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Abstract:



Engineering techniques used to evaluate strain-stress fields, materials’ mechanical properties, and load transfer mechanisms, among others, are useful tools in the study of biomechanical applications. These engineering tools, as experimental and numerical ones, were imported to biomechanics, in particular in dental biomechanics, a few decades ago. Several experimental techniques have been used in dental biomechanics, like photoelasticity, ESPI (Electronic Speckle Pattern Interferometry), strain gages, and other kinds of transducers. However, these techniques have some limitations. For instance, photoelasticity and ESPI give the overall field pattern of the strain, showing the stress-strain concentration points. These methods cannot give an accurate measurement at all points. On the contrary, strain gages can be used to perform local measurements. However, as they use electrical resistances, their use is limited to perform in vivo measurements. Optical fiber sensors have already been used in dentistry, for diagnostic and therapeutic purposes, and in dental biomechanics studies. Lasers have also been used in clinical dentistry for a few decades. Other optical technologies, like optical coherence tomography (OCT), became suitable for dental practice and nowadays it is perhaps one that has had more development in dentristry, along with lasers.
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1. Introduction


Biomechanics is closely related to engineering because it often uses traditional engineering sciences to analyze biological systems. Applied mechanics, such as continuum mechanics, mechanism analysis, structural analysis, kinematics, and dynamics play an important role in the study of biomechanics. Leonardo da Vinci (1452–1519) is considered the “Father” of modern biomechanics. He was primarily concerned in the anatomy of the human body and he was also interested in the study of movement, so his work was full of anatomical drawings of the musculoskeletal system.



With regard to dentistry, the French surgeon Pierre Fauchard (1678–1761) is known as the “father of modern dentistry”. Despite the limitations of the primitive surgical instruments during the late 17th and early 18th centuries, Fauchard was a highly-skilled surgeon who started to make remarkable dental instruments, often adapting tools from watchmakers, jewelers, and even barbers. He introduced dental fillings as treatment for dental cavities; he was the pioneer of dental prosthesis, discovering many methods to replace lost teeth. His main contributions to dental science consist primarily of his publication in 1728 called “Le chirurgien dentist” [1]. Dentistry has depended upon physical replicas, such as plaster casts and models, to duplicate the human dentition and anatomical parts for the diagnosis of oral pathology, and for the fabrication of dental prostheses. The application of modern optical techniques for remote measurement may provide alternate, improved treatment methodologies, including the acquisition of data suitable for computer analysis and numerical-controlled automated prostheses fabrication [2]. Usually, biological systems are much more complex than human-built systems. Numerical methods are hence applied in almost every biomechanical study. Research is done in an iterative process of hypothesis and verification, including several steps of modeling, computer simulation, and experimental measurements. The development of all the technologies can play a key important role to achieve better diagnostic methods, clinical and surgical methods, as well as to better understand the biomechanics of the entire stomatognatic system and everything related to it.



In this paper, a brief description of other non-optical technologies is presented and some examples are given. The greatest emphasis was put on photonic technologies and in their application in dental biomechanics and in dentistry in general. The photonic technologies, such as photoelasticity, Moiré fringe pattern, electronic speckle pattern interferometry (ESPI), lasers, optical coherence tomography (OCT), and optical fiber sensors (FOS) are presented and for each one is given the principal features of their working principles and some examples of ongoing research and performed studies are offered.




2. Conventional Technologies


The application of tribology in dentistry is an important research field and it has been developed an understanding of it for successful design and selection of artificial dental materials [3]. Likewise, stress/strain analyses is very important in dental biomechanics, because it is important for the design of implants, prostheses, and orthodontic appliances, among others. Stress/strain analysis can be made either experimentally or by finite element analysis (FEA). Most often, these two methodologies are carried out simultaneously within the same study because they can give complementary information and can also serve for validation. FEA can give full-field information of the stress/strain pattern, but experimental methods only give information at the sensor’s location.



The gold standard of conventional sensors for stress/strain analysis is the strain gage (SG). This sensor is based in the property that relates the variation of electrical resistance with respect to strain. Although their technology is very well established, with some good properties representing advantages in regard to other technologies, they also have disadvantages—mostly related to possible applications for in vivo measurements and in clinical practice. Strain sensors can also be piezoresistive or with other kinds of solid-state properties.



FEA is based in the creation of a computer model of the anatomical dental structures and all kind of dental devices and, after that, is simulated in computer. For the simulation the materials’ mechanical properties, mechanical loads representing physiological function, and boundary conditions are necessary. Biological tissues and, in particular, dental tissues, are quite a challenge to characterize their properties. Additionally, the real values of physiological loads must be obtained experimentally and are not always easy to measure. Mainly due to these constraints, the biomechanical studies are carried out in vitro.



