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Abstract

:

Dental implant macro- and micro-shape should be designed to maximize the delivery of optimal favorable stresses in the surrounding bone region. The present study aimed to evaluate the stress distribution in cortical and cancellous bone surrounding two models of dental implants with the same diameter and length (4.0 × 11 mm) and different implant/neck design and thread patterns. Sample A was a standard cylindric implant with cylindric neck and V-shaped threads, and sample B was a new conical implant with reverse conical neck and with “nest shape” thread design, optimized for the favorable stress distribution in the peri-implant marginal bone region. Materials and methods: The three-dimensional model was composed of trabecular and cortical bone corresponding to the first premolar mandibular region. The response to static forces on the samples A and B were compared by finite element analysis (FEA) using an axial load of 100 N and an oblique load of 223.6 N (resulting from a vertical load of 100 N and a horizontal load of 200 N). Results: Both samples provided acceptable results under loadings, but the model B implant design showed lower strain values than the model A implant design, especially in cortical bone surrounding the neck region of the implant. Conclusions: Within the limitation of the present study, analyses suggest that the new dental implant design may minimize the transfer of stress to the peri-implant cortical bone.
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1. Introduction


A key factor for the long-term success of a dental implant is to ensure that the implant can support loading conditions, transferring biting forces safely to the interfacial tissues [1]. Adverse occlusal forces may result in marginal bone resorption of surrounding bone [2,3]. Load transfer from implants to surrounding bone depends on variables such as implant geometry, shape and characteristics of its surface, loading conditions, and bone quality of the surrounding bone, among others [4,5,6,7,8]. In the process of designing new dental implants, a thorough understanding of implant biomechanics is crucial to reduce maximum stress values in the surrounding bone, and to minimize the risk of biologic and mechanic complications. In this respect, it is necessary to comprehend how the transfer and the distribution of biomechanical loads are influenced by the implant body geometry, thread design, platform design, abutment connection, etc. Several literature reviews have been conducted on the in vitro role of implant macro-design and threads design in attempts to define the biomechanical factors that most affect long-term implant success during anchorage in the bone [9,10,11]. However, there is a lack of data about the implant macro-design (body and neck) and threads design that can optimize the maintenance of peri-implant bone. In order to predict stress and strain within structures in a real situation, which cannot be solved by a traditional linear static model, nonlinear finite element analysis (FEA) is a mathematical model analysis that allows for evaluating, in a qualitatively detailed way, the mechanical behavior of dental implants, especially the stress distribution generated at the implant/bone interface [12]. In this study, a new type of dental implant, designed with the intention of creating stress initially at cancellous bone and to reduce the stress peaks in the surrounding upper cortical bone, was evaluated by FEA.




2. Materials and Methods


Two types of implants with the same diameter (4.0 mm) and length (11 mm), having the same surface and material feature, but being different in body geometry, collar geometry, and thread design were selected (Figure 1):




	
A control standard implant with cylindric body and neck and “V” shaped thread design (Sample A, control, Figure 1A)



	
A new conical implant with reverse conical neck and with “nest shape” thread design (Sample B, test, Figure 1B)








The sample A is a standard implant model, with a cylindric neck 2.5 mm in length, smooth/machined for a height of 0.7 mm. The rest of the body has unique thread patterns with V-shaped threads. Pitch of the V-shape is 0.6 mm and height is 0.35 mm.



The sample B has a reverse conical neck 2.5 mm in length with 1.3 mm microthreads and a tapered body with “nest shape” thread design. The “nest shape” has a height of 0.5 mm, and a trapezium shape with grooves both on the lower and upper side of the coil trapeze (Figure 2).



The 3D computer-aided design models of the system were built in a Solidworks 2019 SP3. The geometries were imported into the finite element software ANSYS workbench (ANSYS WB 2.0 Framework, version 12.0.1, 2009 SAS IP) in order to generate the meshes with tetrahedral solid elements. A bone block model was constructed based on a cross-sectional image of the mandibular premolar region, 17 mm in height and 12 mm in width, consisting of a cancellous bone core surrounded by a 2-mm cortical bone. The whole model is shown in Figure 3.



2.1. Material Properties


All materials were presumed to be homogenous, linearly elastic and isotropic.



The material properties, including modulus of elasticity, Poisson’s ratio and density used in the FE model, adopted from the literature [5], are listed in Table 1.



