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Abstract

:

In the paper, using the video image correlation method, a study of the micro-movement pattern of the dental implant and of a normal was performed. It is revealed that there are great differences between these two situations. The linear displacement type of the dental implant refers to the linear elastic modulus of bone tissue in the case of normal bite forces. It seems that the major influencing factor regarding the type and value of implant micro-movement is defined by the underlying bone tissue. It is to be considered that masticator force transmission inside a more stiff and dense bone could be attenuated by the antagonist teeth parodontium, dental implant and abutment connection type, and the elastic modulus of material of the dental crown. Because of the elasticity of the periodontal ligament system, during the loading of the dental implant, the natural tooth has been displaced slightly more, leaving the dental implant in an unfavorable position, having to bear the full amount of loading forces. When comparing the relative displacements in the case of the loaded tooth, it is shown that the dental implant has been moving almost symmetrically with the tooth. This could mean that large amounts of forces are transmitted towards the periimplant bone tissue, but in a more optimal, parabolic manner due to the action of the periodontal ligaments surrounding the natural tooth.
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1. Introduction


Dental implants are widely used in modern dental care, mainly for prosthetic reasons. Their long term durability and applicability is mainly defined by the quality and quantity of the alveolar bone, where they are inserted. For this reason, great efforts are made already from the surgical phases, prior to implant placement for preserving, and in other cases augmenting bone tissue to form a better substrate for the dental implant. Due to the complexity, time consumption, and the high costs of the bone augmentation procedures, the attention has shifted towards the more atraumatic and bone sparing techniques of implant placement and tooth extraction. One of the newest and most innovative and promising techniques is the use of the magnetic mallet [1]. Once the dental implant has been osteointegrated, various types of dental prostheses are connected to their platform. From this moment, the dental implant is exposed to the oral cavity, and loaded with masticatory forces, the alveolar ridge slowly starts to resorb, clearly affecting the long-term success of the dental implant.



Periimplant bone loss after osteointegration is known to be due to biologic and biomechanics factors, which lead to the dental implant failure [2,3].



During mastication, medium to high values of bite forces are transmitted to the alveolar bone through the dental implant superstructure, namely the dental crown. The basic concept of modern implantology assumes that dental implants do osteointegrate, and the dental implant surface gets in direct and intimate relation with the surrounding alveolar bone tissue, without the interposition of any soft tissue. Histological periimplant tissue differs from the normal periodontal ligaments of natural teeth. Natural teeth are anchored inside the alveolar bone, via this pseudo-joint, transforming compressive forces to dragging forces. The ankylotic dental implant instead compresses the bone tissue during masticator loads. Compression of the bone is less tolerated than dragging force, which are much physiological than compressive ones. Besides, periodontal ligament works also as a shock absorber. The biomechanics of the periodontal ligament system was studied and numerically modelled by means of the finite element method (FEM) [4].



Theoretically, loading the dental implant there will be impact like forces transmitted towards the alveolar bone which could initiate bone resorption [5,6]. Other studies conducted on teeth with bone resorption due to parodontal disease have shown that unfavorable loading due to improper occlusion contributed to bone loss [7]. Another study conducted on monkeys showed that periimplant bone loss could only have been observed when the dental implant crown was at least higher than 180 μm compared to surrounding teeth [8].



Supposedly, the periimplant bone tissue has resisted some overloading, even when loads were higher than the loading of the surrounding teeth. This could mean that in some cases, periimplant bone tissue can bear overloading even in case of the missing periodontal ligaments.



The highest compressive forces tolerated without bone resorption vary in case of each bone type, being influenced by the density and the ratio of compact and spongy bone tissue. This is also influenced by age, sex, and constitution. For example, the mandible interforaminal area is much more resistant to bone resorption than any other locations of the maxilla [9,10,11,12,13].



Knowing this, a series of solutions has been discussed to reduce and attenuate some of the loading forces of the dental implant. Dental implant crown morphology has been changed, reducing the occlusal surface. The elastic modulus of the material of the crown has been studied for better stress absorption, and a resilient shock absorber system has been designed for this purpose [14,15,16,17].



For long time, in vivo studies of the biomechanics of the dental implants were considered too laborious and imprecise, and the methods used interfered with the studied phenomena and were consequently abandoned. Regardless, this issue has been often discussed, and solutions for this issue have been implemented in dentistry [18,19].



