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Introduction: Dental implants are widely used to replace missing teeth. The 

crown-to-implant ratio is a determinant factor for the survival/success of 

dental implants. The aim of this study was to investigate the effect of 

diameter, length, and crown-to-implant ratio on the stress distribution 

around dental implants using the finite element analysis (FEA) method. 

Materials & Methods: In this in vitro study, the cone-beam computed 

tomography (CBCT) of a patient with an edentulous mandible was used to 

create a three-dimensional model. The model was uploaded into the Mimics 

software and the contour model of the mandible was produced. The final file 

was uploaded into the ABAQUS software for FEA. The mandibular first 

molar was simulated and reconstructed using six models and in accordance 

with implant dimensions (diameter: 4.1 and 4.8mm; Length: 6,8,10mm) and 

axial forces of 200 N and angles of 0°, 15°, 30°, and 45°. The von Mises 

stress was used to determine the yielding of materials under multifaceted 

loading from the results of uniaxial tensile tests.  

Results: The maximum value of von Mises stress, in all six models was 

observed in the implant, crown, and cortical and cancellous bones, 

respectively (491.7, 303.5, 205.8,52 MPa). The highest stress value in all 

models was observed in the implant neck and the stress levels were 

decreased towards the apical implant. The stress value around the implant 

increased with increasing crown-to-implant ratio (69.2, 77.6, 92.9 model <1, 

1>1 respectively).  

Conclusion: The stress value around the implant increased with increasing 

crown-to-implant ratio and inclination angle and decreasing diameter and 

length. 
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Introduction 

Missing teeth are the main cause of bone loss and can cause additional complications. Dental 

implants are used for long-term replacement of missing teeth and prosthetic reconstruction. [1] Alveolar 

bone resorption can confine the use of implants, e.g., installation of long implants in the mandible area 

is not possible due to the proximity of the inferior alveolar nerve and limited alveolar ridge height.  In 

the bone reconstruction process, some reconstruction techniques involve nerve replacement or the use 

of bone blocks which are very difficult and costly techniques, and sometimes they cause problems such 

as post-operative sensory disturbance and trigeminal nerve injury. [2, 3] The inferior alveolar canal is the 

main anatomic limitation of the mandible, so placement of short-length implants in the mandible 

increases the crown-to-implant ratio. [4] 

The crown-to-root or implant ratio refers to the physical association between that part of the tooth or 

implant in the alveolar bone compared with the portion not within the alveolar bone, as assessed by a 

radiograph. The crown-to-root or implant ratio is ascertained by measurement of the ratio of the length 

of the tooth or implant coronal to the bone by the length of the root or implant located in the bone. [5] As 

the crown-to-implant ratio increases, the risk of implant failure and marginal bone loss increase, 

accordingly. This indicated the effect of biomechanical force distribution on the survival of the implant 

and mechanical and prosthetic complications.[6] 

To avoid overloading to teeth, the minimum crown-to-root ratio of 1:1 is recommended for a 

prosthetic reconstruction.[7] Several studies have examined the effect of the crown-to-root ratio on the 

success of implant-supported restorations; however, conflicting results have been reported.[8-12] Due to 

the ethical and structural complexity of the crown-to-root ratio evaluation, the finite element analysis 

(FEA) method has been introduced for biomechanical analyses and tackling various complications of 

conventional methods. The FEA is capable of simulating the pattern of stress distribution and predicting 

the success of implants in various clinical conditions. [13-15] Additionally, the position, scale, direction of 

an applied force, and stress points can be determined by the FEA method. The FEA method has many 

advantages compared with real model studies including accuracy, adjustability, repeatability, and no 

ethical limitations. [16,17] Since the success of the implant mainly depends on the procedure and implant 

biomechanical conditions, the aim of this study was to investigate the effect of diameter, length, and 

crown-to-implant ratio on the stress distribution around dental implants in the posterior mandibular 

region using the FEA method. 