FEA: In this study, complete osseointegration between the implant and the surrounding bone was assumed. Therefore, a “fixed bond” condition was set at the interface of the bone and the implant. The same “fixed bond” condition was also set between implant–cortical-bone and implant–cancellous-bone as well as the interface between the cancellous and cortical bones. The bottom part of the mandible was considered to be fixed. Finite elements model is generated by tetrahedron and triangle shell elements and spring elements. These elements are quadratic elements which have additional nodes on the midside of the elements and volume center with nodes on the element vertices. The curved faces are represented more accurately by using quadratic elements and this representation will increase the accuracy of solution results. The accuracy will increase by generating more element and node numbers in the model, but this will also increase the solution run time and the matrices which can build impossible-to-solve mathematical models with the current hardware. The finite element result does not change much after a certain number of elements and nodes regarding the convergence studies. In this study, the finite element model is generated with the element edge lengths, which vary between 0.1 mm to 0.5 mm. The components are connected to each other by using common nodes. The internal force transfer is provided by using common nodes between contacting parts.



To determine the optimal mesh size that offered reliable results within a reasonable computational cost (<15 min), the number of elements was increased until the maximum principal stress converged. The resulting FEA model featured 78.109 four-node tetrahedron elements, 131.839 elements for implants, 13.231 elements for cortical bone, and 18.422 elements for cancellous bone.



Contact analysis defined the load and deformation transfer between different components. The friction coefficient, adopted from the literature [5] was set at 0.65 for the cortical bone–implant interface and 0.77 for the cancellous bone–implant interface. Nonlinear contact zones were defined at two critical interfaces: implant–cortical-bone and implant–cancellous-bone. Contact analysis defined the load and deformation transfer.




2.2. Boundary Conditions and Constraints


The boundary conditions applied to the FEA models were completely constrained at all directions so that neither side of the cortical or cancellous bone was rotated or moved in any direction. The model’s symmetric property allowed us to focus on half of the model for analysis, i.e., the symmetry constraints on the Z-, RX-, RY- directions.




2.3. Loading Conditions


A static load of 100 N with 0° angle and of 223.6 N (resulting from a vertical load of 100 N and a horizontal load of 200 N) with 25° angle was applied to the long axis of the implant. Deformation maps and von Mises stress maps analyses were performed in the FEA. Convergence displacement–stress U–S criteria with Newton Raphson residual control were used. Most models attained less than 0.2% convergence criteria, meaning the convergence criterion was set to less than 0.2% in the changes in the total deformation energy of all the elements. Shape control and mesh quality were measured and refined, reaching a final aspect ratio between 0.75 and 0.88. A convergence test with the finite element models was carried out to verify the quality of the mesh. The convergence criterion was set to less than 1% in the changes in the total deformation energy of all the elements. Based on the results of the convergence test, an average element size of 0.6 mm was established for the mesh in all finite element models.




2.4. FEA Data Collection


Quantitative analysis was carried out after variables were evaluated subsequent to imaginary loading. These analyses were performed at the inner implant surface. The maximum von Mises stresses (maximum equivalent stress) at the surface implant was set as output variable. Strain values were reported at the microstrain scale. For qualitative analysis, since the maximum concentrated stress and microstrain values are presented as specific numbers, a comprehensive evaluation of stress should be carried out.





3. Results


Table 2 and Table 3 report maximum values of stress distribution (von Mises) and equivalent elastic strain for different parts of the samples A and B. Figure 4 and Figure 5 show the data obtained from calculation in a stress distribution map with a color scale, which makes it possible to directly compare the stress pattern in different parts of the two samples. In both samples, maximum stresses were detected within the cortical bone surrounding the implant and within the implant neck under loading with a 0° and 25° angle. Under loading with 0°, the maximum von Mises stress values in the cortical bone for model A was 46 MPa, while for model B was 38 MPa. The maximum stress values within the cancellous bone was 29 MPa and 22 MPa for model A and for model B, respectively. Under loading with a 25°angle, the maximum von Mises stress values in the cortical bone for model A was 49 MPa, while for model B it was 41 MPa. The maximum stress values within the cancellous bone was 35 MPa and 24 MPa for model A and for model B, respectively.