The video image correlation (VIC) method has successfully been used for in vivo study [20], and the authors also chose this method because of its advantages. Being an optical measurement method, it does not interfere with the studied phenomena.



The aim of this study was to investigate micro-movement types and values in vivo of normal teeth and osteointegrated dental implants, and to collect data regarding the mechanical behavior of the periodontium.



Although in vivo studies are difficult to conduct in the oral environment, the authors consider that they also have many advantages over FEM simulations.



Muscular contraction is known to be the sum of fasciculations of muscle fibres, which are individual, specific, and shape the individual bone quality, and dental occlusion. In this case the loading forces are as real as possible, and are not simplified or distorted [21]. Simultaneously, physiologic dental biomechanics and micro-movements are monitored and can be compared to the dental implant. The masticator forces are transmitted towards the investigated dental implant through the antagonistic natural teeth and are as real as possible. The results of the in vivo investigations show great differences in some cases, due to different measuring techniques, and interferences with the investigated phenomena [22]. The VIC method has no contact with the specimen, and does not interfere with it [19].




2. Materials and Methods


To highlight and monitor the movement of the implants and the natural teeth, the authors have used the VIC-3D optical system without contact, from the ISI-SYS GmbH Company, Kassel, Germany, with the software supported by the Correlated Solution Company, Irmo, SC, USA.



In this study, the authors investigated one osteointegrated dental implant positioned on 1.6 (superior maxillary, molar region), the neighboring teeth being the patient’s own and intact teeth, and the masticator forces were performed by means of natural, antagonist, intact, vital teeth.



First, the calibration of the optical system was carried out with the help of a calibration target, a plate provided with a set of black dots arranged at strictly identical distances, with caliber arranged at a distance similar to that of observing the teeth by the optical system VIC-3D. After calibration, the optical system was positioned at the same distance from the monitored tooth.



On the vestibular surface of the dental crown and the dental implant, which were going to be monitored, sets of black dots with random size and distribution were applied corresponding to the followed area of interest for the selected characteristics of the optical system used for the experiment (zones with the black dots can be seen on Figure 1 and Figure 2).



Along the monitoring of the displacement field, the precise monitoring of the masticator force was also desired. To this end, a miniature (electric-resistive strain gauge) transducer of 1000 N force was used, on which we subsequently applied the actual masticator force.



Figure 3 shows the calibration curve of the force transducer, where its good linearity can be noted, as well as its sensitivity.



The patient was seated in the dental unit. The force transducer was placed between the dental arches. It will alternately be placed over the surface of the crown of the natural tooth, and the crown of the implant subjected to the tests, situated on the upper jaw, and loaded alternatively.



During the experiments, which consisted of masticator cycles (applying a force and discharging the jaw to a practically unloaded state, ensuring only that the force transducer is held between the teeth), the dentist fixed the patient’s head as still as possible and ensured the retraction of the soft tissues of the oral cavity with the help of a Farabeuff retractor. This was required to ensure the tracking of the area of interest of the oral cavity by the VIC-3D system.



Two sets of measurements were carried out namely:




	
The application of the masticator force on the dental implant and the simultaneous monitoring of the displacements occurring at the level of the implant, and of the mesially situated natural tooth.



	
Applying the masticator force on the natural tooth and simultaneously monitoring its displacements and the displacements of the unloaded dental implant.








Each time, the point marked on loaded crown was marked with P(0), and the point marked on the other (unloaded) crown with P(1).



The displacements of these points P(0) and P(1) marked the primary purpose of these investigations.



In the following figures, a set of similar diagrams are presented in correlation with the rest of masticator cycles where the displacements of points marked P(0) and P (1) appear during the increasing masticator loading forces.



In the case of the loaded implant, both at the implant and at the level of the natural tooth, the characteristics of the curves were practically linear due to the fact that the implant has a practically rigid fixation in the human bone and the corresponding displacement was also according to a linear characteristic. The natural tooth in this case was subjected to a rigid body plane-parallel movement, displacing in a practically similar way to the implant.



In the case of the loaded natural tooth where the fixation in the maxillary bone is elastic, both for it and for the implant, the displacements had a curve corresponding to the elasticity of its fixation area.



Observations: The VIC-3D system has its own reference system, correlated with the position of its two video cameras. During the experimental investigations, the two cameras will capture images related to this system.



