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Introduction: This study observed the consequences of integrating mandibular kinematics in maxillary and mandibular teeth contact in a finite element analysis (FEA), and investigate the level of simplification of the dental models in FEA. The purpose of this study was to compare the results of finite element analysis obtained from simple to more complex dental models incorporating mandibular motion during loading phase.



Methods: Six models were generated for this study. The simplest models consisted of only the crown of the tooth and an antagonist tooth with either the same properties or rigid body properties while the subsequent models incorporated the root of the study tooth and the surrounding bone. The most complex model involved the hyperelastic ligament and the other anatomical elements of the tooth and surrounding bone. Mandibular movement data recorded with the Modjaw® system (Modjaw-Technologie) were used to bring the teeth into contact and generate the loading in all models where the stresses exerted on tooth structures during the chewing process were evaluated.



Results: von Mises stress and the shear stress obtained in all models, exceeded the ultimate compression strength of the materials, except for the model with the hyperelastic periodontal ligament. The forces applied to the tooth were extremely different depending on the addition or removal of anatomical elements despite the systematic study of the same teeth.



Discussion: The inclusion of mandibular kinematics in the finite element analysis requires the modelling of a complex dental model as simplification generated an overestimation of the forces and stresses on the structures. Finite element dental models allow for the observation and prevention of restorative failures by numerical methods but misinterpretations caused by poorly designed models have clinical implications on estimating performance of dental restorations.
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1 Introduction

Complex finite element models in dentistry tend to better represent the in vivo situation (1). In 2007, Magne (2) published a protocol for constructing dental models that has been used by many authors (3, 4) since then. In that study, a construction was presented by superimposing different parts of a tooth. The authors (2–4) identified the boundaries of each tooth structure from radiography (such as pulp, dentin and enamel) and generated the volume of each part. The entire dental volume was created by the superposition of the volume of each part but generally the boundaries of the pulp did not correspond to the lower limit of the dentin and the upper limit did not correspond to the lower limit of the enamel. This lack of concordance between the boundaries give rise to mesh overlaps and empty space. Consequently, these zones became stress concentration zones during the finite element calculation. The Boolean operations used at this stage of the construction made it possible to superimpose the means of two boundaries and generate only one with perfect congruence (2–4). A first approximation was thus included in the model by this means. A previous study (5) showed that it was possible to exclude this approximation and use anatomical configuration with a single dental volume including different structures such as enamel, dentine or pulp. The complexity of the maxillomandibular system does not make it easy to understand the diffusion of forces in occlusion studies (6, 7). These studies opted for a simple loading configuration of their models and applied a force in a defined direction to perform the calculations. In 2016, Dai et al. proposed a force analysis on the maxillomandibular structure following the integration of mandibular motion (8). However, it was more focused on muscle forces and did not incorporate sufficient accuracy for a finite element analysis (FEA) of tooth structures.

Currently, the literature does not present a study of a dental finite element model that has integrated the mandibular motion of the same patient to define the force applied but the Boolean approximations and oversimplified models were used in multiple studies published recently (4, 9–12).

The methods of recording mandibular movement did not have the precision necessary to make use of their data in the FEA. On the other hand, the photographic and cineradiographic methods have been abandoned due to the ionizing radiation that the patients had to undergo during the recordings. The magnetic methods (13), such as kinesiographic recordings (K7/CMS; (Myotronics, Kent, WA, USA) (14, 15) is rather used for the study of the muscles tension since chaotic recordings do not allow displacement curves to be obtained exploitable. Subsequently, the optoelectronic methods (16–18) or the ultrasound systems (8, 19–22) were described with an accuracy of 50 to 100 µm and with the problem of loss of tracking due to the unidirectional characteristics of the LED beams (23, 24). Finally, all these systems used closed softwares that do not allow the data to be extracted and used with other softwares. Today, one open software, Planmeca 4D Jaw Motion (Planmeca, Helsinki, Finland) with 4D-CBCT system, allows for data extraction. The system meshes the ultrasonographic, intra-oral scans and CBCT images to present a dynamic 3D jaw motion simulation of the patient. The only flaw is the need for CBCT acquisition which induces systematic irradiation of the patient.

