oblique load can cause excessive stress on bone surrounding an immediately loaded 

implant via bending moment. Because oblique loads are closely associated with negative 

outcomes, including marginal bone loss, failure of osseointegration, and damage to the 
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implant or prosthetic components, careful occlusal examination and adjustments are 

necessary. 

The distribution of stress on the labial bone surface was found to be associated with the 

labiopalatal position of the implant, with a more labial position associated with higher stress 

on the labial bone surface. Previous studies, however, found that stress was greater in the 

marginal region of the labial bone adjacent to the implant and decreased toward the apical 

area [48, 49]. The labial bone must be able to withstand an occlusal load because of load 

direction in the anterior maxilla [50]. Excess loads can lead to bone resorption and 

unfavorable remodeling of labial bone. Therefore, sufficient labial bone thickness around 

an implant is important for preventing bone resorption and soft tissue contraction [15, 17, 

51, 52].   

A high degree of displacement was observed on the labial side of the crestal cortical bone 

around the implant platform, with the distribution of displacement being greater under 

immediate than under delayed loading conditions. Relative displacement at the bone-

implant interface is also called implant micromotion. The magnitude of micromotion is 

influenced by several factors, including the coefficient of friction at the bone-implant 

interface, the elastic modulus of the bone, and the osteotomy diameter [47]. Micromotion 

has a major impact on the primary stability and osseointegration of an immediately loaded 

implant. Micromotion exceeding a threshold displacement of 150 μm can result in fibrous 

encapsulation of the implant during the healing process [20, 25], with micromotion less 
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than 100 μm reported necessary for osseointegration [24]. In the present study, the 

maximum displacements at the bone-implant interface under immediate and delayed 

loading conditions were 33.44 μm and 31.88 μm, respectively, lower than the reported 

thresholds for failure of osseointegration. Our finding that maximum micromotion was 

similar under immediate and delayed loading conditions may be due to the compressive 

stress generated in surrounding bone in response to an insertion torque of 35 Ncm under 

immediate loading conditions [53]. 

An initial buccal bone thickness of at least 1.5 mm has been reported necessary to reduce 

bone resorption [54], with bone resorption found to be significantly reduced when labial 

bone thickness was 1.8–2.0 mm [55]. Furthermore, a labial bone thickness of at least 1.91 

mm was optimal in preventing implant failure caused by severe resorption of labial bone 

[15]. Labial cortical bone is thinner than palatal cortical bone in the anterior maxilla, with 

cortical bone thickness increasing apically [56]. An anatomic concavity in the apical area 

on the labial side can increase the risk of perforation during implant placement [57]. 

Therefore, positioning the implant on the palatal side relative to the center of the crestal 

cortical bone, thereby ensuring a labial bone thickness of at least 1.5 mm, would result in 

a better distribution of stress and reduce displacement of surrounding bone under 

immediate loading conditions. 

Use of 3D FEA allowed a determination of the effects of the labiopalatal position of an 

implant on stress and displacement in the surrounding bone. However, the present study 
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had limitations, inasmuch as the simplified bone models we used were homogeneous, 

isotropic, and linearly elastic, differing markedly from a complex and dynamic living bone. 

Moreover, the geometry of these simplified bone models was different from that of actual 

bone. Clinical studies are therefore required to confirm the results obtained in the present 

study. 

Future studies should include assessments of the biomechanical effects of immediately 

loaded implants on surrounding crestal cortical bones of varying thickness, as well as the 

effects of various implant angles and the dynamic loading resulting from chewing, thereby 

mimicking more realistic conditions of implantation. 