In literature studies can be found using SG to evaluate the strains in restored teeth, in prosthodontics, and endodontics [4,5]. The same sensors were also used to characterize dental materials [6]. Other studies are reported in literature about the study of biomechanics of dental implants [7,8] and in dental prostheses [9], by means of SG. Universal testing machines, nanoindentation, and customized machines were used to characterize and obtain the mechanical properties of dental materials [10,11,12,13,14].



Numerical models were used to perform in vitro evaluation of the strain pattern inside dental hard tissues and the way the loads are transmitted through them [15]. FEM was applied to investigate the residual shrinkage stress distributions in dental materials [16,17]. Other studies are related to the simulation of dental implant biomechanics, related to the osteointegration and load mechanism transfer in dental implant-supported prostheses [18,19,20]. This methodology was also applied in prosthodontic and endodontic studies [21,22,23].




3. Photonic Technologies


3.1. Photoelasticity


3.1.1. Working Principles


Photoelasticity is one of the oldest methods used for experimental stress analysis. The method relies on the birefringence property exhibited by transparent materials, under the influence of external loading. The principles of photoelasticity can be succinctly described by:

	
For stress (or strain) induced birefringence, the normally-incident polarized light is split into two components along the principal stress directions in a plane perpendicular to the direction of light propagation and are transmitted only along these planes through the model.



	
The velocities of light transmission along these directions are directly proportional to the intensities of the respective principal stresses.








This means that the input linearly-polarized light emerges as an elliptical polarized light, where the eccentricity depends on the principal stress directions and their magnitudes. By the Maxwell Stress Optic Law, a change in load induced in two components, aligns with the principal stress directions, with different refractive indexes. The induced difference in the refractive indices leads to a relative phase retardation between the two components, which is linearly proportional to the principal stress components and is given by Equation (1) as:
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(1)




where α is the phase difference between the two components, λ is the wavelength of light, C is the relative stress optic coefficient; l is the distance the light traverses through the model and σ1 and σ2 are the two principal stress components. The number of fringe order N can be calculated by Equation (2):
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(2)







The required phase difference or fringe order is determined by placing the birefringent model in a circular polariscope, as schematized in Figure 1.


Figure 1. Schematic representation of a circular polariscope.
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The fringe pattern can have dark lines, corresponding to points where the intensity of light is zero, called isoclinics and colored lines called isochromatics. Isoclinic lines provide information on the principal directions of stresses throughout the model. Isochromatics correspond to lines of constant principal stress difference (lines with the same color).



The basic advantage of a circular polariscope over a plane polariscope is that in a circular polariscope setup we only get the isochromatics and not the isoclinics. This eliminates the problem of differentiating between the isoclinics and the isochromatics. In a standard plane polariscope both the isoclinics and isochromatics are shown.






3.1.2. Dental Applications


Photoelasticity was for the first time used in dentistry by Zak [24] to study different types of orthodontic movements. Late in the 1940s this method was used in the solution of dental problems with regard to structural design by Noonan [25], Castro, and King [26]. The general procedure is to construct a model of the structure to be investigated from what is known as a photoelastic material. The direction and magnitude of the applied forces on the model, the way in which the model is supported, and the shape of the model must be similar to the conditions of the actual structure. The internal stresses in the model will then be similar to those existing in the actual structure regardless of material [26,27,28]. Photoelasticity has been used in a wide number of dental biomechanical studies [29]. It has been applied in 2-D and 3-D studies of cavity preparation and dental restorations, to perform stress analysis [30,31,32,33], and it was also applied in the study of endodontic posts [33,34]. Standlee et al. [34] have performed a comparative analysis of three types of posts regarding design, insertion, length, and ability to transmit forces to supporting structures. This technique has also been used to obtain, quantitatively and qualitatively, the stress pattern distribution from the tooth root to the supporting alveolar bone, helping to give insights in the knowledge of the behavior of dental supporting structures under physiological function [35,36] and also root-tipping provoked by orthodontic tooth movements [37]. Wang et al. [38] have used photoelastic methods to determine how the morphology of occlusal surfaces might affect occlusal loading that is transferred to the tooth apex. They founded that distal incline planes of cusps and lingual incline planes or buccal cusps of mandibular posterior teeth carried the greatest occlusal load in normal occlusion. Other studies reported in literature have also evaluated the influence of dental implant design (Figure 2) [39] as also normal dentition, in the load mechanism transfer between teeth or dental prostheses to the surrounding bone [40,41] and also related to the method of retention of dental prostheses to abutments [42,43,44]. The influence of gap values between a fixed framework and implants, placed parallel or angled, in the stress distribution was also investigated [45].


Figure 2. Isochromatic fringe pattern representing the stress field transmitted from a dental implant to the surrounding bone media [39].
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Another area of application of photoelasticity method was to study dental materials. Kinomoto et al. [46] have studied the polymerization contraction stress of resin composite restorations in a model class I cavity configuration. In other studies the stress distributions induced by different post materials in combination with two different core materials in endodontic posts, were obtained by the photoelastic method [47,48,49,50].





