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Abstract

:

In dental implant insertion, an artificial foundation is prepared for the prosthetic device, which involves the surgical positioning of the implant in the jaw bone. The success of dental implants relies on the osseointegration process. The biomechanical factors, such as stress and strain, developed during the insertion affect the jawbone and its surroundings. In this current study, the stresses during the implant insertion in the mandibular jawbone bone are analyzed using three-dimensional explicit dynamic analysis, and the Cowper–Symonds model is implemented with the damage model. The implant’s design has a substantial impact on stress distribution within the cancellous bone during the insertion procedure. The stress variation takes place as the implant moves into the pre-drilled hole. This is because of the contact between the bone and the fixture on the implant. The upper edge of the predrilled site shows that the stresses are more at the crestal region of the implant due to surface area. There is a gradual increase in the stress level as the implant reaches the lower edge from the top edge. This is because of the concept of mechanical interlocking. Clinicians can use this information to anticipate and address potential stress-related challenges during implant placement.
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1. Introduction


In dentistry, osseointegration commonly refers to the integration of dental implants with the jawbone [1]. The success of dental implants relies on the osseointegration process, where the bone cells in the jaw grow and adhere to the surface of the implant, creating a stable and durable foundation for the artificial tooth [2]. The success of osseointegration depends on various factors, including the material composition of the implant, the surgical technique used, and the overall health of the patient. The stability due to the osseointegration of the implant plays a significant role in the bone regeneration around the implant. Stability prevents micro-movements of the implant within the bone. Even small movements can lead to irritation, inflammation, and, eventually, failure of the implant [3]. Osseointegration ensures that the implant is securely anchored, minimizing the risk of such movements. The stability achieved through osseointegration not only ensures the success of the implant but also contributes to the overall health and longevity of the surrounding bone and tissues. This concept is applicable not only in dentistry but also in orthopedic and other medical implant applications where integration with the natural bone is essential [4]. Implant success is influenced by the bone type and bone quality at the implant site. Type I or II bone provides better stability compared to Type III or IV bone [5,6]. An implant with a roughed surface or bioactive coating is recommended for better integration [7].



In dental implant insertion, an artificial foundation is prepared for the prosthetic device, which involves surgical positioning of the implant in the jaw bone [8,9]. During the implant insertion, the patient’s medical and dental history is checked. The quality and quantity of available bone are assessed through diagnostic tools such as X-rays and CT scans [10,11]. The appropriate type, size, and positioning of the implant are decided based on the treatment planning [12]. Local anesthesia is typically administered to numb the area where the implant will be placed. An incision is made in the gum tissue to expose the underlying bone. In some cases, a surgical flap is created to provide better visibility and access to the implant site [13]. Using precise dental drills, a socket is created in the jawbone to accommodate the implant [14]. The implant is inserted into the prepared site by checking the depth and alignment. During the insertion of the implant into the socket, a recommended torque of 40 Newton centimeters is maintained [15]. The biomechanical factors, such as stress and strain, developed during the insertion affect the jawbone and its surroundings. The shape, length, and diameter of the implant play roles in determining the load-bearing capacity and resistance to deformation during insertion. The successful insertion of the implant also depends on the transfer of the stresses generated during the implant insertion [16,17].



Wolff [18] describes the relationship between mechanical stress and bone adaptation. They emphasize the importance of considering biomechanical factors, such as load distribution and stress patterns, to advance optimal bone adaptation and long-term success in the integration of implants. The biomechanical factors and the stresses in the jawbone can cause crestal bone loss. This bone loss in the neck area, particularly in the region just below the implant–abutment interface, leads to the failure of the implant.



Finite element analysis is a numerical stress analysis technique that has proven to be a useful tool in investigating the effect of the biomechanical properties of prostheses on dental implants and also medical implants [19,20,21,22]. Several in vitro studies and finite element analyses were conducted to explore stress transmission at both the implant and peri-implant levels, employing various restorative materials for implant-supported prostheses [23]. In this current study, the stresses during the implant insertion in the mandibular jawbone bone are analyzed using three-dimensional explicit dynamic analysis. The cancellous bone is modeled as elastoplastic, and the Cowper–Symonds model is implemented with the damage model. To analyze the stresses in a jawbone, the implant is modeled as a rigid body.




2. Materials and Methods


In the dental implant insertion procedure, an incision is made in the gum tissue to expose the underlying bone. A CT scan of the maxilla and the mandible is adopted for the 3D modeling of mandibular bone. An image-processing open-source software, 3D SLICER, is used to convert the dicom to an editable model. This editable model is transferred to CATIA-3D EXPERIENCE for further editing. An implant measuring 3.75 mm in diameter and 11.5 mm in length [ALPHA BIO], a tapered [24] implant, was modeled using CATIA-3D EXPERIENCE, as shown in Figure 1.