Materials & Methods 

In this in vitro study approved by the Research Ethics Committee of Ahvaz Jundishapur University 

of Medical Sciences (Ethics ID: IR.AJUMS.REC.1398.789); a three-dimensional model of a human 

mandible and analysis was generated using the FEA according to previous study.[18] The cone-beam 

computed tomography (CBCT) of a patient with an edentulous mandible was obtained. The data sets 

were uploaded into the Mimics software (Mimics, version 16.0, Materialise, Leuven, Belgium) and the 

contour model of the mandible was produced, accordingly. The model was imported into the Geomagic 

Studio software (Version 7.0, Raindrop Geomagic, NC State, USA) to produce a highly accurate 3D 

polygon model. The output data were then uploaded into the Rapidform (NeoMetrix,LA, USA) software 
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to create an editable 3D volume with optimized and non-necessary points and fields as close to the actual 

construction as possible. The final model was implemented in the ABAQUS® finite element software (

Abaqus 2020, Dassault Systemes Simulia Corporation, Velizy Villacoublay, France). The type of D2 

bone was simulated based on Lekholm and Zarb classification (a 1-mm-thick cortical bone layer was 

positioned between the cancellous bone).
 [18] 

ITI implants (Straumann AG, Waldenburg, Switzerland) with diameters of 4.1 and 4.8 mm and 

lengths of 6, 8, and 10 mm were used to replace the mandibular first molar.[19] Cobalt-chrome metal 

alloy (Wiron 99; Bego, Bremen, Germany) and porcelain were chosen for the frame and occlusal surface 

of the crown. The thickness of porcelain and metal used for this study was 0.8 and 2 mm, respectively 

and the thickness of the cement layer was ignored in this study.[20] The models for crown and implant 

were designed with an appropriate genus attributed to each of them using the ABAQUS software. Then, 

the supporting alveolar bone structure (cortical and cancellous bone) obtained from the Mimics software 

was assembled with a crown and implant obtained from the ABAQUS software (Figure 1).[21]  

 
  

Three-dimensional view of implant components Cross-sectional view of implant components 

 

Cortical and cancellous bone section and replacement of implants and prosthetic components 

Figure 1. Three-dimensional view of the implant, crown, bone, and implant replacement in the jaw 
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Cortical and cancellous bone material properties and prosthetic components were determined 

according to the previous studies (Table 1). All structural materials were simulated as homogeneous and 

isotropic structures with linear elastic material behavior.[22] The von Mises stress was used to determine 

the yielding of materials under multifaceted loading from the results of uniaxial tensile tests. 

Table 1. Mechanical properties of the materials 

Poisson’s ratio (µ) Elastic modulus (E) (Gpa) Materials 

0.35 110 Titanium (abutment, implant) 

0.3 13.7 Cancellous bone 

0.3 1.37 Cortical bone 

0.33 218 Cobalt-chromium (frameworks) 

0.25 82.8 porcelain (occlusal material) 

 

In the bone remodeling process, complete osseointegration was assumed and simulated (presence of 

100% contact between bone and implant). The concentrated load was applied at the crown points.[23] A 

load of 200 N was applied, which was in the range of occlusal normal functional load. The functional 

force was applied to the buccal cusp at 0,15,30, and 45-degree angles relative to the longitudinal axis of 

the fixture (Figure 2).[24] 
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Figure 2. Stress distribution in the component of the studied model (implant, bone, crown) 

 

In this study, the mandibular first molar was simulated and reconstructed using six models and by 

implant dimensions (implant length and diameter). 

Model A1: Implant with 6-mm length and 4.1-mm diameter. 

Model A2: Implant with 8-mm length and 4.1-mm diameter. 

Model A3: Implant with 10-mm length and 4.1-mm diameter. 

Model B1: Implant with 6-mm length and 4.8-mm diameter. 

Model B2: Implant with 8-mm length and 4.8-mm diameter. 

Model B3: Implant with 10-mm length and 4.8-mm diameter. 

In all cases, to evaluate the crown-to-implant ratio, the minimum crown height space (distance from 

the crestal bone (implant platform) to the occlusal plane) was considered 8 mm. Therefore, A1 and B1 

models represented a crown-to-implant ratio of more than one, models A2 and B2 represented a crown-

to-implant ratio equal to one, and models A3 and B3 indicated a crown-to-implant ratio of less than one. 