3.2. Interferometric Techniques


3.2.1. Moiré Interferometry


Moiré interferometry is an experimental technique based on the superposition of two such similar, but slightly different, line arrays that cause interference between the arrays. The interference results in the formation of moiré fringes. There is a definite relationship between the pitches of the two arrays and the spacing of the fringes. Therefore, given the pitch of one of the arrays and the distance between the moiré fringes, the pitch of the other array can be calculated.



The Moiré interferometry technique was used to study strain patterns through tooth structures. Wood et al. [51] have studied the mechanical load across the dentin-enamel junction (DEJ), generated by changes in humidity of the hard tissues of teeth, as dentin and enamel, and Wang et al. [52] have mapped the in-plane strain distribution of human tooth crowns under compression and studied the relation between the strain distributions within teeth structures. The manner in which the resulting strain is distributed within the tooth is related to its structure, showing differences between enamel, dentin, and at their interface, the dentin-enamel junction. Their findings were consistent with the hypothesis that within the dentin there are structural adaptations for transferring and minimizing stress. Wouters et al. [53] developed a sensitive measuring method, based in Moiré fringe interferometry with a resolution of 0.19 mm, to enable the direct evaluation of gingival swelling.




3.2.2. Electronic Speckle Pattern Interferometry (ESPI)


Electronic Speckle Pattern interferometry (ESPI) is a whole-field optical interferometric technique to determine static and dynamic strains/stresses and displacements of objects with optically rough surfaces. This technique is based on interference of the scattered light from the specimen with a reference speckle pattern, and the resultant pattern shows also a randomly-distributed intensity [54]. The changes in the object state, like deformation and displacement, are proportional to the phase changes within each speckle. To visualize this effect, the image and reference beams are combined on a video camera and recorded. When the object has been displaced/deformed, the new image is subtracted point by point from the first image. The resulting image is a speckle pattern with black fringes. ESPI have four configurations: out-of-plane displacement measurement; out-of-plane vibration measurement; in-plane measurement; and in-plane displacement gradient measurement [55,56].



3D-Electronic-Speckle-Pattern-Interferometry (3D-ESPI) was used to assess the impact of different restorative materials on the deformation of teeth. The deformation pattern of restored teeth is material-specific but the extent of deformation is primarily limited by the remaining tooth substance [57]. This technique was also used to develop a non-destructive test for characterizing the modulus of resin-based filling materials, and as it is a non-destructive test, time-dependent effects of composites can be determined using the same specimens leading to substantial time and material savings [58]. Dimensional changes of dental composite resins, due to the influence of post-polymerization reactions, water absorption connected with the elution of species from the material, and changes in the temperature inside the oral cavity, were investigated by means of ESPI [59]. A similar study was carried out by Kachrimanis [59] to investigate the relationship between post-polymerization of dental composites, with water uptake and thermal fluctuations, by measuring the deformations in the three directions. Chattah et al. [60] have used ESPI to study the intrinsic reaction of the tooth crown to load and verified that it is complemented by the structures supporting the tooth. This was further verified in another study. Zaslansky et al. [61] used electronic speckle pattern-correlation interferometry (ESPI) combined with a mechanical compression apparatus to measure the strain and Young’s modulus of root dentin, compressed under water. In another study, Fages et al. [62] used the same technique to compare the mechanical behavior of the natural DEJ and the dentin ceramic junction (DCJ) manufactured with a CAD-CAM system. They verified that a smooth transition occurs between dentin and enamel and in the modeled prosthetic, the same kind of accommodation effects also occur, but with a steeper transition slope between dentin and ceramic. This technique was also applied in the study of tooth structure and to characterize cortical bone [63,64].



This experimental technique was also used in orthodontic studies to evaluate the displacement patterns, induced in a pig jaw, by two orthopedic and orthodontic devices (Figure 3) [65]. The authors verified that the use of orthodontic or orthopedic devices induces displacements in the entire skull and they provoked a rotation for vestibular position of posterior teeth and alveolar processes.


Figure 3. Displacement field induced by two orthodontic devices: Disjunctor and Quad-helix. Left: phase map; Right: displacement field calculated [65].
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Digital image correlation (DIC) was also used to study the shrinkage of resin-based dental composites by determining the in-plane displacement field by matching different zones of two characterized pictures. The DIC method facilitates a full-field measurement of shrinkage profile [66,67,68,69] and its kinetics [70]. In a recent study, Tiossi et al. [71] compared photoelasticity and DIC in analyzing the stresses/strains transferred by an implant-supported prosthesis. Both methods presented similar results and seemed capable of indicating where issues associated with stress/strain concentrations might arise. However, DIC, while apparently less sensitive than photoelasticity, is not restricted to the use of light-polarizing materials. Another comparative study between four different methods was used to study biomechanical components in dental applications [72]. The strain development of a non-passively fitting implant-supported fixed restoration was evaluated using the four techniques: photoelastic examination, strain gage measurements, finite element analysis, and three-dimensional deformation analysis. Quantitative results were obtained with both strain gage measurements and three-dimensional deformation analysis and photoelasticity gave qualitative results, showing the strain pattern.