Using Ansys Workbench R2 2023, the model was meshed using 4-node tetrahedral elements. The meshed models are shown in Figure 2.



Figure 3 describes a grid independence study conducted during the simulation of implant insertion. A grid independence study involves varying the mesh size to assess its impact on the simulation results. The goal is to determine the minimum computational requirements necessary to obtain reliable and accurate results. The mesh size was systematically varied between 0.15 mm and 0.25 mm during the implant insertion simulation. This range of mesh sizes was chosen to evaluate the discretization of the model influences the computed stresses. The maximum von Mises stress at the jawbone was considered as the criterion for assessing grid independence. Through multiple iterations, it was determined that a mesh size of 0.2 mm consistently produced reliable results. This mesh size strikes a balance between computational cost and the level of detail required for an accurate simulation. Implementing the 0.2 mm mesh size resulted in the generation of nodes and elements for the model. Figure 2 represents the mesh, showcasing the discretization of the implant and jawbone models. Table 1 provides specific details on the number of elements and nodes generated for both the implant and jawbone models when using a mesh size of 0.2 mm.



The implant is assumed to be rigid, and the cancellous bone is simulated as elastoplastic. The Cowper–Symonds model is implemented with the damage model to analyze the stresses in a jawbone [25]. The Cowper–Symonds model is a temperature-independent plastic kinematics material model, and the associative flow rule was used for the matrix. The strain rate was accounted for using the Cowper–Symonds model, which scaled the yield stress by a strain rate-dependent factor. The model generally works with the failure criterion, such as the strain failure condition. As the tool that moves into the materials reaches the failure state, the corresponding nodes and elements will be deleted from the main base body. The same has been added and highlighted in the revised manuscript [26,27].



When selecting a material model for a cancellous bone model, especially when considering strain-rate dependency and the plastic curve of materials, it is important to choose a model that accurately represents the behavior of the material under varying loading conditions. The choice of a material model depends on the specific characteristics of the material and the loading conditions expected in the application. Experimental data and material testing can provide valuable input for calibrating material models and ensuring their accuracy in representing the material’s behavior under various conditions. The Cowper–Symonds model, Johnson–Cook model, power-law creep model, and viscoplasticity models are the most common models considered for the materials that depend on the strain rate effects [28]. Since the Cowper–Symonds model is simple when compared to other models [29] concerning material failure and has often been applied to the bone material models, we adopted the Cowper–Symonds model for the current analysis.



In finite element methods, according to the ANSYS help manual [30], the equation to calculate the yield stress is given by the Cowper–Symonds model (Equation (1)).


    σ   y   =   1 +         ε  ˙    C       1 / p         σ   0   + β   E   p     ε   p   e f f      



(1)






    E   p   =     E   t a n   E   E −   E   t a n      



(2)




where     σ   0     is the initial yield stress in MPa,     ε  ˙    is the strain rate in s−1, and   β   is the hardening parameter (for the kinematic hardening = 0 and isotropic hardening = 1). C and P are the Cowper–Symonds parameters.     ε   e f f     is the effective plastic strain and     E   p     is the plastic hardening modulus, which depends on the Youngs modulus (  E  ) and the tangent modulus   (   E   t a n   )  , as shown in the Equation (2). Table 2 represents the material properties and the Cowper–Symonds model parameters.



For the contact, automatic frictionless contact between the cancellous bone and the implant is adopted. Finite element simulations with material failure, or erosion and eroding contact methods, become relevant. In the Ansys workbench explicit analysis, a small simulation time is used with the erosion property.



For the analysis, the outer surface of the cancellous bone is made to be fixed in all directions. The remote displacement boundary conditions are applied to the implant. This is because we assumed that the implant was a rigid structure. For the implant, a displacement of 10 mm and an angle of 360 degrees was applied. The applied boundary conditions are shown in Figure 4.




3. Results


The von Mises stresses were evaluated on the jawbone bones during implant placement. The stress evaluation provides the biomechanical factors encountered during the implant insertion.



3.1. Stress Distribution in the Jawbone


Figure 5 presents a representation of the stress distribution within the cancellous bone during the progressive insertion of a dental implant into a pre-drilled site. Here, the pre-drilled site is assumed to be a straight hole. This assumption simplifies the modeling process and allows the examination of stress distribution without introducing additional geometric complexities. As the implant progresses into the cancellous bone, a large amount of stress develops in and around the pre-drilled site. This stress is influenced by the interaction between the implant and the geometric features of the pre-drilled site. The stress distribution is attributed to the specific geometry and design of the dental implant. The non-straight geometry of the implant contributes to the uneven distribution of stresses, affecting the implant’s interaction with the surrounding cancellous bone. The analysis results show that the maximum stresses reached 272.4 MPa at the end of the implant insertion process when the implant reached the bottom of the drilled site. This peak stress level reflects the most significant loading conditions during the procedure. At the beginning of the insertion process, when the implant first contacts the bone surface, stresses were recorded at 113.2 MPa. The description attributes this initial stress level to the design of the implant, emphasizing that the implant is not straight in geometry. Figure 5 also shows that stress will increase as the implant progresses into the bone.