The von Mises stress (equivalent stress value  ( was used to determine the yielding of materials under 

multifaceted loading from the results of uniaxial tensile tests. The length of the crown was same for the 

all models, and depending on the length of the implant, the ratio of the length of the crown to the implant 

(<1, 1>1) was calculated. 

Results 

In the present study, the stress distribution of von Mises was assessed in every six models and around 

the bone (cortical and cancellous), implant, and prosthesis. The maximum value of von Mises stress at 

the angle of 0 °, 30°, 15°, and 45° angles, in all six models was observed in the implant, crown, and 

cortical and cancellous bones, respectively.  

Stress distribution around the cortical bone: The results showed that by applying 200-N force at a 0-

degree angle relative to the longitudinal axis of the implant, the maximum stress was observed in the 

crestal bone, buccal region, and to a lesser extent in the lingual region, and much less stress was observed 

in the mesial and distal regions. Furthermore, when the angle was increased by 15,30, and 45 degrees, 

the von Mises stress increased, accordingly. The results also showed that the stress value was decreased 
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for the cortical bone as the implant diameter decreased, i.e., the stress value of model A for the cortical 

bone was more than model B (at 0 degrees, A1 vs. B1 models;66.8,33.7 MPa, respectively). As the 

height of the implant increases, the amount of von Mises stress in the cortical bone decreases (Table 2). 

Table 2. Stress distribution by components 

Component 
Models 

Degrees 

A1 A2 A3 B1 B2 B3 

von Mises stresses (MPa) 

Cortical bone 

0 66.8 37.5 26.8 33.7 22 20 

15 125.8 88.9 56.1 77.6 59.8 55.9 

30 159.2 119.4 92.9 94.1 82 80 

45 205.8 154.7 119.3 124.5 102.4 91.9 

Cancellous bone 

0 19.8 17.7 16.4 16.9 11.8 9.6 

15 32.4 26.6 23.8 23.6 13.3 11.2 

30 43.2 30.4 28 29.7 16.7 12.3 

45 52 41.8 33.1 37.2 28 18.6 

Crown 

0 270.7 253.9 224.6 250 209.5 177.2 

15 278.6 255.2 226.1 251.1 211.3 180.7 

30 283.5 258.9 228.4 252.5 212.5 190.2 

45 303.5 263.3 237.9 257.5 219.8 197.6 

Dental implants 

0 295.4 287.6 246.2 273.4 220.4 216.1 

15 319.9 295.7 250.7 287.4 227.2 220.7 

30 360.9 331.9 292.4 301.2 239.7 227.9 

45 491.7 451 396.8 408.5 322.9 305.6 

 

Stress distribution around the cancellous bone: The stress value surrounding the cancellous bone was 

less than those in the cortical bone around the implant neck. As the length and diameter of the implant 

increased, the value of von Mises stress in the cancellous bone decreased, accordingly. The results 

showed a significant association between the stress value and force angle. The stress value around 

cancellous bone was increased, as the force angle on the implant increased (Table 2). 

Stress distribution on the crown: The results showed that by applying 200-N force at 0,15,30, and 45-

degree angles relative to the longitudinal axis of the implant, the maximum von Mises stress was 

observed in the implant and crown, respectively. As the length and diameter of the implant increased, 

the von Mises stress of the crown of implant-supported prostheses decreased, accordingly (Table 2). 

Stress distribution around the dental implants: The results indicated that an increase in the implant 

length and diameter led to a decrease in the von Mises stress value. The maximum stress value in both 

models (A and B) was observed around the implant neck and the stress value was reduced towards the 

apical region. The results also showed that an increase in the angle of force by applying a 200-N force 

by 0,15,30, and 45 degrees caused a proportional increase in the von Mises stress value, (ie  A1 model 

295.4,278.6,283.5,303.5 respectively ) (Table 2). 