Under immediate loading conditions, stress and displacement were widely distributed 

toward the apical region along the cortical bone as the implant was positioned more labially, 

with the magnitudes of stress and displacement depending on the labiopalatal position of 

the implant. Therefore, the null hypothesis in this study was rejected. 
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V. CONCLUSIONS 

 

Labial positioning of an immediately loaded implant increased the area of concentrated 

stress on the labial side of the surrounding cortical bone. Displacement, both at the bone-

implant interface and on the surface of the labial bone, increased as the implant was 

positioned more labially. Positioning an implant in the center or on the palatal side of the 

crestal cortical bone of the anterior maxilla under immediate loading conditions were 

advantageous to stresses and displacements of surrounding bone.  
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TABLES AND FIGURES 

 

Table 1. Classification of the five finite element models used in the present study. 

Model Position 
Labial bone thickness (mm) 

Cortical bone Cancellous bone Total 

P2 1.0 mm palatally 0.75 1.75 2.50 

P1 0.5 mm palatally 0.75 1.25 2.00 

C Center 0.75 0.75 1.50 

L1 0.5 mm labially 0.75 0.25 1.00 

L2 1.0 mm labially 0.50 0.00 0.50 

 

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

Material Young’s modulus (GPa) Poisson’s ratio 

Cortical bone 13.7 0.3 

Cancellous bone 1.37 0.3 

Titanium alloy (implant, abutment, screw) 110 0.35 

Zirconia (crown) 200 0.31 
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Table 3. Maximum von Mises stresses (MPa) at bone-implant interfaces of surrounding 
bone under delayed and immediate loading conditions.  

Model 
Delayed loading Immediate loading 

Cortical bone Cancellous bone Cortical bone Cancellous bone 

P2 157.57 11.87 306.34 29.80 
P1 155.89 12.67 149.56 27.59 
C 157.26 13.94 133.82 23.68 
L1 131.16 15.75 160.51 22.47 
L2  80.22  5.20 186.71 22.34 

 

Table. 4. Maximum von Mises stresses (MPa) at the surfaces of labial bone under delayed 
and immediate loading conditions.  

Model Delayed loading Immediate loading 

P2 18.87 22.76 
P1 21.46 26.26 
C 21.89 32.15 
L1 30.15 41.40 
L2 45.01 53.31 
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Table 5. Maximum displacements (μm) at bone-implant interfaces of surrounding bone 
under delayed and immediate loading conditions.  

Model Delayed loading Immediate loading 

P2 27.48 26.93 
P1 27.85 27.69 
C 28.38 28.51 
L1 29.39 30.49 
L2 31.88 33.44 

 

Table 6. Maximum displacements (μm) at the surfaces of labial bone under delayed and 
immediate loading conditions.  

Model Delayed loading Immediate loading 

P2 19.47 19.99 
P1 21.19 21.85 
C 23.67 24.42 
L1 27.32 28.05 
L2 31.97 33.46 
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Fig. 1. Dimensions of the 3D finite element bone model used in this study. 

 
 

 

Fig. 2. Solid models used in this study. (A) Labiopalatal cross section of the simplified bone 
model including components, (B) Implant, (C) Abutment screw, (D) Customized abutment, 
and (E) Zirconia crown.  
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Fig. 3. Representative illustrations of the finite element models. The green arrows indicate 
the distances (mm) between the central axis of the implant (blue line) and the longitudinal 
axis of the bone model (red line). The double yellow arrows indicate the distances between 
the implant and the outer surface of the labial bone.  
 
 

 
Fig. 4. Mesh creation of the finite element model with tetrahedral elements of various sizes. 
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Fig. 5. Contact conditions of the finite element model. (A) Bone-implant interface, (B) 
Cortical bone-cancellous bone interface and components of the implant. 
 
