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Abstract

:

The aim of the present paper is to investigate the deformation–stress state of fillings of V-shaped tooth defects by finite element analysis (FEA). Two different materials are used—auto-cured resin-reinforced glass-ionomer cement (GIC) and flowable photo-cured composite (FPC). Two materials are placed into the cavity in one portion, as before the application of the composite the cavity walls are covered with a thin adhesive layer. Deformations and equivalent von Mises stresses are evaluated by FEA. Experimental study of micro-leakage is performed. It is established that there is an analogous non-homogeneous distribution of equivalent Von Mises stresses at fillings of V-shaped defects, made with GIC and FPC. Maximum stresses are generated along the boundaries of the filling on the vestibular surface of the tooth and at the bottom of the filling itself. Values of equivalent Von Mises stresses of GIC fillings are higher than that of FPC. Magnitude and character of deformation distribution at GIC and FPC fillings are similar—deformation is maximum along the vestibular surface of the filling and is 0.056 and 0.053 mm, respectively. In FPC fillings, the adhesive layer, located along the cavity/filling boundary, is characterized with greatest strain. The experimental study of micro-leakage has confirmed the adequacy of models used in FEA.
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1. Introduction


V-shaped defects are non-carious cervical lesions on hard tooth tissues (HTT), which have a specific etiology, pathogenesis and clinical picture. Characteristic of this disease is that the defects are located mainly on the vestibular surface of the teeth, most often on the first premolars. Their deepening leads to the destruction of the dental crown as well as diseases of the pulp and periodontium. The anatomic shape of the teeth is disturbed. The treatment of V-shaped defects is a challenge for the dental practitioner because of the difficulties associated with holding the obturation over time, which requires a good knowledge of the restorative options and the sound choice of a suitable material.



In the case of medium and deep V-shaped defects, due to abnormalities in the anatomical shape of the teeth and deterioration of the aesthetic appearance as well as presence of hyperesthesia and functional disorders when the bottom of the lesion is close to the pulp, their restoration is required. Depending on the size of the defect and its location, a suitable material is selected. Today, plastic materials with a transparency and color similar to those of the natural enamel are used. According to the defect localization, coronary or cervical glass-ionomer cements, modified glass-ionomer cements, composite materials or compomers are recommended [1,2,3,4,5].



It is common practice for V-shaped defects to be filled with glass-ionomer cement (GIC) because they show a very good bond with the dentin without requiring additional adhesion. In the in vitro study of I.P. Ichim et al. [6], two techniques for filling V-shaped defects on the buccal surface were selected—insertion of the entire amount of material (GIC) at once and an incremental technique (GIC and composite material). Different investigations show that not all contemporary materials are appropriate for the treatment of all kinds non-carious lesions, because they exhibit a modulus of elasticity of 10.2 GPa. It has been found that the most suitable material for cervical restorations needs to be more flexible and with relatively low modulus of elasticity—about 1 GPa. Resin-modified glass-ionomer cements (RMGIC) were created in 1988 and since 1995 have been converted to enamel–dentin adhesives [7,8,9]. They show less restoration strength than the latest generation of adhesive systems, but higher than the conventional GIC.



The effectiveness of the composite material for treatment of V- shaped defects depends on the success of the bonding agents. If the adhesion of the composite to the enamel and dentin is not strong enough, a gap is formed between them, leading to sensitivity of the teeth, loss of retention and increased risk of secondary caries.



Scientific investigations of different adhesive systems—three-step etch-and-rinse, two-step etch-and-rinse, two-step self-etch, one-step self-etch [10,11]—show good results for adhesion. The cervical restoration, made with etch-and-rinse adhesive, show a better retention level than the all-in-one adhesive [12] with using of nano-hybrid composite. The retention rate of obturations is 82% and 75% for 6 months and 77% and 62% for 12 months. For 24 months, the retention level decreases to 69% for the etch-and-rinse adhesive and 49% for the all-in-one adhesive. There are no significant changes in color and marginal adaptation between the adhesive systems. None of the restorations have secondary caries or display any loss in anatomical shape or texture changes. Sabine May et al. [13] used two types of flowable composite to maintain V-shaped tooth defects. Fifty patients were treated with both composites and the results were monitored for 18 and 36 months. A 95.8% success rate for 36 months was found.