The system Modjaw® (Modjaw®-Technologie, Sainte Hélène du Lac, France) invented and marketed in 2018 by Dr. Maxime Jaisson, allows for 2D or 4D occlusion analysis with recording a dynamic mapping of maxillo-mandibular contact points, occlusion curves, Bennett angles or condylar slopes. It can be used as a virtual articulator, a facebow and as an axiograph in addition to its function as a mandibular and the temporo-mandibular joint movement recorder, allowing for all motions to be observed in real time and using the data directly with dental CAD/CAM systems. It is currently the only system that makes it possible to merge 3D model, 4D motion, CBCT and facial scan with an accuracy of around 10 µm (25) and without requiring the use of x-ray for data acquisition.

Despite advances in mandibular motion measurement systems in recent years, no study has attempted to use such motion data in FEA to investigate stresses on dental structures. This limits the approximate theoretical data used in all models in the literature described above. There is in fact no longer any need to apply a force to the occlusal surface with a totally subjective value, point of impact and direction. The application of movement induces contact under force, where the direction and location of the force are identical to that found in the patient clinically. This makes it possible to start calculations with a more realistic situation. However, it is important to verify the results obtained during the application of the movement to ensure that they do not induce errors or aberrations in the results, allowing for a reliable stress analysis.

The aim of this study therefore was to observe the results of loading a dental FEA model with mandibular movement and assess the level of simplification possible for this model along with the consequences for stress analysis of dental structures. A comparison of six models, from the simplest to the most complex, was analysed in FEA. The impact of the simplification of the model integrating mandibular kinematics was also evaluated. The hypothesis was that the maximum von Mises compressive stress, maximum shear stress, maximum contact pressure and maximum force measured on each model would not differ significantly despite the complexity of the model and that the results would be consistent with the clinical situation when recording mandibular movement.



2 Materials and method

One patient data was used in this study. The selection was based on data from the clinical examination of a practitioner using Modjaw® v 2.0.543 (Modjaw-Technology) where several movement recordings were carried out and comparisons were made with classical techniques for locating occlusal contacts on multiple patients during the calibration phase. Patient selection was based on the absence of dental restorations on all teeth and class 1 occlusion. All patient models, acquisitions and recorded data used in this study were executed during the dental examination unrelated to this work. No intervention was performed in this study. This was a retrospective study for which informed consent was obtained from the patient in accordance with the Declaration of Helsinki for the use of these data.


2.1 Mandibular movement recording

The Modjaw® v 2.0.543 (Modjaw®-Technologie, Sainte Hélène du Lac, France) was used to record the mandibular motion. The system integrated a high-resolution camera coupled with touchscreen computer (HP EliteOne 800 G5, 23.8-inch computer with Windows 10 Professional operating system) (Figure 1A) headband and mandibular splint components with the reflector. The headband represented the fixed benchmark on the nasion where a plastic splint was held on the vestibular side of the mandibular teeth with temporary resin in order not to interfere with occlusion. A butterfly-shaped reflector fixed in front of the tray allowed for recording the movements of the mandible in relation to the position of the head. The STL files of the maxillary and mandibular cast models and the occlusion of the latter were recorded with an extra-oral scanner (series 7, Dental Wings, Strauman® Group, Montreal, Canada) and were imported into Modjaw®. The correspondence between these files and the anatomical elements on the patient was achieved using a specific stylus which made it possible to indicate the position of anatomical structures including the paracondylar points, suborbital, interincisal and subnasal point to the camera (Figure 1B). The software identified the correspondence of each point on the STL files of the plaster models. Once the system was set up, the practitioner asked the patient to perform a propulsion, deduction, and latero-deviation movement to verify the correct registration. Once it was validated, chewing movements were performed. Mandibular and condylar displacements were visualized in real time during mastication (Figure 2). For this study, the displacement during open/close moments were registered using an extra thin articulation paper as reference. The practitioner had asked the patient to reproduce this movement several times during his examination and only a part of this open/close movement with dental contact has been selected in order not to have too long calculation time. The intensity of the contact points could not be verified but identified based on the photos made by the practitioner. This step made it possible to validate the similarity of the contacts observed on the Modjaw® screen and in the patient even though this study took place without the patient. The translation and rotation data of the Modjaw® models (Figure 3) were transferred to the FEA software (Abaqus, Dassault Sytèmes® Simulia Corp®, Paris, France) after matrix calculation where the motion was applied to the mandibular tooth.