 

 

Fig. 6. Boundary and loading conditions. (A) Boundary conditions included constraints of 
the six degrees of freedom, (B) Application of an oblique static load of 178 N at a 30° angle 
to the central axis (red line) of the implant. 
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Fig. 7. The von Mises stress distributions of surrounding bone under conditions of delayed 
loading. (A) Labiopalatal cross sectional view, (B) Isometric view. 
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Fig. 8. Maximum von Mises stresses at the bone-implant interface in the entire and crestal 
cortical bone under conditions of delayed loading.  
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Fig. 9. The von Mises stress distributions of surrounding bone under conditions of 
immediate loading. (A) Labiopalatal cross sectional view, (B) Isometric view. 
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Fig. 10. Maximum von Mises stresses at the bone-implant interface in the entire and crestal 
cortical bone under conditions of immediate loading. The maximum stresses were the same 
in the P1, C, and L1 models.  

 
 

 
Fig. 11. Maximum von Mises stress values on the labial bone surface. At each implant 
position, the immediate loading models showed higher maximum stress than the delayed 
loading models.  
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Fig. 12. Displacement distribution of the surrounding bone under delayed loading 
conditions. (A) Labiopalatal cross sectional view, (B) Isometric view. 
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Fig. 13. Displacement distribution of the surrounding bone under immediate loading 
conditions. (A) Labiopalatal cross sectional view, (B) Isometric view. 
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Fig. 14. Maximum displacements at the bone-implant interface. 
 
 

 

Fig. 15. Maximum displacements at the labial bone surface. 
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국문초록 

 

임플란트의 순구개 위치가 골의 응력과 

변위에 미치는 영향: 3 차원 유한요소분석 

 

 

서울대학교 대학원 치의과학과 치과보철학 전공 

(지도교수 한 중 석) 

박 철 우 

 

연구 목적: 본 연구의 목적은 삼차원 유한요소분석을 이용하여 상악 

전치부에서 즉시부하 임플란트의 순구개 위치가 주변 골의 응력과 변위에 

미치는 영향을 알아보는 것이다. 

 

재료 및 방법: 내부 연결형 임플란트(4.0 X 10.0 mm), 맞춤형 지대주, 지대주 

나사, 시멘트 유지형 중절치 지르코니아 크라운으로 구성된 5 개의 단순화 

삼차원 유한요소 모델을 제작하였다. 임플란트를 5 군데 다른 순구개 위치인, 

치조정 피질골의 중심에서 구개측으로 0.5 mm (P1) 와 1.0 mm (P2), 중심 
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(C), 그리고 중심에서 순측으로 0.5 mm (L1) 와 1.0 mm (L2) 에 

식립하였다. 178 N 의 경사진 정하중을 즉시부하 및 지연부하 조건에서 

임플란트 장축에 대하여 30°로 지르코니아 크라운의 구개면에 적용하였다. 

주변 골의 등가 응력과 변위를 골-임플란트 계면과 순측 골 표면에서 

계산하였다.  

 

결과: 등가 응력이 주로 임플란트 상단과 경부 주변 치조정 피질골에 

집중되었다. 순측 피질골의 응력 분포는 임플란트가 더 순측에 식립될수록 

증가하였다. 해면골의 응력은 지연부하보다 즉시부하 조건에서 더 균등하게 

분포하였다. 피질골의 최대 응력은 순측 골 표면에서 임플란트의 순구개 

위치와 규칙적인 관계가 있었지만 골-임플란트 계면에서는 그렇지 않았다. 

즉시부하 조건에서, P1 과 C 모델은 피질골에서 양호한 응력과 변위 양상을 

보였다. 최대 변위는 임플란트가 순측에 식립될수록 증가하였고, 즉시부하와 

지연부하 조건 사이에 차이가 거의 없었다. 즉시부하 조건에서 골-임플란트 

계면의 최대 변위는 33.44 μm 였다. 

 

결론: 임플란트의 순구개 위치는 상악 전치부에서 주변 골의 등가 응력과 

변위에 영향을 주었다. 치조정 피질골의 중심 또는 구개측에서 임플란트의 

즉시부하는 주변 골에 양호한 응력과 변위 양상을 나타냈다. 
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주요어: 치과용 임플란트, 즉시부하, 순구개 위치, 유한요소분석 
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