3.3. LASERS


3.3.1. Working Principles


The working principles of lasers in biological systems results from the interaction of laser energy with them. When laser energy reaches the tissue surface, it can be reflected, scattered, absorbed or transmitted to the surrounding tissues, absorption being the most important one for the performance of the laser. The level of absorption is related to the depth of penetration and depends on the laser wavelength. According to laser wavelength, they can be classified as: deep, such as neodymium-doped yttrium-aluminum-garnet (Nd:YAG) and diode lasers; superficial, such as carbon dioxide (CO2), Er:YAG, and Er,Cr:YSGG lasers. In Figure 4 is displayed a schematic representation of this classification, showing the principal effects of lasers in biological tissues. Lasers can also be grouped in four types: CO2 laser; Erbium laser; Diode laser; Neodymium:Yttrium-Aluminum-Garnet laser. The CO2 laser wavelength is highly absorbed by water, as are the erbium laser wavelengths. The CO2 laser wavelength is highly absorbed by water and, therefore, they are highly efficient when they are used on soft tissue. For the Erbium lasers, two wavelengths are available and those wavelengths are highly absorbed by the water molecules in both soft and hard tissues. Thus, Erbium lasers can cut soft tissue, but with much less hemostatic ability than other soft tissue lasers. One disadvantage is that these wavelengths, similar to all lasers, cannot remove gold or metal crowns, vitreous porcelain, or amalgam restorations. Diode lasers are used strictly for soft tissue procedures and penetrate 2 to 3 mm or more into soft tissue, depending on the wavelength and tissue biotype. Diode laser wavelengths are absorbed by pigmented structures, making them ideal for cutting melanotic or highly-vascularized soft tissues and providing hemostasis. The advantages of the Nd:YAG laser include a relatively bloodless surgical field, minimal swelling, reduced surgical time, excellent coagulation, and, in most cases, reduced or no postoperative pain. The main disadvantage of the Nd:YAG laser is the greater depth of penetration into the target tissue [73].


Figure 4. Schematic representation of the classification of lasers, according to penetration depth in biological tissue and their effects (adapted from [74]).
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More recently, lasers were also classified according to their hazardous effects, ranging from class I to IV. All lasers used in oral surgery, or for whitening or cavity preparation are class IV and can provoke damage to the skin and to the eyes [75].




3.3.2. Dental Applications


Lasers have been used in dental applications for more than 30 years [74,76]. The first dental lasers cleared by the Food and Drug Administration (FDA) were for oral, soft-tissue procedures and included the carbon dioxide; neodymium:YAG (Nd:YAG); argon; and diode lasers. Dental laser instruments have been widely employed in soft-tissue procedures, such as gingivectomy, gingivoplasty, frenectomy, curettage, crown lengthening, for the removal of benign tumors in oral surgery, and periodontics [76,77]. The benefits of using lasers include hemostasis, precise cutting, bacterial reduction, and reduced pain. The argon laser has also has been cleared for hard-tissue use and for curing light-activated materials [77].



Lasers have numerous tissue interactions, such as ablation or vaporization of dental hard tissue [78,79,80,81], hemostasis [82], microbial inhibition and destruction, as well as biological effects, such as biostimulation (photo-bio-modulation), which induce various beneficial therapeutic effects and biological responses, like in bone regeneration in the midpalatal anterior suture [83,84]. In a similar study, it was evaluated the histologic effects of CO2 laser irradiation, during gingival surgery and the histologic effects on cortical bone following irradiation with increasing energy densities [85]. Other reports in literature relate the use of lasers for the treatment of periodontal and peri-implant infections, promoting the peri-implant healing [74,86,87,88]. Additionally, morphological changes and thermal effects of Er:YAG lasers and CO2 lasers on implants were studied, because they can be useful to remove submerged implants and to decontaminate their surfaces [89,90].



There are several reports in the literature about the effects of lasers in the dental pulp [91,92] and the first one was made by Adrian et al. [91] in 1971. The authors wanted to determine the histologic and morphologic changes that characterize the pulpal response to laser irradiation and to determine the relationship between the amount of energy deposited on the surface and the degree of pulpal response. Both the CO2 and Nd:YAG lasers have a thermal effect on both soft and hard tissues. Yet, the Er:YAG laser is more efficient in absorption, both in water and in hydroxyapatite and, for that, has been reported to have less of a thermal effect on dental hard tissue [93,94].