[image: Figure 1]
FIGURE 1
Modjaw system (A) camera and computer and (B) Set up of the headband, the mandibular gutter with reflector and taking the reference points with the stylus into consideration.



[image: Figure 2]
FIGURE 2
Images of the Modjaw system. (A) Real time motion visualization with condylar angle information on the left and the movement scheme on the right. (B) The occlusal contact intensity representation with different colours. (C) Occlusal curves illustration.



[image: Figure 3]
FIGURE 3
Displacement (in mm) imposed at the reference point of tooth 47 (0,0,0) in the reference frame of MODJAW®. (A) Motion data of the translation movement and (B) Motion data curve of the rotation movement.




2.2 3D finite element model construction


2.2.1 Acquisition of the anatomical data and segmentation

A CBCT acquisition (NewTom® Giano, Verona, Italy) of the patient’s maxillomandibular system was used to design the 3D finite element model where 822 slices of 0.2 mm were obtained with this acquisition. The region of the maxillary and mandibular right first molars was selected. Segmentation of the entire second maxillary molar (17) and mandibular molar (47), and a small part of the surrounding bone was performed using the image processing software (Amira®, Visage Imaging GmbH, Berlin, Germany) (Figure 4). Different parts of dental anatomy (enamel, dentin, pulp) and surrounding periodontal ligament and bone were separated pixel by pixel using radiographic grey levels. Semi-automatic or manual methods were used by extraction, interpolation and progressive edge filling for the segmentation of these parts on each CBCT slice. A mask was obtained for each part: enamel, dentin, pulp, bone. The mask of periodontal ligament was built with an extraction of 0.25 mm in bone part around the root of the tooth. The Amira® files were converted in a mesh and exported (Rapidform®, Inus Technology, Seoul, Korea) for the construction of a 3D CAD model.


[image: Figure 4]
FIGURE 4
Screenshot of the Amira software segmentation of enamel on all views of the CBCT acquisition according to the gray level of the structures. Other structures were segmented using the same method.




2.2.2 Volumetric mesh and material properties

The model was constructed according to the previous study (5). The first step taken with Rapidform® was to restore congruency between the masks (pulp-dentin-enamel). The junctions between enamel and dentin and between pulp and dentin were represented by the 3D surfaces created. A closed solid was then created after thorough cleaning. Dental models found in the literature are made up of superimposed of pulp, dentin and enamel volumes (2, 26, 27). In this study, for each tooth, a single volume was divided into several parts with all included structures (enamel, dentin, pulp, periodontal ligament, and bone). The surface of masks represented the joints between these materials in the same volume. This method of construction with the distribution of different materials of the same volume avoided the stresses at the interface joint and removed the need to calculate approximation with Boolean operations as in other methods described previously (2). Model was imported into Abaqus® (Dassault Systèmes® Simulia Corp®, Paris, France) after volumetric mesh creation. Mesh optimisation was performed, and a size of 0.025 mm was chosen. Six situations were tested (Figures 5–10) where in each model, the mesh size and density of each anatomical part were identical.


[image: Figure 5]
FIGURE 5
Finite element representation of the model 1 with the tooth 17 cut from the bone junction, constrained in all directions at the base of crown and considered homogeneous, linear, isotropic, and elastic. 47 was considered rigid body. (A) Visualisation of the different materials and (B) Volumetric mesh.



[image: Figure 6]
FIGURE 6
Finite element representation of the model 2 with teeth 17 and 47 cut at the bone junction and considered homogeneous, linear, isotropic, and elastic. (A) Visualisation of the different materials and (B) Volumetric mesh.



[image: Figure 7]
FIGURE 7
Finite element representation of the model 3 with the dental and bony structure of the 17 and 47 and without periodontal ligament. All the materials were considered homogeneous, linear, isotropic, and elastic. (A) Visualisation of the different materials and (B) Volumetric mesh.



[image: Figure 8]
FIGURE 8
Finite element representation of the model 4 with the tooth 17 considered homogeneous, linear, isotropic, and elastic for the dental and bony structures and hyper-elastic for the periodontal ligament. The 47 was considered rigid body. (A) Visualisation of the different materials and (B) Volumetric mesh.