In recent years, simulation analysis has been used very often in the study of dental constructions, because it gives faster and relatively more reliable results than in clinical experiments when predicting complex cases of recovery [14,15,16]. The biomechanical behavior of different types of dental construction, such as crowns, bridges, implants, fillings, implant/bone surfaces, obturation/HTT etc., made of different materials or combinations of materials—metals, alloys, porcelain, metal-ceramics, composites and polymers—can be investigated with the help of the method of finite elements analysis (FEA) [16,17,18]. The laboratory simulation is mainly applied to investigate the biomechanical behavior of complex dental constructions and to understand the reasons for their deformations and failure [15,16,19,20].



Due to the great variety of direct restorative materials in dentistry nowadays, most research targets clinical investigations and in vitro experiments. The results can help one to evaluate the applicability of the particular restorative material for the specific purpose. However, the reasons, determining the behavior of dental constructions and materials can be revealed by simulations using numerical modelling.



The aim of the present paper is to study the stresses and deformations generated during the setting process of fillings of V-shaped defects made with GIC and flowable photo-cured composite (FPC) using FEA. The distribution and magnitude of the equivalent Von Mises stresses, displacements and strains in the tooth tissue and the filling itself are investigated. To validate the results, an in vitro experimental study of the micro-leakage of obturations, made with both materials, is performed.




2. Materials and Methods


2.1. Numerical Modelling by FEA


Two teeth (tooth 11 and tooth 15 according to the ISO System by the World Health Organization) were scanned with a 3Shape laboratory scanner (3Shape A/S, Denmark). Virtual models in .stl file format were obtained, which were then converted to .part format of the SolidWorks software. On the vestibular surface of each tooth, one cavity of the size of the actual experiment was made at a distance of 1.25 mm from the cement/enamel border. As the V-shaped defects were located in the areas of the teeth with thin enamel, and the dentin was considered as a “gold standard” [21] when developing new dental composites, in the simulations the enamel was eliminated and only dentin was used as the tooth material. The cavity of tooth 11 was filled with GIC, while that of tooth 15 was filled with FPC.



In order to investigate the effect of the shrinkage of GIC and FPC on the stress-deformation state of the model, the analogy of volume reduction during the solidification process of the filling materials and during the cooling process was used. The capabilities of the SolidWorks Simulation software were used to analyze deformations and stresses due to temperature differences. Three different temperatures were applied: 19.99, 19.98 and 19.97 °C for shrinkage of 1%, 2% and 3%, respectively.



The virtual model of tooth 11 consisted of two parts, a GIC filling and a tooth of dentin (Figure 1a), while that of tooth 15 represented a system of three elements: tooth/30-µm adhesive layer/FPC filling (Figure 2a). The mesh, used in the simulations, is shown in Figure 1b and Figure 2b. Standard solid mesh of high quality and tetragonal elements with 0.1 mm average size was used. The total number of the finite elements in GIC simulation was 986,861 and the number of the total nodes was 1,377,670. These parameters for FPC simulation are 1,170,403 and 1,629,798, respectively. Concerning the boundary conditions, the teeth were fixed at the bottom of the root, as shown in Figure 1a and Figure 2a. In the numerical modeling, it was assumed that there was complete continuous contact between the tooth and the GIC filling and the three elements of the system in the case of FPC filling.



In the cavity, filled with GIC, the mechanical properties of the materials were set under the conditions of linear elastic isotropic strengthening. In the case of the cavity, filled with FPC, only the mechanical properties of the tooth and the adhesive layer were set under the above-mentioned conditions. Meanwhile, for the FPC filling, a model of linear elastic orthotropic strengthening was used, allowing the introduction of various physical-mechanical properties in the three directions. In this way, the shrinkage of FPC in the direction of the lamp, irradiating the filling material, was simulated. Unlike the actual photopolymerization process, which is non-homogeneous along the depth of the filling, numerical modeling was performed with the assumption of a uniform shrinkage along the X-axis due to the limitations of the software used. The values of modulus of elasticity and Poisson’s ratio of the materials used are given in Table 1. The simulations were performed with the assumption of a homogeneous structure of the materials of filling and the adhesive layer, as well as of the dentin of the tooth.