Stress distribution in Models A and B(diameter, length, and crown–to–implant ratio): The 

maximum von Mises stress was observed in the implant compared to the crown, cortical and cancellous 

bones (Table 1, 2). 
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 Comparison of stress distribution in models A and B with the same diameter and different 

lengths showed that the stress value in implant, crown, cortical and cancellous bones decreased 

at the same force angle with increasing implant length. The minimum stress value in implant, 

crown, and cortical and cancellous bones was observed in models A3 among A models and B3 

among B models. The minimum stress value was observed in the B3 model. 

 Comparison of stress distribution in models A and B with the same length and different 

diameters showed that the stress value in the implant, crown, cortical and cancellous bones 

decreased in model B1 compared to model A1, in model B2 compared to model A2, and in 

model B3 compared to model A3. This indicates that the increase in implant diameter distributes 

the stress over a larger surface area and decreases the level of stress around the implant, crown, 

and cortical and cancellous bones).  

 A comparison of stress distribution in all studied models showed that as the force angle 

increased the stress value around the implant, crown, cortical and cancellous bones increased, 

accordingly. The maximum stress value was observed at a 45-degree angle relative to the 

longitudinal axis of the implant and the minimum stress value was observed at a 0-degree angle 

relative to the longitudinal axis of the implant (491.7 Vs 216.1 MPa) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of stress distribution in the studied models 

 

 The crown-to-implant ratio analysis showed with the increase of crown-to-implant ratio the 

stress distribution in implant increased, accordingly. The results also demonstrated that the 

increase in force angle and crown-to-implant ratio led to an increased stress concentration on 

the implant. In this study, model B had a larger implant diameter compared to Model A, 

therefore, the stress value of model A was more than model B (Figure 4). 

 The schematic diagram analysis of the crown-to-implant ratio trend line showed that the stress 

value around the implant increased by changing the implant inclination from 0-degree angled 

to 15-degree angled load was not prominent but from 15-degree angled load to 30-degree angled 

and from 15-degree angled load to 30-degree angled was prominent. Up to 15 degrees, not much 
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stress was applied to the implant, but from 15 to 30 degrees, the stress was more. The inclination 

changes from 30-degrees to 45-degrees were much greater than the previous angles (Figure 4). 

 Comparison of B with A models according to crown-to-implant ratio showed that the ratio 

changes (less than 1 compare to equivalent 1 ratio) in model B was less than model A (Figure 

4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Stress distribution on the implant in different crown-to implant-ratio (<1,1,>1) 

according to von Mises stress criteria 

Discussion 

The present study examined the effect of diameter, length, and the crown-to-implant ratio on the 

stress distribution around dental implants in the posterior mandibular region using the finite elements 

analysis method. The results showed that the longer implant models were more stable and generated less 

stress around the implant, crown, cancellous and cortical bones. Furthermore, this study indicated that 

with the increase of implant diameter and reduction of crown-to-implant ratio the stress value around 

implant, bone, and crown decreased.  

The FEA method is a theoretical technique that can be used as an alternative for clinical studies in 

which in vivo data collection is impossible or technically questionable.[25] The success of the implant in 

addition to strong osseointegration depends on biomechanical aspects including the loads applied on the 

implant directly or through the prosthetic restoration. [26]  

In this study, with increasing the crown-to-implant ratio, the level of stress distribution around bone, 

implant, and prosthesis increased. Okada et al. stated that increasing the crown-to-implant ratio, 

increased the stress distribution around the implant, and active bone remodelling was detected in a group 

with a high crown-to-implant ratio, and their results are consistent with the results of the present study.[27] 

Some clinical studies suggested that the increased crown-to-implant ratio did not influence the risk 

of marginal bone resorption.[8,28-31] Birdi et al. suggested that a crown-to-implant ratio of 2.0∶1 and even 

greater can produce a stable favorable outcome.[32] Nevertheless, some studies confirmed the effect of 

the crown-to-implant ratio on marginal bone loss. Hingsammer et al. stated that the crown-to-implant 

ratio should not exceed 1.7 and suggested the ratio of 1.7 as a benchmark for clinicians to prevent early 

marginal bone loss.[33] Similarly, Malchiodi et al. in a 36-month follow-up study, and Garaicoa-Pazmiño 
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et al showed that the crown-to-implant ratio influenced the success rate and the level of bone resorption 

around the implant.[34,35] 