The longitudinal axis of the analyzed tooth (marked with the red line; “tooth direction”) forms an angle with the horizontal axis   x O   of the camera (Figure 4a). In principle, the displacements   ( u , v )   of the point P(0) on the tooth through the resulting displacement vector   δ =    u 2  +  v 2      (marked with the green line in Figure 4a) must be projected in the direction of the tooth, giving the projection   δ ’  .



Due to the fact that during the simulation of the mastication process both the direction of the applied force F (of which only its   F ′   projection on the direction of the tooth will be of interest) and the actual direction of the tooth are a little bit changed (there are small involuntary rotations of the patient’s head during mastication), the calculation would become too complicated by the two cameras, a set of components   ( u , v )   would result, for which each time both the resultant  δ  and its projection   δ ’   would have to be calculated, completed by monitoring the force projection   F ′   in the same direction of the tooth.



In this regard, the authors offer a simpler and more effective solution shown in Figure 4a. Here it can be seen that it will be possible to work/operate much more easily with the projections of the components   ( u , v )   in the direction of the tooth, for i.e., with   ( u ’ , v ’ )   the sum of which gives the size of the projection of the resultant   δ ’  , i.e.,    δ ′  =  u ′  +  v ′   . This correlation can be demonstrated by a simple mathematical calculation.



In order to monitor the changes in the direction of the applied force, the first approach was to use the average value of the angle formed by the support line of the force (thus the direction of the force) with the average direction of the tooth.



In the case of a rate of image caption of 0.05 s, this stimulated the process of a mastication cycle (cycle of force application and subsequent releasing), lasting for almost a second. In the future, the authors will have to elaborate an automated strategy of data processing regarding the angle arrangement of the tooth and force transmitter.



For suitable analysis of the linear and curvilinear pattern of the displacement diagram (in the direction of the longitudinal axis of the tooth) obtained, in Figure 4, there are offered complete explanations.



If the two crowns (dental implant 9 and natural tooth 11 are fixed in a medium (mandible) 6 having linear force-displacement characteristic (form  α  from Figure 4b), then according to the principle of parallel plan translation from solid body mechanics (only one crown will be loaded at a time, the other one is left free), both crown displacements will have the same pattern: linear. This corresponds to the loaded implant.



If the medium 6 has curvilinear pattern,  β  (as it is characteristic for the periodontal ligament system of the natural teeth), then both of the crowns will have curvilinear pattern, according to parallel plane displacement.



Figure 4c provides the original solution of the protection of the miniature force transducer 4, as follows: The miniature eletrotensometric force transducer 4 must be protected from accidental damage during the mastication process, but at the same time the precise, perpendicular orientation of masticatory force must be ensured on the upper center point of this force transducer. Therefore, the authors designed an original support consisting of a steel cylindrical part 2, precisely guided (without play, i.e., a sliding adjustment) in the bore of the steel housing 3, closed in its lower part with the help of a miniature steel disc 5. The transducer of force is also slidably mounted in the cavity of the part 3, and the minidisc 5 is mounted by gluing with a special adhesive to the housing 3. Because during the mastication process, both the crown of the natural tooth and the implant would step directly on the steel surface of the cylindrical part 2, respectively, on the minidisc 5, a thin layer of protective sheet covering 1 of the usual adhesive tape will be interposed. Thus, damage to the teeth that would come into direct contact with the steel surface of parts 2 and 5 will be avoided.



It Is known from the literature that the natural tooth 11 has an elastic fixation, i.e., it forms an elastic medium (similar to the spring-damper subassembly from the suspension of a motor vehicle), by means of the alveolar bone segment (alveolar bone) 8 (from Figure 4d), which ensures the mitigation of shocks during mastication, given its force-displacement load curve characteristic (type from Figure 4b). This type of fixation should not be associated/confused with a linear-elastic (force-displacement) characteristic, since the term “elastic” here refers exclusively to the ability of this intermediate layer, i.e., alveolar bone, to absorb shocks during the process of mastication. On the other hand, the currently used implant 9, involved in the authors’ investigations, is fixed by means of a double-threaded metallic cylindrical element (sleeve-nut) 7, where its outer thread serves to fix it in the mandibular bone 6, and in the inner one fix the pin to the actual implant (implant-bolt). This metal ring 7 obviously has a linear-elastic characteristic (type from Figure 4b).