Over the last few years the 9.6-μm CO2 laser was developed. It has been observed that this device can preserve tissue with almost no adverse effects. In contrast, modifications of approved CO2 laser therapies of premalignant lesions resulted in higher recurrence rates than the conventional defocused laser technique. However, several studies indicate that other wavelengths such as Nd:YAG (λ = 1064 nm) or diode lasers (λ = 810 nm) may be also interesting in this field. Intraoperatively, the use of photodynamic therapy or peri-implant care of ailing implants, with the CO2 laser, seems to be more appropriate than conventional methods [95]. Er:YAG laser was also used to investigate its effect as an antibacterial agent, to disinfect root canals, and enhance bond strengths of fiber posts [96].





3.4. Optical Coherence Tomography (OCT)


3.4.1. Working Principles


Optical coherence tomography (OCT) is an imaging technique and has been widely used in medical applications, mainly for diagnostic purposes. Compared to other conventional imaging techniques, OCT has the advantages of being non-invasive, non-destructive and does not expose patients to radiation [97].



There are two main types of OCT: time domain OCT (TDOCT) and spectrum domain OCT (SDOCT). TDOCT can be performed by two techniques, both use two-beam interferometry: in the reflectometer technique the sample is inside the interferometer and illuminated by the sample beam only, whereas in the dual beam technique the sample is outside the interferometer and illuminated by both interferometer beams [98]. In TDOCT the path length of the reference arm is scanned in time. The interference pattern is only achieved when the optical path difference lies within the coherence length of the light source. TDOCT has been used for evaluation of indirect dental restorations, apical microleakage, monitoring the periodontal ligament changes induced by orthodontic forces, and orthodontic interfaces. In SDOCT the spectrum at the output of the low coherence interferometer is measured. The depth scan (A-scan) is calculated by a Fourier-transform from the acquired spectra, without movement of the reference arm. SDOCT has an improved signal-to-noise ratio in comparison to TDOCT, the higher the number of separate spectral windows used in the spectrometer, the larger the signal-to-noise ratio. The width of the spectral windows limits the axial scanning range, while the full spectral bandwidth sets the axial resolution. SDOCT can be also divided into swept source (SS) OCT, and camera-based, Fourier domain (FD) OCT, if it uses a narrow band or broadband optical source [99,100,101].



The OCT axial resolution is related to the light source coherence length lc, which is a function of the light source bandwidth (Δλ). The light source coherence length can be described by Equation (3) [101]:
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(3)




where λ0 is the center wavelength and Δλ is also known as the full width at half the maximum of spectrum. OCT systems, with appropriate broadband light sources, can exhibit excellent axial resolution, less than 20 μm. The transverse resolution is decided by the final spot size on the sample. Higher transverse resolution may be achieved with a focused light. The dispersion and phase compensation are also important to an OCT system.




3.4.2. Dental Applications


In dental science, OCT detects qualitative and quantitative morphological changes of dental hard and soft tissues, like for early diagnosis of dental diseases, such as caries, periodontal disease, and oral cancer, because of the excellent spatial resolution (≈15 μm) [102]. OCT can also be used in other types of applications [99,100,101], such as to evaluate the microleakage of dental restorations and endodontic fillings [103], the dental implant status [104], the integrity of dental prosthesis [105], and the surroundings of orthodontic brackets [106]. In 1991 Huang et al. [107] reported, for the first time, the development of the technique of optical coherence tomography (OCT), to measure the internal structure in biological systems and, in dentistry, a series of reports describing OCT applications appeared in 1998 [108,109,110], with imaging of both hard and soft oral tissues. In 1998 Feldchtein et al. [110] used, for the first time, OCT to perform a comprehensive program of in vivo and in vitro structural imaging of hard and soft tissues within the oral cavity. They were able to differentiate several types of healthy oral mucosa, as well as normal and abnormal tooth structure. Polarization-sensitive optical coherence tomography (PS-OCT) was used to monitor the remineralization of carious lesions, by measuring the new amount of mineral that is deposited in the outermost layers [111]. Wikaksono et al. [112] proposed the use of a combining optical imaging/sensing and mechanical function in an integrated dental drilling probe to show the feasibility of an optomechanical system for surgical optical OCT imaging and sensing in dental applications. The system was made by integrating micro lenses and optical fiber into a dental drill. Although they demonstrate the proof-of-concept of a dental drill, they did not succeed perfectly. More recently, Sun et al. [102] developed a swept-source optical coherence tomography (SS-OCT) system, using a fiber optic handheld scanning probe, for the diagnosis in real-time of crack and microleakage detection between dental composite resin and enamel. The system uses a 1310 nm swept-source laser as a broadband light source, which is separated into two arms (reference arm and sampling arm) and after that is recoupled in another optical coupler for interference. A balance detector is used for the detection of interference and a data acquisition card provided computer-photodetector interfacing. The input light, in the OCT portable probe, with 3 mm outer diameter, is focused by a collimator and then, by a proper scanning mechanism, the output light angle is changed in order to perform the scanning path (Figure 5).


Figure 5. Schematic representation of the setup of a dental handheld probe SS-OCT, for in vivo detection of crack and microleakage, between dental composite resin and enamel (adapted from [102]).