When the implant initially makes contact with the bone surface within the pre-drilled hole, a stress of 113.2 MPa is recorded, as shown in Figure 6. This initial stress is attributed to the geometrical constraints, emphasizing that the design and shape of the implant influence the stress response during the early stages of implant insertion. As the implant progresses into the pre-drilled hole, it encounters dimensional variation and biomechanical conditions. The stresses within the cancellous bone advance dynamically as the implant navigates through the hole. Toward the end of the specified simulation time, the implant reaches the bottom surface of the pre-drilled hole. This moment represents the conclusion of the implant insertion process. The collision with the bottom surface leads to a maximum stress recorded at 272.4 MPa.




3.2. Stress Distribution at the Upper and Lower Edge of the Pre-Drilled Hole


Figure 7a,b represent the stress distribution at the upper and lower edge of the pre-drilled site during the implant insertion procedure. At the upper edge of the pre-drilled site, the initial stress magnitude recorded is 81.411 MPa as the implant travels into the hole. This stress occurs up to 0.1E-5 s due to the taper dimension in the implant. As the implant crosses the mid-length of the fixture, a large contact takes place, leading to a maximum stress of 113.06 MPa at the upper edge of the pre-drilled hole in the jawbone (Figure 7a). This peak stress occurs due to the contact conditions during this phase of implant insertion. The maximum values of von Mises stresses are found in the drilled zone. At the lower edge of the pre-drilled site, a stress magnitude of 50.928 MPa is recorded after the mid-length of the fixture. At the end of the simulation, as the implant touches the base of the pre-drilled site, the maximum stress at the lower edge is recorded as 58.293 MPa (Figure 7b). It was found that the recorded stress is almost less at the upper edge as the implant reaches the lower part, but vice versa on the lower edge.




3.3. Stress Distribution at the Surface Area of the Pre-Drilled Site during the Implant Insertion


Figure 8 illustrates the stress distribution at the pre-drilled surface as the implant is inserted. This is a critical aspect of biomechanical analysis during dental implant placement, as it helps to understand the stress transmission to the surrounding bone. The maximum stress is observed after the mid-fixture point as the implant progresses towards the end. The peak stress value recorded was 231.17 MPa, and this occurred at a specific time of 0.8 E-5 s into the simulation. At the initial stage of contact with the pre-drilled surface (at time 0.1 E-5 s), the stress was recorded at 81.44 MPa. This initial stress level reflects the immediate load transfer and contact conditions as the fixture engages with the bone surface. As the fixture rotates, the stress at the pre-drilled surface decreases. There is a variation in the stress value observed. This variation in stress is due to changes in the orientation as the rotational force is applied for the insertion of an implant.



The discussion reiterates that maximum stresses were obtained as the implant reached the middle of the fixtures during the insertion process. Figure 9 illustrates the variation in stresses as rotation is applied to move the implant into the pre-drilled site. This dynamic analysis highlights the stress change with the rotational movement of the implant. The key observation is that the maximum stresses are obtained as the implant moves to the lower end of the hole. This suggests that the biomechanical response intensifies towards the bottom of the pre-drilled site. The tapered design of the implant, where the upper portion of the fixture is wider and the hole is straight, contributes to the observed stress variations. This design characteristic influences the contact areas and load distribution during insertion. The stress distribution analysis, as indicated in Figure 8 and reiterated in the current description, notes that the upper portion of the fixture is wider, while the lower portion of the hole has more contact. This asymmetry contributes to the observed stress patterns. Due to the taper in design, stresses rise at the highest point, emphasizing the influence of implant geometry on stress distribution.





4. Discussion


Both bone and dental implants exhibit intricate and complex geometries that make it challenging to derive analytical solutions for stress distribution. The finite element method is indeed a powerful and widely used numerical technique for addressing such complexities and conducting detailed analyses. A stress overload can result in resorption and implant failure. Resorption is one of the factors that is caused by the excessive energy generated during implant insertion. The long-term success or failure of an implant is significantly influenced by the stress distributed and transferred to the adjacent bone.