The loading/request each time being applied exclusively on a single tooth, either on the implant, according to Figure 4d, or on the natural one, according to Figure 4e. For an easier understanding of the phenomenon, let’s assume that the applied force, more precisely, its component in the direction of the tooth, i.e., will be taken directly by the requested tooth, and at the level of the miniature force transducer we would have a support point fixed (a simple support from solid mechanics). Due to the stress, the element that will deform will be either the double threaded metallic cylindrical element (sleeve-nut) 7, or the alveolar bone portion 8 below the natural tooth. Consequently, the connecting element 6, i.e., the mandibular bone, will move through a translational movement (from the initial position, marked with a solid line, to the final one, marked with a broken line), carrying the other tooth with it.



Interrupted lines from Figure 4d,e represent the parallel plane displacement of this sub-system of the implant 9—natural tooth 11 and their connection to mandible 6.



In this translation movement, the characteristic of the deformed element 7 and 8 will be preserved, obviously at a smaller magnitude. Consequently, the unsolicited tooth displacement will exhibit the same characteristic as the above-mentioned deformed element. The mandibular bone 6, which connects the two teeth (the implant and the natural one) can be considered in this simplified calculation scheme as perfectly rigid, i.e., non-deformable. However, if the application of the force were to occur somewhere in the interval between the two teeth, then, obviously, both teeth would take shares of this force, and in this case the two involved teeth would present different characteristics from the one mentioned before. Precisely, in order to clearly separate the demand of the two teeth, the authors applied this strategy of individual loading of them (teeth).



The diagrams in the figures showing the displacements experienced by the implant, respectively, the natural tooth, confirm this phenomenon of plane-parallel displacement briefly analyzed earlier.



Moreover, in Figure 1 and Figure 2, those thin layers 1, detailed in Figure 4c, can be observed.




3. Results







	(1)

	
Case of the dental implant loading with increasing masticator forces.









Following the evaluation of the collected data during the masticator process, a characteristic cycle of loading (repeated in each of the following cases) could be identified. In Figure 5, the micro-movements of the dental implant crown in its axis, when the implant was loaded (was applied the force  F ), are presented. Force   F  [ N ]    from the diagrams represents in fact the projection of the total masticator forces in the direction of the loaded implant crown, i.e.,    F ′  =  F  r e a l    [ N ]   .



The implant has responded practically in a linear aspect to the masticator forces.



Supplementarily, one has to mention the fact that during the loading of the dental implant, micro-movements of the mesial teeth crown were observed, which as mentioned earlier suffers a parallel plan displacement, clearly remarkable on the diagram in Figure 6.



The relative displacements (in absolute values) of the loaded implant/unloaded tooth have also been calculated, as represented in Figure 7. The linear character of the curve can be observed up to 35 N, which, subsequently, with the increasing forces changes into a much steeper inclining of the line.




	(2)

	
Case of the mesial tooth loading with increasing masticator forces









Based on similar analysis, a characteristic masticator cycle has been identified, resulting in the diagram shown in Figure 8, representing the displacements in the axis of the loaded natural tooth crown.



The curvilinear aspect of the response of the periodontal ligament system of the maxillary natural tooth can be observed. Meanwhile, the unloaded dental implant displacements resulted in a similar, curvilinear aspect (Figure 9).



Monitoring the masticator act, in this case, the relative displacements of the unloaded dental implant and the loaded tooth offered the next values, presented in the diagram in Figure 10, where the curvilinear aspect can be observed.



Other important data obtained from this series of experimental investigations concern the correlation of the displacements of the implant and the natural tooth, overlapping their diagrams:




	(a)

	
Case of implant loading









Here, overlapping the analyzed curves, related to the dental implant and natural tooth, resulted in the displacement differences, presented in Figure 11. The linear aspect of the displacements can be observed. The loaded dental implant transmitted linearly the displacements towards the natural tooth through the approximal contact points.




	(b)

	
Case of natural tooth loading









Based on the same procedure, overlapping the curves related to natural tooth loading, the results presented in Figure 12 were obtained. The curvilinear aspect of the relative displacements was observed.




4. Discussion


Results clearly show that the micro-movement pattern of the dental implant and the normal tooth show great differences. Approximately similar in vivo experiments produced the same results [5]. The linear displacement type of the dental implant refers to the linear elastic modulus of bone tissue in the case of normal bite forces, up to approximately 50 N [23]. This elastic modulus differs greatly in the case of cortical and spongy bone type. The thickness and proportional distributions of these two bone types define the mechanical properties for each region of the jaws [24]. In our case, absolute values of the micro-movements of the dental implants are defined by the characteristics of this region of the upper jaw, consisting of soft spongy bone, covered by thin cortical bone, reduced much in height by the presence of the maxillary sinus. It seems that the major influencing factor regarding the type and value of implant micro-movement is defined by the underlying bone tissue. It is to be considered that masticator force transmission inside a more stiff and dense bone could be attenuated by the antagonist teeth parodontium, dental implant and abutment connection type, and the elastic modulus of material of the dental crown [25].