[image: Applsci 05 01350 g005]








The authors verified that SS-OCT can provide the diagnosis of in vivo tooth microleakage and it was very reliable for the diagnosis of cracks in the enamel. However, this study provided ex vivo information for large crack detection only. Further experiments must be carried out with different filling materials in order to correlate them with different image properties, such as penetration depth, image distortion, and the minimum detectable gap size.



Another trend in the application of OCT is in the study of dental materials, in the inspection of crack growth, adhesion, and shrinkage. Lin et al. [113,114] have investigated micro-crack growth and damage in the ceramic’s restorative material and in the ceramic/dentin adhesive interface, under fatigue shear testing monitored, using the acoustic emission (AE) technique combined with OCT. One of the main reasons for extensive or total failure in ceramic restorations are luting defects or resin cement wear between the ceramic restoration and the tooth substance, especially to the dentin where obtaining a reliable bond is more challenging than to the enamel because of the higher water content of dentin. In other studies it was also to analyze the marginal integrity of resin composites dental restorations and other properties by measuring the gap at the tooth–restoration interface [115,116,117].



Boadi et al. [118] also reported a study made to compare two different OCT systems: an 890 nm spectrometer-based OCT system with 2.5 µm axial resolution and a 1300 nm swept-source OCT system with 7.5 µm axial resolution, to determine the effect of these different OCT parameters on the endogenous backscatter contrast of dysplastic/malignant oral mucosa models.





3.5. Fiber Optic Sensors (FOS)


3.5.1. Working Principles


A fiber Bragg grating sensor (FBG sensor) is a periodic modulation of the refractive index of an optical fiber core. If an optical fiber that contains an FBG is illuminated by a broadband light source, only the wavelengths that satisfy the Bragg condition are reflected, all the others being transmitted. This condition is given by Equation (4):
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(4)




where λB is the reflected Bragg wavelength, neff the effective refractive index of the fiber core and Λ the periodicity of the refractive index modulation [18]. When the grating is subjected to thermal variations and/or mechanical perturbations the reflected Bragg wavelength changes, according with Equation (5):
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(5)







The first term represents the strain dependence on the Bragg wavelength variation and the second term, the thermal effect on the same parameter. Equation (2) shows that an FBG can be employed as a sensor element, by monitoring the back-reflected light from the Bragg grating, for longitudinal mechanical strain, εz, and temperature, T. The sensibility of an FBG to εz, is given by Equation (6):
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(6)




where ν is the Poisson’s ratio and pij are the components of the strain-optic tensor. For a typical germanosilicate optical fiber, the expected strain sensitivity around λB = 1550 nm is 1.2 pm/με [18].




3.5.2. Dental Applications


Prosthetics


Tjin et al. [119] was the first one using fiber optic sensors to monitor force and temperature in dental splints worn by patients suffering from sleep apnea. Dental splints are used as a clinical method to mitigate the effects of apnea, during sleep and must be used by patients during night. A way to attempt if patients are wearing it correctly and in a proper manner, during sleep, is to monitor the temperature and force exerted on the dental splint. FGB were inscribed in simple strands of optical fiber, embedded within the splint. The pressure sensor consists of an FBG embedded within three layers of glass fiber composite material (Figure 6). The glass fiber insulates the FBG from the temperature effect. Both the force and temperature sensors used in the trials were independently calibrated and were found to have accuracies of better than 0.5 N and 0.1 °C, respectively. The obtained results have suggested that monitoring of both the pressure and temperature of the dental splint as a function of time, can give a clear indication of the compliance of the patient with regard to the dental splint.


Figure 6. Schematic representation of a dental splint with embedded fiber optic sensors, to monitor force and temperature (adapted from [119]).
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Tiwari et al. [120] also have proposed a new experimental scheme, utilizing FBG sensors, to investigate and to measure the impact absorption capability of custom-made mouth guards. They used a customized pendulum device to simulate the impact loads and its response was observed using pairs of FBGs bonded to the surface of custom-made mouth guard and a typhodontic jaw model, representing normal occlusion, on similar positions.



FBG sensors were used to study the biomechanics of a mandible, in order to develop the design of temporo-mandibular joint (TMJ) implant [121]. An experimental testing device was used to apply the occlusion and muscular forces to the mandible and four FBGs were glued at the surface of a synthetic mandible. The obtained results were correlated with similar ones obtained with a numerical finite element model.




Implantology


Carvalho et al. [122] studied the load mechanism transfer in an implanted cadaveric mandible, due to static and impact loads. Uncoated FBG sensors and standard strain gages (SG) were glued directly to the surface of a human cadaveric mandible, in the direction of the longitudinal axis of the implant, to measure bone strain (Figure 7).