In both cases, a static task for linear strength analysis of the model is generated in a SolidWorks Simulation environment. During the simulation analysis, the Von Mises equivalent stresses, displacements and strains in the process of shrinkage of the fillings of V-shape defects made with GIC and FPC were evaluated.




2.2. In-Vitro Investigation of Micro-Leakage


Twenty-four freshly extracted human teeth (incisors, canines, premolars) were used to produce V-shaped defects on the vestibular surface of the teeth in the area of the enamel-cement border with the following shapes and average sizes: length L= 2.5 mm × width B = 2.5 mm × depth d = 1.3 mm.



The teeth were divided into two groups, with 12 teeth in each. The teeth of the first group were filled with auto-cured resin-reinforced glass-ionomer restorative cement FUJI VIII GP (GC Corporation, Japan), the second group with flowable light-cured composite with lower viscosity Estelite Flow Quick - High Flow (Tokuyama Dental Corporation inc., Japan). Prior to the application of the restorative material, all cavities were processed according to the manufacturer’s recommendations. In the first group, after the cavity preparation and processing, the GIC was applied in one portion. The cavities of the second group were treated with 37% orthophosphoric acid for 40 s, after which they were thoroughly washed with a water-air jet. Self-etching adhesive Adhese Universal (Ivoclar Vivadent AG, Liechtenstein) was applied along the entire surface of the enamel and dentin of the cavity and photopolymerized for 20 s. The cavity was then filled with a flowable composite, pressed with celluloid tape and photopolymerized for 10 s.



All samples were subjected to thermal cycling in the following mode: 500 cycles, temperature 5–50 °C, holding time 15 s [29]. The teeth, with the exception of the cavities, were then isolated with contrast lacquer, placed in a dye, 2% methylene blue solution, for 8 h and thoroughly washed.



An examination of the filled cavities was done with the Olympos SZ51 optical microscope. The degree of micro-leakage was evaluated by measuring the depth of dye penetration between the filling and the tooth walls.





3. Results


3.1. Numerical Modelling by FEA


Figure 3 shows the distribution of the equivalent Von Mises stresses on the vestibular surface of tooth 11 and tooth 15, filled with GIC and FPC, respectively. It can be seen that the equivalent stresses are generated mainly in the dentin of the tooth at the beginning of the setting process (1% shrinkage).



During the setting process of the fillings made of the two materials, the equivalent stresses increase with shrinkage increase and reach their maximum value at the end of the process. After final curing, in a maximum shrinkage of 3%, their distribution along the periphery of the filling is uneven. The highest equivalent stresses are observed at the rounded corners and the relatively lower ones in the straight sectors, which indicates the influence of the cavity shape.



The study of the equivalent stresses in depth shows that their distribution is non-homogeneous, both in the dentin of the tooth and in the filling itself (Figure 3). Regardless of the shrinkage ratio, their values are highest on the vestibular surface in the dentin at the edge of the filling. Increasing the shrinkage up to 3% leads to an increase in the equivalent stresses in the dentin at the edge of the obturation, reaching 810 and 705 MPa in the GIC and FPC, respectively, while in the dentin near the bottom of the filling they remain lower (203–270 MPa in the FPC). The stress distribution in the fillings of GIC and PFC is similar—they are smallest in the surface layer, increase with the distance to the deepest zone and reach their maximum value. At 3% shrinkage, the maximum stresses at the bottom of the GIC filling are 470–540 MPa, while at the FPC filling they are significantly lower—270–338 MPa. As the technique for preparation of the FPC filling differs from the GIC one, in this case the adhesive layer used between the dentin and FPC is clearly seen. In the adhesive layer, higher equivalent stresses in the range of 203–270 MPa appear only at 3% shrinkage. They are distributed not along the entire depth of the obturation, but only at about 30% distance from the vestibular surface.



The displacements in the processes of setting and photopolymerization of GIC and FPC fillings, respectively, are shown in Figure 4. It can be clearly seen that in both cases, the surface layer of the filling is subjected to maximum deformation, and it increases with increasing the shrinkage. In a maximum shrinkage of 3%, the displacement along the vestibular surface reaches 0.056 mm in the GIC and 0.053 mm in the FPC. In both materials, the deformation decreases with distance from the surface to the bottom of the filling.