4. Discussion


Dental implants consist of a combination of various design factors, including fixture shape, collar shape, thread shape and pitch, screw type, fixture connection type, etc. Each design factor has been widely investigated in previous literature [13,14,15,16,17,18]. However, when multiple design changes are made, the results derived by previous research cannot be used. To quickly analyze and predict the differences resulting from design changes in dental implant systems, the FEA is a mathematical model analysis that has been widely used in implant dentistry [12]. Therefore, this study was carried out using FEA to compare the mechanical behavior relative to design changes, including changes to implant body shape, implant collar shape, thread design and pitch, of a new dental implant design with a standard implant design with the same diameter and length. Similar to the previous literature [9,10,11], results of the current study showed that the maximum amounts of stress in both cortical and cancellous bones is concentrated around the implant neck. Therefore, in the process of designing dental implants, particular attention must be paid to the distribution of stress on the neck area of the implant. Some studies have highlighted that the implant neck designs can influence the level of stress for the peri-implant cortical bone avoiding peri-implant implant bone loss [19,20,21,22,23]. Misch and Bidez [21] reported that an implant collar angled by more than 20 degrees with a surface texture designed to increase bony contact might impose slight beneficial compressive and tensile components to the contiguous compact bone and decrease the risk of peri-implant bone loss. Mandell et al. [24] showed that orthopedic implants that have intramedullary stems with conical angles in a range of 30 to 60 degrees favor the maintenance of bone density by promoting a more stable fixation. Kitamura et al. [25] demonstrated that lower peak stresses exist in crestal compact bone contiguous to an implant that is in an oblique contact angle with the crestal compact bone to the implant neck rather than in a perpendicular angle. Misch and Bidez [21] stated that the divergent type of implant collar demonstrates a better stress distribution than a straight collar. A desire to resolve the controversial issue of which implant collar geometry is more favorable for the preservation of crestal compact bone was the motivation for the design of the new implant neck investigated in this study. Results revealed a 12% reduction of the stress peak in peri-implant cortical bone of Model B implants, compared to traditional one (Model A), demonstrating the viability of the design. The lower stress located at the cortical/cancellous boundary for the new type of implant indicated that the force was passed from below, avoiding the production of stress peak at the top of the cortical layer by directly making contact with the implant. Moreover, change of stress distribution was remarkable at the lingual side, which was closely related to the direction of the load.



The tapered root-analog design of the new implant body was suggested because it mimics the shape of natural roots, which implies favorable stress dissipation in the surrounding bone [17]. According to results to the present study, the tapered implant body (Model B) decreased stresses in both cortical and trabecular bone compared to the cylindric design (Model A). These results are in agreement with previously published data [18,19,26,27,28,29], indicating that tapered implants could reduce peak stress in both cortical and trabecular bone. Stress analysis was performed for various implant designs by Li Huang et al. [29] using three-dimensional finite element analysis approaches. Considering three cylindrical implants (without thread, with “V” thread, and with rectangular thread), two stepped implants (without thread and with “V” thread), and a tapered body implant with thread, the authors founded that the latter showed a stresses decrease of 32% in the cortical bone and 17% in the cancellous bone. The influence of the implant body design (cylindrical and tapered) on stress and strain distribution in the implant/bone interface has been also investigated by Heidari et al. [30]. Authors reported that an increase in the degree of implant taper leads to an increase in von Mises stress and strain concentration in the bone around the body of the implant, whereas at the implant neck, an increase in the degree of taper leads to a decrease of stress and strain concentration. Oliveira et al. [31], by means of a three-dimensional FEA, analyzed the influence of different implant designs on the stress and strain distribution to the implants and surrounding bone. Three implant designs with the same length and diameter were used. Compared to cylindric implants (with concave neck and convex neck), tapered implants with convex cone-shaped neck showed the most favorable design regarding stress and strain distribution to the bone and implant in most simulated situations. A previous work published by Tada et al. [32] also showed the importance of implant design on stress and strain distribution in bone around implants. The authors suggested that tapered type implants could have a favorable response compared to cylinder implants, mainly in low-density bone. Several authors have also clinically assessed the impact of implant macrodesign on the primary stability of implants [33,34]. Greater tapering of the implant body will facilitate greater implant stability, as well as a more favorable insertion, facilitating the surgical protocol [35,36]. In some specific clinical situations where greater implant stability is required (supposedly more unfavorable conditions), tapered implants show some advantages. These situations could include application of immediate loading protocols, postextraction implants, placement of implants in low-density bone, and so forth [37,38].