In the case of natural tooth loading, where periodontal ligament system was present, the micro-movement pattern type was parabolic, meaning that the loading force transmission has been more optimal than in the case of the dental implant.



Due to approximal contact points between the natural tooth and the crown of the dental implant, it is shown that according to Figure 6 and Figure 9, micro-movements were transmitted towards the unloaded specimen. The micro-movement pattern type present on the unloaded specimen corresponded with the pattern of the loaded specimen.



More valuable are the information presented in Figure 11 and Figure 12, which represent the relative micro-movements of the dental implant and the natural tooth. Because of the elasticity of periodontal ligament system, during the loading of the dental implant, the natural tooth has been displaced slightly more, leaving the dental implant in an unfavorable position, having to bear the full quantity of loading forces. When comparing the relative displacements in case of the loaded tooth, it is shown that the dental implant has been moving almost symmetrically with the tooth. This could mean that great amounts of forces are transmitted towards the periimplant bone tissue, but in a more optimal, parabolic manner, due to the action of the periodontal ligaments, surrounding the natural tooth.



When comparing the reciprocal displacements (Figure 13), the implant’s displacement during the natural tooth’s loading (blue points/lines), and the natural tooth’s displacement during the implant’s loading (red points/lines), it is found that the natural tooth presents higher mobility than the dental implant, being capable of bearing higher loads than a dental implant.



Another useful and important aspect will be to elucidate the method of transmission of force applied by several teeth, such as: two adjacent natural teeth, one implant and one natural tooth, as well as two adjacent implants, but also other useful cases, found in dental practice.



Obviously, this study represents only the beginning of complex investigations that the authors intend to carry out in the coming period.



Even if it seems a relatively simple strategy at first glance, the practical completion of each new type of test requires a different approach.




5. Conclusions


The viscous-elastic properties of the bone increase its resistance on loading forces that act for short periods of time [26]. Bone can adapt better in the case of cyclic loadings than long-acting, static ones, which provoke bone resorption. Bone regeneration requires resting periods, with no mechanical loading period [27]. One masticator cycle takes approximately 0.8–1 sec, short enough for the bone tissue to act like a viscous-elastic medium, although it has not modified the linear displacement type of the dental implant. In this case, at least for this softer bone type, the viscous-elastic characteristics of the bone could not be shown and the attenuation of stresses was present. The linear micro-movement pattern in the case of the dental implant was present.



The authors tried a new approach (to the best of the authors’ knowledge not currently used) of the mastication process in vivo with the help of a high-precision optical system and without direct contact with the studied area. The results obtained are promising, even if this methodology can be improved based on further investigations. This original approach will certainly open new ways toward deepening the understanding of the mechanism of mastication, bringing significant information that could not be obtained based on existing in vitro investigations by specialists.



In the future, the authors would like to continue more detailed investigations regarding dental implants inserted in different areas of the maxilla and mandible characterized by different bone quality. Multiple and splinted dental implant biomechanical behavior investigations will also be performed in the future.







Author Contributions


Conceptualization, D.T.S., A.S. and J.S.; methodology, D.T.S., A.S., J.S., B.G. and S.V.; software, D.T.S., A.S., J.S. and B.G.; validation, D.T.S., A.S., J.S., B.G. and S.V.; formal analysis, D.T.S., A.S., J.S., B.G. and S.V.; investigation, D.T.S., A.S., J.S. and B.G.; resources, D.T.S., A.S., J.S., B.G. and S.V.; data curation, D.T.S., A.S., J.S. and B.G.; writing—original draft preparation, J.S.; writing—review and editing, J.S. and S.V.; visualization, D.T.S., A.S., J.S., B.G. and S.V.; supervision, D.T.S., A.S., J.S., B.G. and S.V.; project administration, D.T.S. and J.S.; funding acquisition, J.S. and S.V. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study is approved by the medical care unit manager, due that it was conducted in a private dental office.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bennardo, F.; Barone, S.; Vocaturo, C.; Nucci, L.; Antonelli, A.; Giudice, A. Usefulness of Magnetic Mallet in Oral Surgery and Implantology: A Systematic Review. J. Pers. Med. 2022, 12, 108. [Google Scholar] [CrossRef] [PubMed]