The investigation of the strain has shown that at the GIC filling, it is located along its periphery—in the dentin of the tooth and the GIC of the filling (Figure 5a–c) and increases with shrinkage increase. At maximum shrinkage, the strain is uneven along the periphery, with larger values at the rounded corners and with smaller values in the linear sectors. In the FPC filling (Figure 5d–f), the strain is highest in the adhesive layer located along the cavity/filling boundary and increases with increasing the shrinkage of the restorative material.




3.2. In-Vitro Investigation of Micro-Leakage


During the experiment, it was found that the V-shaped defects, filled with FPC, have a lower micro-leakage (24.49%) than those filled with GIC (38.02%). In the GIC fillings, the dye had penetrated more than one third of the depth of the obturation (Figure 6); whereas, in the case of teeth filled with FPC, only a slight penetration of dye was observed, mainly in the cervical region (indicated by arrows on the picture of Figure 7).





4. Discussion


4.1. V-Shaped Defects Filled with GIC


The analysis of the equivalent stresses and deformations has shown that their non-homogeneous distribution in the GIC filling is due to the peculiarities of the tooth/filling system. Since the vestibular surface of the obturation does not come into contact with the tooth, and there is a complete continuous contact between the other surfaces of the tooth and the filling, in the process of cement setting, the greatest deformation will occur in the surface layer of the obturation (Figure 4a–c). This will lead to the relaxation of the stresses in this zone. The full continuous contact with the hard tooth tissues impedes the deformation of the material along the depth of the filling volume and leads to an increase in the stresses in this region during the shrinkage process (Figure 3a–c). The modulus of elasticity of the tooth dentin is about 2.5 times higher than that of the GIC used for the filling (Table 1). This determines lower deformation and, accordingly, higher equivalent stresses on the vestibular surface of the tooth along the boundary with the filling. It is clearly seen in Figure 3c that the values of the equivalent stresses in the dentin are maximal at almost half of the depth of the obturation. When these values exceed the adhesion strength of the GIC to the dentin, which is relatively low—5.8 MPa (Table 1)—then there is an opportunity for the detaching of the cement from the cavity walls. In this way, gaps between the tooth and the filling will occur, creating conditions for micro-leakage of fluids (Figure 6).



The results obtained in the experimental investigation of GIC fillings show a micro-leakage of 38% along the depth of the cavities. These data correlate very well with the stress distribution along the depth of the filling in the numerical modeling with FEA (Figure 6). In spite of the high values of the stresses resulting from the use of an analogue of the shrinkage process in the simulation analysis, the model used gives a grounded explanation of the reasons for the relatively high micro-leakage. Therefore, the experiment has confirmed the adequacy of the model used in the simulation analysis.




4.2. V-Shaped Defects Filled with FPC


In an investigation of the deformation-stress state of cavities, filled with dental composites, in addition to the features of the tooth/filling system, the characteristics of the materials used and the specificity of their setting process must be taken into account. Since in the experimental study, a thin adhesive layer is applied on the entire surface of the cavity, the virtual model for simulations consists of three components: the tooth (made of dentin), the adhesive layer, and the filling of a flowable light-cured composite. The comparison of their modulus of elasticity shows the following relation: 19–4.85–9.9 GPa, respectively. Due to the large difference in the modulus of elasticity, the highest equivalent stresses occur in the dentin along the vestibular surface at the boundary with the filling (Figure 3d–f). Since there is an adhesive layer with a low modulus of elasticity between the composite and the cavity walls, it deforms in the shrinkage process of FPC (Figure 5d–f) and leads to the relaxation of the stresses in both the dentin and the filling material. As a result, the equivalent stresses at the tooth-filling boundary are lower than those in the GIC obturation. Due to the deformation of the adhesive layer, stresses in it are observed only in the maximum of 3% shrinkage (Figure 3f).



The deformation in the FPC filling is uneven in depth (Figure 4d–f) not only because of the fact that the lack of contact on the vestibular surface facilitates the shrinkage, but also because of the specificity of the photopolymerization process. In this case, the degree of polymerization (respectively shrinkage) depends on the light intensity, which is strongest on the surface [30], leading to larger shrinkage in the surface areas and less in depth. Due to the complexity of simulation of this type of process with FEA, it is assumed that the model of the FPC filling is of a linearly elastic orthotropic type. Therefore, in the process of numerical modeling, it is assumed that the shrinkage should be performed uniformly only along the X-axis. These two reasons predetermine the non-homogeneous distribution of the stresses in the volume of the FPC filling, with the lowest along the vestibular surface and the highest at the bottom. Due to the presence of an intermediate adhesive layer with a low modulus of elasticity, which in this case serves as a buffer [2,3,31,32], the stresses at the bottom of the FPC filling are almost two times lower than those of the GIC.