Figure 7. Schematic representation of an implanted cadaveric mandible with fiber Bragg grating and strain gages [122].
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For the static loads the implant was step-loaded, using an automated Shimadzu universal testing machine (UTM) up to a maximum of 160 N and the dynamic loads were generated by striking the implant with a steel mass cylinder of 52 g. The results obtained with the two types of sensors (Figure 8) showed a good agreement and FBG exhibited a higher level of signal-to-noise ratio, proving that FBG have higher sensitivity to small strains when compared to SG.


Figure 8. Comparison of results obtained with an implanted cadaveric mandible and measured with fiber Bragg grating and strain gages. Left: for static load; Right: and impact loads [122].
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FBG were also used in other studies to evaluate the performance of different types of dental implants [123,124,125]. Another topic of interest was to measure, with FBG, thermal variations in bone during implant bed preparation [126]. The atraumatic preparation of the implant bed and the presence of healthy bone factors have been considered essential for osseointegration of a dental implant. The study was performed with surgical drills with a new surface coating to evaluate the viability of a new clinical protocol without irrigation.




Orthodontics


Milczewski et al. [127] used fiber optic sensors to instrumentalize inside parts of an artificial maxilla and measure internal tension transmitted by the orthodontic and orthopedic appliances to the dentition and the adjacent bone. Bragg gratings written in a standard optical fiber were used to monitor the maxillary teeth and a multiplexed fiber was used to monitor the surface of the maxillary bone transversally to the longest axis of the teeth (Figure 9). A universal test machine was used to evaluate the sensitivity of the sensor to the vertical and lateral forces applied on the teeth.


Figure 9. Left: Schematic representation of the maxilla model instrumented with FBG sensors; Right: Occlusal image of the teeth with fixed appliance and extra-oral device (adapted from [127]).
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A wavelength shift of approximately 0.30 nm was detected when applying loads ranging from 0 to 20 N. By applying forces using the standard orthodontic appliances installed on the dentition it was possible to detect a range of forces between 0.025 N to 0.035 N during the activation of the arch wire and extra-oral forces. The use of the internal sensors in an artificial model made possible the monitoring of the resulting forces on the internal parts of the teeth and at the position where the strain takes place within the maxilla. The sensors detected that the orthodontic forces were not transmitted to the surface of the maxilla and this information is important to elucidate about undesirable effects, such as tooth root resorption and local pain, during the orthodontic treatment. In similar studies, the authors have applied other kinds of optical fiber sensors, such as crystal fibers (PCF), FBG, and Hi-Bi FBG, to the evaluate the force transmitted by orthodontic mini implants [128,129] and orthodontic appliances [130]. Other studies also had instrumented orthodontic devices and an acrylic model jaw with FBG to evaluate the differences in the strain transmitted by two orthodontic devices [131]. Similar results were also obtained in a similar study [132], where the strain patterns were not symmetric between the left and the right sides as between the posterior and anterior regions of the jaw.




Dental Materials


Shrinkage of resin-based dental materials has been measured by several methods. Common clinical problems caused by the imperfect interfacial bonding are marginal staining, bacterial micro leakage, and recurrent cavities. Optical fiber sensors have been used to monitor the setting chemical reaction of different dental materials, like dental cements, dental composite resins, dental gypsum, and fiber-reinforced composites [133,134,135,136,137]. In particular, the amount of shrinkage and the rise in temperature was studied during the setting chemical reaction of dental gypsum for different water/powder (w/p) ratios (Figure 10) [133].


Figure 10. Left: Setting expansion variations; Right: Temperature variations; during the setting chemical reaction of dental gypsum type IV, for different w/p ratios. Updated from [133], Copyright The Japanese Society for Dental Materials and Devices, 2011.
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Ottevaere et al. [135] presented, in 2000, a new method to characterize the amount of shrinkage of the cementing materials and the consecutive stresses appearing in the tooth cement-facing structure during bonding using highly birefringent single-mode optical fiber sensors and, in 2012, introduced a fully-automated setup to measure the Bragg wavelength shift of the FBG strain sensors and to accurately monitor the linear strain and shrinkage of dental resins during curing [136]. In a similar study, FBGs were used to monitor the linear strain due to the polymerization shrinkage and hydroscopic expansion, due to water sorption, of four fiber-reinforced biocomposites [137]. The polymerization shrinkage was monitored during the light curing process and the hydroscopic expansion of the samples was measured for 132 days, during which they were immersed in water. The authors have used a silicon mold to pour the samples and let them cure with blue light with embedded sensors. Three types of materials were monitored with only one sensor and the other with two sensors in orthogonal directions (Figure 11). Duplicate samples without embedded fiber sensors were made of each material in order to monitor the mass increase, due to water sorption. The strain and temperature sensitivities of the FBG sensors used within this study were 1.20 pm/με and 11 pm/°C, respectively. The strain resolution was 0.4 με and the temperature resolution was 0.05 °C.