In the current study, the stress levels observed at the initial contact and the maximum recorded stress are directly linked to the non-straight geometry of the implant. The implant’s design has a substantial impact on the stress distribution within the cancellous bone during the insertion procedure. Similar observations are reported by Mahendra et al. [33] in their study concerning tapered dental implant designs. In the implant design, due to friction, the implant fixtures exert higher forces and energy to fix the implant in the predetermined position. This leads to peaks and valleys in the stress distribution. In the current study, it was observed that the stress variation takes place as the implant moves into the pre-drilled hole. This is because of the contact between the bone and the fixture on the implant. We considered only the cancellous bone for the analysis. The report by Aslam et al. [34] showed that, due to frictional forces, the implant exerts a maximum load on cancellous bone [35] when compared to cortical bone. The stress distribution patterns at the upper and lower edges provide valuable biomechanical information regarding the length and edges of the pre-drilled hole. The maximum values of von Mises stresses are found in the drilled zone. Similar observations are reported by Fernande et al. [29]. This can be neutralized by optimizing the implant design. The upper edge of the predrilled site shows that the stresses are more at the crestal region of the implant due to the surface area and the speed of the implant insertion. Di Stefano et al. [36] and Demirbas et al. [37] reported similar observations in their investigation.



It also observed that there is a gradual increase in the stress level as the implant reaches the lower edge from the top edge. This is because of the concept of mechanical interlocking. It is the physical engagement or interconnection between the implant surface and the surrounding bone tissue. Mechanical interlocking enhances the stability and fixation of the implant within the bone. A similar interlocking phenomenon is explored by Li et al. [38].



As the implant advances into the cancellous bone, a substantial amount of stress accumulates in and around the pre-drilled site. This stress is influenced by the interplay between the implant and the geometric characteristics of the pre-drilled site. The distribution of stress is directly associated with the unique geometry and design of the dental implant. This observation aligns with the findings of Yang et al. [39], who illustrated that the highest concentration of stress occurs at the point of contact with the implant.



Limitations


The study opted not to include cortical bone in the modeling for simplification purposes. While cortical bone is an integral part of the bone structure, its exclusion simplifies the analysis and may be justified depending on the study’s specific focus or the desired level of computational complexity. The modeling approach considers the full 360 degree surrounding area of the bone to capture the complete effect of implant insertion. This choice allows for a comprehensive analysis of stress distribution and biomechanical interactions from all sides, providing a holistic view of the implant’s impact on the surrounding bone. Excluding thermal effects simplifies the model and assumes that the insertion process does not generate significant heat. While this may be reasonable in some scenarios, certain applications or materials might warrant consideration of thermal effects. The Cowper–Symonds material model is commonly used for modeling mechanical behavior. Its non-thermal nature implies that temperature-related effects are not taken into account. This simplification is suitable when thermal considerations are not a primary focus. In addition, the pre-drilled hole is assumed to be straight.





5. Conclusions


The relationship between the non-straight geometry of the dental implant and the pre-drilled site results in stress distribution within the cancellous bone. Stress analysis is valuable for clinicians and researchers in the field of implantology. Accepting the stress distribution during implant placement helps optimize implant designs, refine surgical techniques, and consider factors that may affect the long-term success and stability of the implant-bone interface. The observation of peaks and valleys in the stress distribution during implant insertion, attributed to the fixture design, serves as a foundation for improving the biomechanical compatibility of dental implants. The detailed stress distribution analysis at the upper and lower edges of the pre-drilled site provides a nuanced understanding of the mechanical interactions between the implant and the jawbone. The described stress variations during rotational movement underscore the complexity of biomechanical interactions in dental implantology. The interplay between implant design, rotation, and stress distribution informs ongoing efforts to enhance implant performance and optimize clinical outcomes. Clinicians can use this information to anticipate and address potential stress-related challenges during implant placement. Considerations for taper dimensions, mid-length contact, and stress distribution patterns can inform decisions in the planning and execution of implant procedures.
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Figure 1. Simulation model. 
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Figure 2. Meshed model. 
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Figure 3. Grid independence study. 
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Figure 4. Applied boundary conditions for the jawbone and implant. 
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Figure 5. Stress distribution in the jawbone during implant insertion. 
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Figure 6. Stress distribution in the jawbone. 
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Figure 7. Stress distribution at the pre-drilled holes (a) upper edge (b) lower edge. 
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Figure 8. Stress distribution at the pre-drilled hole surface. 
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Figure 9. Stress variation at the pre-drilled surface. 
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Table 1. Details of models and corresponding nodes and elements for each model.
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	Components
	Node
	Elements





	Cancellous bone
	1,216,888
	7,010,160



	Implant
	15,322
	72,020










 





Table 2. Material properties and Cowper–Symonds parameters [29,31,32].






Table 2. Material properties and Cowper–Symonds parameters [29,31,32].





	Properties
	Cancellous Bone
	Implant





	Density (Kg/m3)
	800
	7856



	Young’s Modulus (MPa)
	987
	220



	Poisson’s ratio
	0.3
	0.3



	Initial yield stress (MPa)
	23
	-



	Tangent modulus (MPa)
	0.91
	-



	Hardening Parameter
	0.1
	-



	C
	2.5
	-



	P
	7
	-



	Failure strain
	0.05
	-
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