The current study simulated cortical and trabecular bone by using different materials. It also accounted for natural 3D geometry of the implant–bone complex. The results demonstrated that the tapered implant body of the investigated sample B, reduced stresses not only in cortical bone but also in trabecular bone. This simultaneous stress reduction in cortical and cancellous bone may be also attributed to the biomechanical effect associated with the increased depth of the thread in the model B design, which implies an increase of the interfacial area for bone–implant contact. According to in vitro results by Amid et al. [39] and in vivo results by Lee et al. [40] the presence of microthreads in the design of the Model B implant collar could also have had a positive effect in better stress distribution patterns in peri-implant cortical bone. Amid et al. [39] used FEA to investigate the influence of microthreaded implant collar design on stress distribution in the adjacent peri-implant bone. The authors reported that maximum stress values in the cortical bone surrounding the implant neck were 12 and 6.25 MPa for the microthread and conventional models, respectively. In a clinical study, Lee et al. [40] comparing 17 implants with and without microthreads on the coronal side of the fixture installed adjacent to each other within the same partially edentulous sites, observed after three years of functional loading, a decreased marginal bone loss on implants with microthreaded collar (0.24 mm vs. 0.51 mm, p < 0.001).



The thread geometry is another important factor in implant design [41,42,43]. The “V”, rectangular and buttress shapes have been the most used in implant dentistry. Depending on the configuration of thread, including shape and size (pitch and thread depth), different stresses in the bone–implant interface have been documented [41]. Initial implants introduced had the “V”-shape design. In mechanical engineering, the “V”-thread design is mainly used to improve the primary stability of the metal parts together, thanks to a better initial mechanical interlock. With the understanding of stress patterns, more and more thread geometry related designs have been investigated [34]. It has been reported that rectangular threads could transfer vertical force more evenly than “V”-threads, whereas buttress threads could combine the advantage of “V”-thread and rectangular thread designs [42]. Shear stresses are the most destructive forces on the bone–implant interface. Therefore, implant threads should be designed to minimize the amount of these adverse stresses. In addition, implant threads should allow for better stability and more implant surface contact area. Geramizadeh et al. [44], using a photoelastic stress analysis method, documented that the direction of force at the bone–implant interface is connected to the facial angle of the thread. More precisely, increasing the thread face angle increased the amount of cutting force generated. Misch et al. [23] found that both reverse buttress and rectangular threads generate lower shear force than “V” threads. Moreover, it has also been reported that “V”-shaped and buttress threads may generate forces that could lead to defect formation [45]. Implants with rectangular and buttress threads mostly dissipate axial loads through compressive force [44], while implants with “V” and reverse buttress threads transmit axial force through a combination of compressive, tensile and shear forces [23]. Findings from FEA studies in relation to the bone–implant interface, summarized in a literature review by Geng et al. [5], indicated that the rectangular thread provides an optimized surface area for intrusive compressive load transmission. Moreover, the same report highlighted that, compared to “V” shaped and reverse angle-shaped threads, rectangular-shaped threads transmit less compression and cutting-type forces to tissues. These in vitro data have been confirmed by an animal study by Steigenga et al. [46] who, comparing the removal torque values of the osseointegrated implants with rectangular, “V” shaped and reverse angled threads, reported that implants with rectangular thread shape reached the maximum torque value. In the current study, more stress distribution was measured in peri-implant cortical bone of implant model A, compared to implant model B. The reason for this could be connected with “nest shape” thread design present in implant model B. Compared to the “V” thread of implant model A, the “nest shape” increases the thread surface and depth and, consequently, increases the implant–trabecular-bone contact area. Moreover, in the “nest shape” thread, the geometric discontinuity of designs results in high stress at the valley between the thread pitches. According to what has been described as “stress shielding effect” [47], being the radius in the valley between the steps smaller than that present on the tip of the wire, the “nest-shaped” design could also determine a decrease in nonlinear stress on the surface of the thread, increasing that on the body of the implant. Therefore, on the basis of the above considerations, it is possible to speculate that the geometric discontinuity of the “nest shape” thread could improve stress distribution dissipating the stress transfer pathway from a single high-stress area into numerous disconnected areas of bone near the thread tips.