[image: Figure 9]
FIGURE 9
Finite element representation of the model 5 with the tooth 17 considered homogeneous, linear, isotropic, and elastic for the dental and bony structures and hyper-elastic for the periodontal ligament. For the 47 the structures were cutting from bone junction and the materials were considered homogeneous, linear, isotropic, and elastic. (A) Visualisation of the different materials and (B) Volumetric mesh.



[image: Figure 10]
FIGURE 10
Finite element representation of the model 6 with the teeth 17 and 47 considered homogeneous, linear, isotropic, and elastic for the dental and bony structures, and hyper-elastic for the periodontal ligament. (A) Visualisation of the different materials and (B) Volumetric mesh.


Starting from model 1 with only the crown part and the rigid body antagonist tooth, the anatomical elements of the root and the periodontal environment were added along with the properties of structures that were modified from rigid to elastic or hyperelastic up to model 6. From the simplified model to the complex model, different anatomical parts were added in the model increasing the number of elements but not changing their size or density. C3D4 elements represented tetrahedral deformable elements and these were the same elements with hyperelastic properties while R3D3 elements were triangular rigid surface (Tables 1, 2).


TABLE 1 Model conception information.

[image: Table 1]


TABLE 2 Materials properties used in the finite element analysis.

[image: Table 2]



2.2.3 Boundary conditions and finite element analysis

The boundary conditions for models 3 through 6 were the same with all nodes on the upper bone surface of tooth 17 constrained in all directions. In all these configurations, the coefficient of friction between the teeth was 0.1 (32, 33). Thereafter, Modjaw model and the constructed model were superimposed, and the same reference point was used for the motion data (Figure 11). For each tooth of the model, different movements of the jaw were transcribed by matrix transformations of rigid bodies making it possible to obtain quaternions applied in the FEA. From these matrix results, other transformation and resolution routines were set to obtain the displacement and rotation vectors applicable in the Abaqus® software. These vectors were applied to tooth 47 in order to induce a movement. The motion of 47 created a contact between the teeth and generated the load on the tooth 17. The loading intensity and location was defined by the motion step and represented the patient`s occlusion. The load direction was defined by motion direction and the contact surface between the teeth. No modification was performed as the aim was to have a realistic situation. FEA was used to evaluate the von Mises stress, the elastic strain, and the displacement of the model structures. No force was applied to the teeth during analysis and the data collected were the results of tooth contact induced by mandibular movement.


[image: Figure 11]
FIGURE 11
Matching of the Modjaw maxillo-mandibular model and the model built for the finite element analyses of teeth 17 and 47.






3 Results

The computation time was 32,852 cpus for the first model and reached 8,24 E+05 cpus for the 6th model. Figure 12 shows the maximum von Mises stress, maximum shear stress, maximum contact pressure and maximum force measured in each model. These were all observed in the enamel as the highest values appeared in enamel. Figures 13, 14 show the von Mises stresses and the maximum shear stresses measured on the enamel during mandibular motion for the different models, respectively. The force was approximately 5,000 N for model 1, around 3,000 N for model 2 and exceeded 600 N for models 3, 4 and 5. For model 6, the maximum resulting force was 177 N. The von Mises stresses observed in models 1 to 5 greatly exceeded the elastic limit values of enamel in compression (384 MPa) (10).


[image: Figure 12]
FIGURE 12
The maximum Von Mises stress (in MPa), the maximum shear stress (in MPa), the maximum contact pressure (in MPa) and the maximum force (in N) measured on enamel in each model.



[image: Figure 13]
FIGURE 13
Von Mises stresses measured on the enamel during mandibular movement in different models studied.



[image: Figure 14]
FIGURE 14
The maximum shear stresses measured on enamel during mandibular movement in different models studied.