	



Branemark, P.I.; Zarb, G.A. Tissue-Integrated Prosthese, Osseointegration i Clinical Dentistry; Quintessenz: Berlin, Germany, 1985. [Google Scholar]

	



Miyata, T.; Kobayashi, Y.; Shin, K.; Motomura, Y.; Araki, H. Experimental Study of Occlusal Trauma to Osseointegratd Implant: Part 2. J. Jpn. Soc. Periodontol. 1997, 39, 234–241. [Google Scholar] [CrossRef]

	



Naveh, G.R.; Chattah, N.L.T.; Zaslansky, P.; Shahar, R.; Weiner, S. Tooth–PDL–bone complex: Response to compressive loads encountered during mastication–A review. Arch. Oral Biol. 2012, 57, 1575–1584. [Google Scholar] [CrossRef]

	



Sekine, H.; Komiyama, Y.; Potta, H.; Yoshida, K. Mobility Characteristics and Tactile Sensitivity of Osseointegrated Fixture-Supporting Systems; Van Steenberghe, D., Ed.; Tissue Integration in Oral Maxillofacial Reconstruction: Amsterdam, The Netherlands, 1986; pp. 326–329. [Google Scholar]

	



Mish, C.E. Stress treatmant Theorem. In Contemporary Implant Dentistry, 3rd ed.; Mosby: Maryland Heights, MI, USA, 2008; p. 69. [Google Scholar]

	



Nunn, M.E.; Harrel, S.K. The effect of occlusal discrepancies on periodontitis. I. Relationship of initial occlusal discrepancies to initial clinical parameters. J. Periodontol. 2001, 72, 485–494. [Google Scholar] [CrossRef] [PubMed]

	



Miyata, T.; Kobayashi, Y.; Araki, H.; Ohto, T.; Shin, K. The influence of controlled occlusal overload on peri-implant tissue. Part 3: A histologic study in monkeys. Int. J. Oral. Maxillofac. Implant. 2000, 15, 425–431. [Google Scholar]

	



Morgan, E.F.; Keaveny, T.M. Dependence of yield strain of human trabecular bone on anatomic site. J. Biomech. 2001, 34, 569–577. [Google Scholar] [CrossRef]

	



Nagaraja, S.; Couse, T.L.; Guldberg, R.E. Trabecular bone microdamage and microstructural stresses under uniaxial compression. J. Biomech. 2005, 38, 707–716. [Google Scholar] [CrossRef]

	



Bayraktar, H.H.; Keaveny, T.M. Mechanisms of uniformity of yield strains for trabecular bone. J. Biomech. 2004, 37, 1671–1678. [Google Scholar] [CrossRef]

	



Morgan, E.F.; Yeh, O.C.; Keaveny, T.M. Damage in trabecular bone at small strains. Eur. J. Morphol. 2005, 42, 13–21. [Google Scholar] [CrossRef]

	



Wang, X.; Niebur, G.L. Microdamage propagation in trabecular bone due to changes in loading mode. J. Biomech. 2006, 39, 781–790. [Google Scholar] [CrossRef]

	



Kim, Y.; Oh, T.J.; Misch, C.E.; Wang, H.L. Occlusal considerations in implant therapy: Clinical guidelines with biomechanical rationale. Clin. Oral Implant. Res. 2005, 16, 26–35. [Google Scholar] [CrossRef] [PubMed]

	



Menini, M.; Conserva, E.; Tealdo, T.; Bevilacqua, M.; Pera, F.; Signori, A.; Pera, P. Shock absorption capacity of restorative materials for dental implant prostheses: An in vitro study. Int. J. Prosthodont. 2013, 26, 549–556. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, R.J.; Kirsch, A. Variations in occlusal forces with a resilient internal implant shock absorber. Int. J. Oral. Maxillofac. Implant. 1990, 5, 369–374. [Google Scholar]

	



Manea, A.; Baciut, G.; Baciut, M.; Pop, D.; Comsa, D.S.; Buiga, O.; Trombitas, V.; Colosi, H.; Mitre, I.; Bordea, R.; et al. New dental implant with 3D shock absorbers and tooth-like mobility-prototype development, finite element analysis (FEA), and mechanical testing. Materials 2019, 12, 3444. [Google Scholar] [CrossRef]