Many factors have been proposed to contribute to the marginal bone loss around a dental implant, such as, unfavorable stress distribution, surgical trauma and implant-abutment microgap with bacterial infiltration [48]. Additionally, the implant neck design and surface characterization have been associated with marginal bone loss [49]. This has led to the development of implants with a new collar shape and topographic modification in order to reduce the marginal bone loss. Currently, FEA studies designed to explore load dependent biomechanical circumstances in peri-implant tissues are abundant, but thus far, similar approaches, particularly to marginal bone loss, are scarce. The geometry of the implant–bone interface at the crestal level fosters well-defined zones of stress concentration. Therefore, it is possible to determine this by means of numerical model differences in stress concentration when applied to the same locus of the interface. In the present study, in the cortical bone surrounding the implant neck, the mean values of the maximum equivalent stress were lower in sample B than in sample A for all loading directions (axial 38 MPa vs. 46 MPa, oblique 41 MPa vs. 49 MPa). As far as the authors are aware, no FEA data are reported in the literature on the approximate threshold above which marginal bone resorption may possibly be caused/initiated, therefore it is difficult to compare outcome data of the present study with other FEA studies. However, according to the collected data, we could clearly demonstrate the superiority of model B in the reduction of stress in the peri-implant cortical bone region, since in similar lengths and diameter, the stress magnitude was consistently lower compared to model A.



The current finite elements study presents some limitations that make it impossible to simulate clinical experiments exactly. First, FEA cannot consider the influence of forces applied by the tongue and other muscles of the oral cavity and the influence of different loading conditions present during the chewing cycle. Second, the jawbone was considered to be isotropic and homogenous, and the interface between cortical/cancellous bone and between the implant and cortical/cancellous bone has been assumed completely bonded, although this is not the case in clinical conditions. Third, the occlusal forces have been applied on the implant, while, in real clinical conditions these are applied on the crown. Moreover, the abutment and its micromovements have been not considered.



Although such simplifications related to the methodology are considered to be acceptable in experimental tests, the present study cannot provide absolute and effective stress and strain values compared to a real model. Therefore, it is necessary to contrast the presented results with those obtained in in vivo studies.




5. Conclusions


In the current study, the relations between the loading force and stress on the alveolar bone surrounding two models of dental implants with same diameter and length (4.0 × 11 mm) and different implant/neck design and thread patterns were evaluated. Findings of FEA analysis showed that:




	
Maximum von Mises stresses in the peri-implant cortical bone region were lower in the new implant model B than in the conventional model A.



	
The new implant model B showed reduced stress concentration in the area of compact bone, which was shifted to the area of cancellous bone during axial and oblique load.








Therefore, within the limitations of the present study, one may conclude that the new dental implant design can contribute to the favorable stress distribution on the surrounding bone, which can affect the long term longevity of the implant.
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Figure 1. (A) control cylindric implant with “V” thread; (B) test new tapered implant with reverse conical collar and “nest shape” thread. 
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Figure 2. The “nest shape” thread design of the test tapered implant with reverse conical collar. 
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Figure 3. Whole model including implant, cortical bone, and cancellous bone. 
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Figure 4. Stress patterns in cortical and cancellous bone with implant models A and B for vertical loading. 
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Figure 5. Stress patterns in cortical and cancellous bone with implant models A and B for oblique loading. 
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Table 1. Mechanical properties of the materials.
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	Materials
	Young’s Modulus (MPa)
	Poisson’ Ratio
	Density (g/cm3)





	Cortical Bone
	1.4700
	0.3
	1.85



	Cancellous Bone
	1470
	0.3
	0.9



	Titanium
	
	0.35
	4.5
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Table 2. Model A under 100 N with 0° and 223.6 N (resulting from a vertical load of 100 N and a horizontal load of 200 N) with 25° angle.
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100 N, 0° Angle

	
223.6 N, 25° Angle






	

	
Equivalent (von Mises) stress (MPa)

	
Equivalent elastic strain

	
Equivalent (von Mises) stress (MPa)

	
Equivalent elastic strain




	
Cortical bone

	
46

	
0.00157

	
49

	
0.00349




	
Cancellous bone

	
29

	
0.00166

	
35

	
0.00154
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Table 3. Model B under 100 N with 0° and 223.6 N (resulting from a vertical load of 100 N and a horizontal load of 200 N) with 25° angle.






Table 3. Model B under 100 N with 0° and 223.6 N (resulting from a vertical load of 100 N and a horizontal load of 200 N) with 25° angle.





	

	
100 N, 0° Angle

	
223.6 N, 25° Angle






	

	
Equivalent (von Mises) stress (MPa)

	
Equivalent elastic strain

	
Equivalent (von Mises) stress (MPa)

	
Equivalent elastic strain




	
Cortical bone

	
38

	
0.0021

	
41

	
0.0046




	
Cancellous bone

	
22

	
0.0047

	
24

	
0.0063
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