4 Discussion

In this study, tooth displacement defined the load on the dental structure. The contact point locations have been defined by the direction of mandibular movement in the selected patient in in Class I occlusion and represented the patient’s actual occlusal position. The maximum von Mises stress, maximum shear stress, maximum contact pressure and maximum force were measured in the maximum intercuspation position. In the literature, mandibular kinematics has not been used directly in order to determine the stress on tooth structure. In previous studies, occlusion force (20 to 1,000 N) was measured during maximum intercuspation time and applied vertically or obliquely to the surface of the dental model (4, 6, 7, 9). However, the measurement of the occlusal force is controversial as the standard way to measure this force is with piezoelectric transducers or strain gauges. These systems however, prevent the patient from having a perfect occlusion. They create an extra thickness on the tooth through which the forces are measured and generate a controlled rather than physiological occlusion. The values of the occlusal force described in the literature varies greatly ranging from 80 (34) to 1,400 N for patients with bruxism (35, 36) but do not reflect the situation of the patient for whom the finite element model is designed. Some systems such as the T-Scan (37) (T-Scan III, Tekscan Corp, Boston, Mass., USA) only give a relative value in relation to the patient’s entire arch. The most important contact zones can be observed with the chronology of their appearance, but the value indicated is not an absolute value as in the case of measurement with one of the piezoelectric transducers or strain gauges. In this study, mandibular kinematics were measured during occlusion on the extra thin articulation paper. The required occlusal force was not too high in the tested situation. The forces greater than 1,000 N occurred only during 100% voluntary occlusion and in the molar regions (35), but overall they were always below this value. This proves that models 1 and 2 cannot be exploited since the forces were well above 2,000 N.

The motion brings the teeth into contact in a continuous motion while the teeth in contact generates a force applied to the structures. The force applied exactly on the occlusal points during the clinical examination involves the action of the muscles as it is this action that allows to direct the mandible of the patient. The achieved model largely improved the quality compared to the models found in the literature (26, 27). Direct use of mandibular kinematic data requires high degree of accuracy in the modelling and the recording the mandibular motion. Without this accuracy, the integration of these data into the FEA generated excessive overlaps of the mesh of the two opposing teeth that resulted in computational errors.

In this study, different mesh configurations were tried to obtain a sufficiently accurate model in order to complete the calculation without abortion. From model 1 to 6, the complexity and validity of the construction increased. In models 1 and 4, tooth 47 was considered as a rigid body and all displacements were supported by tooth 17 which also supported stresses beyond the elastic properties of the materials. Since enamel is a brittle material, its Young’s modulus was defined with a variation between 70,000 and 13,300 MPa depending on the composition of its crystalline fraction (38, 39). These properties change with the distance to the pulp and the direction of the hydroxyapatite crystals (40). The ultimate compressive strength of enamel has been described to be between 100 and 400 MPa with a low deformation capacity of ∼1% (39). The Young’s modulus of dentin on the other hand has been described to range between 11,000 and 40,000 MPa (39, 41) with ultimate compressive strength ranging between 250 and 350 MPa with a strain before fracture at about 2% (39). However, in the finite element models from 1 through 5 used in this study, the observed von Mises stress on the enamel was higher than the ultimate compressive strength of the structures. Only in model 6, the results yielded a von Mises stress (214 MPa) lower than the elastic properties of the structures. Model 6 was in fact the more representative one as the bone structure and periodontal ligament were constructed for both teeth. The contact of the teeth during closing, generated a displacement of each tooth in its alveolar socket with deformation in the periodontal ligament. These displacements reduced the load on the structure of each tooth. The variation in periodontal ligament property values found in the studies demonstrates the difficulties of understanding the stress distribution in this structure in vivo (42). The difference between models 3 and 6 indicated the importance of modelling of the periodontal ligament in 3D dental models. The exclusion of hyperelastic elements generated forces 4 times higher and the stresses supported by the enamel were once again greater than its elastic limit. As with the results previously described (43, 44), the omission of the construction of the periodontal ligament because of its thin and weak elastic properties, was due to the fact that it was not the main objective of this research. Furthermore, simplification of the models would induce erroneous results on stress distribution. The comparison of models 4, 5 and 6 however showed the importance of constructing the integral anatomy of the opposing tooth. The construction in section and the exclusion of the calculation with the rigid body representation gave the same result as for model 3. The constraints were supported only by the tooth studied and generated an overestimation of the values. In this regard, the present study complements previous observations (43, 44) and highlights the use of a model loaded with mandibular kinematics even though these are represented with isotropic properties and with a simplified geometry. It is obvious that the FEA are only a representation of reality and cannot for the moment, for reasons of calculation time and difficulties of understanding, have the accuracy of a real anatomical situation (43).