The study of de Moraes et al. showed that with increasing the crown-to-implant ratio as well as 

increasing the angle of force, the level of stress distribution around the bone, implant, and crown 

increased which may lead to bone resorption. [36] Some studies have stated that increasing the crown-to-

implant ratio will increase prosthetic problems. In this study, it was shown that increasing the crown-to-

implant ratio increases the tension in the crown, which may increase the prosthetic problems in the 

crown. [37] The difference in the results of studies about the crown-to-implant ratio and its effects on 

bone resorption around the implant can be attributed to the type of study (in vitro / in vivo), amount of 

force at loading, and duration of the study. 

The level of stress on the cortical bone and the surface of the implant decreased as the diameter and 

length of the implant increased which was consistent with the results of previous published studies.[38-

40]Implants with a greater diameter and longer length produce better stress distribution, success rates, 

and prognosis, but the effect of implant diameter change on the stress distribution around bone and 

implant was more than implant length.[41, 42] The forces are applied at different angles to reconstruct the 

destructive effects of angled forces. Improper implant positioning can produce an excessive force on 

bone, implant, and restoration.[43]  

The angle of application of force to the longitudinal axis of the implant increased, the amount of von 

Mises stress increased and the minimum stress was created by the force perpendicular to the bone surface 

and along the axis of the implant. The application of force perpendicular to the implant is more 

proportional to the physiological force and causes better transfer of forces to the longitudinal axis of the 

implant. [44] The application of Off-axis force increased the stress distribution around the cortical bone 

and the highest stress value was observed in 45-degree oblique force. Additionally, the forces and 

loading conditions were associated with the stress distribution in bone around the dental implant, i.e., 

overloading of implants could result in marginal bone resorption and implant failure.[15, 45]  Geng et al. 

indicated that the reason for the increase in force with increasing angle of force is due to the application 

of more force by the lever arm therefore the point and amount of load application to the cantilever arm 

influenced the stress distribution around the implant-surrounding bone and prosthetic components.[46] 

Papavasiliou et al. examined the stress distribution around the implant and showed that the stress 

value around the crestal bone of the implant was greater than the apical area in all conditions. [47] 

Similarly, Hoshaw et al. reported that excessive force to implant increased the concentration of forces 

on the bone and increased bone resorption around the implant neck and consequently decreased the 

amount of mineralized cortical tissue.[48] Tada et al. suggested that in low-density bone models, the 

highest level of stress under axial load was observed in the bone around the implant apex. The reason 

could be explained due to the lower bone density in this area. [15] El-Anwar et al. stated that when two 

materials with different coefficients of elasticity were placed together without any intervening material 

and one of them was loaded, more stress occurred near the point of the first contact. Similarly, they 

showed that the highest stress value in the contact of implants to the bone was observed in the crestal 

area of the implant.[49] In the model of low bone density, since the crestal bone region and the other 

regions have the same density, the stress  under the axial forces is distributed to the apical region of the 

implant, resulting in the stress being concentrated on the crestal region of the implant. 
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In this study, the maximum von Mises stress and strain values were observed in the implant, cortical 

and cancellous bone, respectively. The reason for this could be due to the higher elastic modulus of the 

implant compared to cortical bone and cancellous bone. Therefore, if the stress is localized at the contact 

point between the two objects, the stress will be localized in an object with a higher elastic modulus. [50] 

Since FEA only provides an overall view of biomedical aspects under normal conditions, FEA results 

should be compared with clinical research. It is recommended to model implants with different sizes 

and diameters according to the jaw characteristics and evaluate the results with clinical studies if 

possible. 

Conclusion 

Implant diameter is an effective parameter for stress reduction compared to implant length. Right-

angle implant placement ensures implant stability and prevents extreme angular loading between 

implant components. Crown-to-implant ratio, diameter, length, and angle of the implant should be 

considered when planning dental implants. 
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