Since the bond between the adhesive and the composite is chemical and that between the HTT and the adhesive layer is micromechanical, it is expected that the bond at the adhesive–dentin boundary will be broken when the stresses exceed the adhesion strength of 35 MPa (Table 1). Numerical modeling has shown that stresses above this value are obtained only in the final 3% shrinkage of FPC (Figure 3d–f), as their maximum values reach about 30% of the depth of filling. This determines the lower micro-leakage value (24.49%) compared to the GIC fillings (38.08%) and correlates well with the results obtained in the experimental study.



The model used in the simulation analysis provides an adequate explanation of the reasons for the lower micro-leakage in V-shaped defects filled with FPC. On the one hand, the elastic adhesive layer has a positive effect, which leads to the relaxation of the stresses along the cavity/composite boundary, and on the other, the specificity of the photopolymerization process and, as a result, the inhomogeneous shrinkage in depth of the filling.





5. Conclusions


The deformation–stress state of V-shaped tooth defects filled with two different materials, glass-ionomer cement and flowable composite, is investigated by numerical modeling using FEA. The results are validated by an in vitro investigation of the micro-leakage of the fillings.



It is established that there is analogous non-homogeneous distribution of Von Mises equivalent stresses at the fillings of V-shaped defects, made with GIC and FPC. The maximum stresses are generated along the boundary of the filling on the vestibular surface of the tooth and at the bottom of the filling itself. The values of Von Mises equivalent stresses of GIC fillings are higher than that of FPC.



The magnitude and character of the deformation distribution at GIC and FPC fillings are similar—the displacement is maximum along the vestibular surface of the filling and is 0.056 and 0.053 mm, respectively. The strain in FPC fillings is greatest in the adhesive layer, located along the cavity/filling boundary.



The results of the FEA provide an adequate explanation of the reasons for the lower micro-leakage of the V-shaped defects filled with flowable composite. Therefore, the experiment has confirmed the adequacy of the models used in the simulation analysis.
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Figure 1. Virtual model of tooth 11: (a) fixed tooth with filling of glass-ionomer cement (GIC); (b) simulation mesh used. 
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Figure 2. Virtual model of tooth 15: (a) fixed tooth with filling of flowable composite; (b) mesh used in simulation. 
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Figure 3. Distribution of equivalent Von Mises stresses during setting process of fillings made with: (a–c) glass-ionomer cement; (d–f) flowable photo-cured composite (FPC). (1% shrinkage—(a,d); 2% shrinkage—(b,e); 3% shrinkage—(c,f)). 
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Figure 4. Displacement during setting process of fillings made with: (a–c) glass-ionomer cement; (d–f) flowable photo-cured composite. (1% shrinkage—(a,d); 2% shrinkage—(b,e); 3% shrinkage—(c,f)). 
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Figure 5. Strain during setting process of fillings made with: (a–c) glass-ionomer cement; (d–f) flowable photo-cured composite. (1% shrinkage—(a,d); 2% shrinkage—(b,e); 3% shrinkage—(c,f)). 
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Figure 6. GIC filling of tooth cavity: (a) Displacement in the zone of filling; (b) Von Mises equivalent stresses; (c) Micro-leakage. (3% shrinkage). 
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Figure 7. Filling of tooth cavity made with FPC: (a) Strain in the zone of filling; (b) Von Mises equivalent stresses; (c) Micro-leakage. (3% shrinkage). 
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Table 1. Data for materials used in the simulations [22,23,24,25,26,27,28].
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	Material/Tissue Type
	Modulus of Elasticity, GPa
	Poisson’s Ratio
	Shrinkage during Setting,

%
	Adhesion Strength to Dentin, MPa





	Dentin
	19
	0.31
	-
	-



	GIC: FUJI VIII GP
	8.32
	0.27
	3
	5.8



	Adhesive: Adhese Universal
	4.85
	0.30
	-
	35



	FPC: Estelite Flow Quick - High Flow
	9.9
	0.30
	3
	-
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