The stress distribution changes with the loading conditions. Loading with a point force or a rigid sphere can, as discretization properties, concentrate the stress on the loading point and give unrealistic stress values (45). To avoid misinterpretation, it is important to consider the area of the loading surface. The same loading force applied on a small area will not give the same stress results compared to an application to a larger area (45). Conventional loading by applying force to a point or a surface of the model cannot represent a real state because currently there is no means of measuring the occlusal force to give a quantitative value of this force. The tools described in the literature only bring a beginning of information because they are relative forces observed among all the forces measured on a dental arch. Moreover, it should be noted that in order to measure the occlusal force, the literature suggests measuring instruments (e.g., strain gauges) be placed between the teeth (36, 46). However, this does not allow the measurement of a physiological state of occlusion. With the Modjaw system, the splint bonded to the mandibular teeth is located on the vestibular surface of the teeth and therefore does not interfere with the patient’s occlusion at all. The patient can clench his or her teeth or chew food as usual throughout the recording of the movement.

The precision of Modjaw® cameras on intermaxillary relations was 9.7 ± 1.76 µm, and the trueness was 10.8 ± 1.40 µm (25). The accuracy of the camera and software calculations also allowed for the mandibular motion data to be used in the FEA. Simultaneous recording of head movement and the mandibular movement was also a key element in calculating the real motion of the mandible. In various systems described in the literature (47), the markers were placed on the skin on the chin, forehead or temples. Even if the patient is warned about the importance of not having facial expressions, it is difficult to control the skin movements during chewing movements. The Modjaw® system consists of a headband with a nasal support. The correct support behind the head and minimal support on the nose prevents excessive movement of the band. This reduces noise during recording and increases the accuracy of the recording of mandible movement. The patient’s proprioception interferes with the strength and position of the occlusion and can provide more information for the finite element dental model. Applying the theoretical mandibular trajectory to a dental model constructed from a skeletal micro-CT acquisition may overestimate the resulting force and occlusal stresses of the specimen (48). Therefore, additional work is needed with the patient’s own movement to consider dental anatomy, wear in veneer morphology and variations in tooth position and pressure over time. The different configurations of the dental models used in this study showed the importance of including as many anatomical parts as possible. During mandibular motion and maxillo-mandibular occlusion, several deformations take place during the bite process and if the models do not consider this information, the results of the forces exerted upon the dental structures are overestimated. Without a construction of the overall anatomic parts of the tooth, the periodontal ligament with hyperelastic properties or the bony structures, the forces exceeded the elastic limits of all individual structures. It is therefore not possible for brittle structures such as enamel and dentin to be subject to such high forces while their deformation rate is very low.

Understanding the importance of modelling the anatomical structures when using mandibular kinematics to feed the finite element model also allowed us to demonstrate that the results obtained in the literature may overestimate the real situation. Maximal voluntary bite force assessment has been investigated previously (45, 49, 50) but the use of this information in the model with a simple dental crown without modelling of other anatomical elements or with an antagonist tooth having rigid properties does not allow for an accurate assessment of stresses on structures and complicates the comparison between studies.

This work has enabled us to verify the need to include all anatomical elements in the dental model when using mandibular kinematics. Further studies should be carried out to determine the impact of structural properties, repeatability of the protocol with several patients and also compare the results with an experimental model. The process of determining the accuracy of a model is a representation of the real world and depends on the intended use of the model (51). Dental models are often intended to understand the reasons and processes of failure of either the tooth structure or direct/indirect restorations. As such, overestimating forces with overly simplified models will not be an accurate reflection of the real situation. Finally, an even more complex model, considering the deformation of the mandibular arch, should take place in order to better understand the stress dispersion during mastication.



5 Conclusion

Based on the findings of this study, the integration of mandibular kinematics into the dental finite element analysis required the use of all anatomical structures (enamel, dentin, pulp, periodontal ligament and bone) in the finite element model construction. The omission of some of these structures during the construction of the model for the sake of simplification overestimates the forces experienced on the dental structures. This is an essential point that also calls into question the results of biomechanical studies on dental restorations and implants in the literature.
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