	



Vlase, S.; Purcarea, R.; Teodorescu-Draghicescu, H.; Calin, M.R.; Száva, I.; Mihalcica, M. Behavior of a new Heliopol/Stratimat300 composite laminate. Optoelectron. Adv. Mater. Rapid Commun. 2013, 7, 569–572. [Google Scholar]

	



Rodrigues, T.; Moreira, F.; Nicolau, G.P.; Neto, A. In Vivo Dental Implant Micro-Movements Measuring with 3D Digital Image Correlation Method; Biodental Engineering II; CRC Press: Boca Raton, FL, USA, 2013; pp. 111–114. [Google Scholar]

	



Koolstra, J.H. Dynamics of the human masticatory system. Crit. Rev. Oral Biol. Med. 2002, 13, 366–376. [Google Scholar] [CrossRef]

	



Cozzolino, F.; Apicella, D.; Wang, G.; Apicella, A.; Sorrentino, R. Implant-to-bone force transmission: A pilot study for in vivo strain gauge measurement technique. J. Mech. Behav. Biomed. Mater. 2018, 90, 173–181. [Google Scholar] [CrossRef] [PubMed]

	



Gálfi, B.P.; Száva, I.; Sova, D.; Vlase, S. Thermal Scaling of Transient Heat Transfer in a Round Cladded Rod with Modern Dimensional Analysis. Mathematics 2021, 9, 1875. [Google Scholar] [CrossRef]

	



Szava, R.I.; Szava, I.; Vlase, S.; Modrea, A. Determination of Young’s Moduli of the Phases of Composite Materials Reinforced with Longitudinal Fibers, by Global Measurements. Symmetry 2020, 12, 1607. [Google Scholar] [CrossRef]

	



Misch, C.E. Density of bone: Effect on treatment plans, surgical approach, healing, and progressive bone loading. Int. J. Oral. Implantol. 1990, 6, 23–31. [Google Scholar]

	



Mish, C.E. Contemporary Implant Dentistry, 3rd ed.; Mosby: Maryland Heights, MI, USA, 2008; p. 531. [Google Scholar]

	



Bankoff, A.D.P. Biomechanical characteristics of the bone. Hum. Musculoskelet. Biomech. 2012, 61, 86. [Google Scholar]

	



Fazel, A.; Aalai, S.; Rismanchian, M.; Sadr-Eshkevari, P. Micromotion and Stress Distribution of Immediate Loaded Implants: A Finite Element Analysis. Clin. Implant Dent. Relat. Res. 2009, 11, 267–271. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 12 01690 g001 550] 





Figure 1. The Implant’s loading capture: 1—loaded tooth (implant); 2—unloaded tooth (natural tooth); 3—load cell; 4—Farabeuff retractor. 
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Figure 2. The natural tooth’s loading capture: 1—loaded tooth (natural tooth); 2—unloaded tooth (implant); 3—load cell; 4—Farabeuff retractor. 






Figure 2. The natural tooth’s loading capture: 1—loaded tooth (natural tooth); 2—unloaded tooth (implant); 3—load cell; 4—Farabeuff retractor.
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Figure 3. Load cell calibration curve. 
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Figure 4. Supplementary details on the analyzed phenomenon: (a)—projections’ calculi; (b)—linear-, as well as curvilinear characteristic curves; (c)—load cell’s detail; (d)—plan-parallel movement of the teeth when the implant is loaded; (e)—plan-parallel movement of the teeth when the natural tooth is loaded. 
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Figure 5. The implant’s displacement during its loading. 
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Figure 6. The natural tooth’s displacement during the implant’s loading. 
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Figure 7. The relative displacements of the crowns during the implant’s loading. 
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Figure 8. The natural tooth’s displacement during its loading. 
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Figure 9. The implant’s displacement during the natural tooth’s loading. 
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Figure 10. The relative displacement of the crowns during the natural tooth’s loading. 
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Figure 11. The relative displacement of the crowns during the implant’s loading. 
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Figure 12. The relative displacements of the crowns during the natural tooth’s loading. 
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Figure 13. The reciprocal displacements of the crowns during the mastication: the implant’s displacement during the natural tooth’s loading (blue), as well as the natural tooth’s displacement during the implant’s loading (red). 
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