Figure 11. Schematic representation of the structure of the biaxial woven prepreg and the locations of the sensors, in two orthogonal directions, in the sample (adapted from [137]).
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FBG were also used to characterize the expansion of dental gypsum, for different ratios of gypsum powder and water [133]. Thermal variations were also evaluated, during the setting chemical reaction, and the linear thermal expansion coefficient was obtained. For that purpose, the authors carried out an experiment where they flowed the mixture of gypsum with water into a cylinder and used two FBG sensors. One of the sensors was in direct contact with dental gypsum, and hence sensitive to strain and temperature variations, and the other sensor was placed inside a double needle to overcome the cross sensitivity and to be only sensitive to temperature.






Other Applications


In 2000 Colston et al. [138] developed a diagnostic device to permit simultaneous quantitation of multiple proteases within a single periodontal pocket, using a chemical fiber optic sensor, for the diagnosis of periodontal disease. Recent efforts were made to push forward further investigation to permit the use of FBG in in vivo studies, to perform strain measurements in bones, and that the osteoblastic biocompatibility be evaluated [139]. There is a lack of information in this topic of experimental biomechanics which is important to give further ideas on the bone remodeling process around implants, which has been so well studied by other methods. Recently, some review reports appeared in the literature, presenting the application of FOS in biomechanics, in particular dental biomechanics and in biomedical applications [140,141,142,143,144,145,146,147,148], clearly showing the great interest in this type of sensor in research.







4. Final Remarks


It is clear from the amount of literature that photonic technologies had, and still have, a huge impact in dental biomechanics, and in dentistry in general. This happens because these technologies have advantages over others and also because they are friendly for use in clinical practice. Photoelasticity was the first optical technique applied in the study of dental biomechanics and it is still in use. For that reason, it can be said that is a contemporary technique and of interest to undertake research in the area. Lasers prove to be a good choice for clinical practice because they are less time consuming, there are no radiation effects for the patients, and also less pain for them. Some further developments must be taken into account, such as the level of energy and temperature rise of the dental tissues. Additionally, OCT has demonstrated a great potential in dentistry, as in other medical areas, and it can be used not only for diagnostic purposes but also for many other dental applications. FOS have a large number of advantages compared to conventional methods in strain analysis and are suitable for a large number of biomechanical applications. However, some technical limitations in regard with the setup implementation of FOS, must be overcome in order to be user-friendly and to commercialize the technology. Finally, an overall view of the main features of the photonic techniques mentioned in the paper, are summarized in Table 1.



Table 1. Summary of main features of photonic technologies.







	
Photonic Technology

	
Advantages

	
Disadvantages

	
Applications






	
Photoelasticity [29,30,31,32,33,34,35,36,38,39,40,41,42,43,44,45]

	

	
full-field;



	
non-contact






	

	
qualitative information on stress/strain distribution;



	
uses physical replicas of the anatomical parts and dental components;



	
only applied for static loads






	

	
dental biomechanics research;



	
dental structure;



	
dental materials









	
Moiré Fringe [52,53,54]

	

	
full-field;



	
non-contact






	

	
only applied for static loads;



	
limited resolution






	

	
dental biomechanics research









	
ESPI [56,58,59,61,62,63,64,65,66,67,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98]

	

	
full-field;



	
non-contact;



	
quantitative information on stress/strain distribution;



	
high measurement sensitivity;



	
can measure the 3D displacement






	

	
time consuming;



	
difficult to implement the setup






	

	
dental biomechanics;



	
dental structure;



	
dental materials









	
Lasers [78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98]

	

	
bloodless surgical field;



	
minimal swelling;



	
reduced surgical time;



	
excellent coagulation






	

	
can provoke damage to the skin and to the eyes;



	
greater depth of penetration into the target tissue;



	
thermal effect






	

	
clinical application;



	
osteotomy;



	
treatment of premalignant lesions;



	
fluorescence spectroscopy;



	
photodynamic therapy;



	
periimplant care of ailing implants;



	
hemostasis









	
OCT [104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120]

	

	
non-invasive;



	
non-destructive;



	
patients are not exposed to radiation;



	
high space resolution;



	
real time image






	

	
limited penetration depth and scanning range;



	
hard to implement the setup






	

	
dental soft and hard tissue morphology;



	
pre-clinical application;



	
advanced diagnosis tool for tooth decay and periodontal diseases;



	
dental materials: crack growth, adhesion; shrinkage and microleakage;



	
endodontic treatments









	
FOS [103,104,105,106,107,108,109,110,111,112,113,114,116,117,118,119,120,121,122,124,125,126,127,128,129,130,131,132,133,134,135,137,138,139]

	

	
high sensitivity;



	
compactness;



	
geometric versatility;



	
immunity to electromagnetic noise;



	
low cost;



	
can be applied for static and dynamic loads






	

	
limitations in setup implementation for in vivo use;



	
fragile, breakable;



	
only provide point to point data






	

	
dental biomechanics (orthodontics; implantology, prosthetic dentistry, endodontics);



	
materials characterization
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