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Abstract

:

This review aims to discuss and illustrate various uses of cantilevers to solve multiple clinical issues and prove their versatility. Cantilevers are commonly used in the segmented arch technique, and they can be designed to solve various clinical problems with highly predictable results. Its design and shape can modify the various combinations of vertical and horizontal forces. The novel trend is to combine cantilevers with skeletal anchorage. Cantilevers offer a very simple and statically determined force system. The advantage is the control over side effects, which normally occur on the anchor teeth and the occlusion. The disadvantages include possible side effects on the anchorage unit, when the anchorage is poorly controlled. The review highlights the clear benefits of cantilever use in complex corrections of single teeth, segments, and entire arch with a diminished effect on the dentition, also with the use of skeletal anchorage. With their simple and easily tailored design, these springs can be called an orthodontic multi-tool.
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1. Introduction


The application of well-defined biomechanical force systems allows to predict and control the tooth movement, according to the laws of equilibrium. The segmented arch technique was described by Charles Burstone in 1962 [1] and, in many cases, provides several clinical advantages over continuous archwires [2]. Understanding and the application of basic biomechanics aids to improve the orthodontic appliance efficiency, reduce possible side effects, and may shorten the overall treatment time. Cantilevers are commonly used in the segmented arch technique. Their design can solve various clinical problems with highly predictable results. However, combining cantilevers and straight-wire technique to move single displaced teeth decrease the risk of displacement of the well-positioned teeth [3]. As a rule, avoid connecting “the good with the bad”: severely displaced or impacted teeth with continuous archwire aids to prevent serious side effects. The system needs less frequent reactivations due to a low load/deflection rate and long span among the attachment points [4]. Cantilevers are most commonly made from titanium and molybdenum alloy (TMA) wire, but can also be made from stainless steel (SS). TMA can withstand more deflection than SS before permanent deformation occurs. It enables the creation of cantilevers with simpler designs and in most cases saves time during clinical procedures. TMA’s stiffness and modulus of elasticity provide a controlled force system and individualized tooth movement [5]. The cantilever’s design and shape can modify the various combinations of vertical and horizontal force. The use of a curved cantilever provides combined retraction and intrusion, while utility-shaped produces protrusive and intrusive forces [6,7] (Figure 1). In addition, the point of activation influences the force decay pattern over time [8].



A force system delivered by orthodontic appliances can be either statically determined or statically indetermined. In a statically determined force system, all forces and moments can be calculated using the force and moment equilibrium equations and are therefore predictable. For a statically indetermined force system, little is known from both a qualitative and quantitative point of view. A cantilever spring is a very simple and statically determined design. A single force is generated on the mesial end of the one-point contact. On the distal end, there is a reactive force in the opposite direction. These two forces generate a couple that has to be countered by a reactive moment for the sake of equilibrium (Figure 2).



A cantilever is a universal tool, but it is sometimes overlooked in clinical practice. This review aims to discuss and illustrate various uses of cantilevers to solve multiple clinical issues and prove their versatility.




2. Anchorage Considerations


The classic anchorage unit consists of a segment with an increasing number of teeth. The anchorage unit can also be reinforced with an intraoral appliance, for example, a transpalatal arch. The vertical extrusive force can be counteracted by the use of high-pull headgear, but occlusal forces could also partially prevent extrusion [9]. The novel trend is to combine cantilevers with skeletal anchorage (temporary anchorage devices, TADs, or miniscrews). In the literature, various applications of TAD-anchored one-couple systems are described. The advantage is the control over side effects, which normally occur on the anchor teeth and the occlusion. Using TADs does not reduce the need for biomechanical considerations, but reduces some of the obstacles. It is particularly advantageous when the correction of a single tooth is needed and the patient does not desire comprehensive orthodontic treatment. In the treatment of impacted teeth, the bonding of fully fixed appliance can be postponed until the impaction is resolved and possible ankylosis is ruled out [10]. When the cantilever is directly attached to the TADs, it can serve as a direct anchorage. To reduce wire play in the screw head, the cantilever’s size should match the dimensions of the slot [11]. As an indirect anchorage, skeletal anchorage stabilizes the anchorage unit. TADs can support the transpalatal arch (TPA) anchorage to prevent side effects on the molars [11]. The placement of a TAD in line with or parallel to the dentition minimizes torquing moments on the screw. When the TAD is placed perpendicular to the long axis of the dentition (buccal or palatal cortex), counterclockwise or clockwise torquing moments occur on the TAD and lead to its failure [12] (Figure 3).




3. Impacted Teeth


The management of ectopic teeth represents one of the greatest challenges in orthodontics. In the treatment of ectopic canines with a statically determined system, the cantilever’s force line of action can be adjusted according to the treatment need. For a buccally impacted canine, the choice would be either to extrude and mesialize/distalize the canine, while palatally impacted need extrusive and buccal pull-force components. In the case of bilateral impaction, traction can be provided simultaneously for both impacted teeth [13,14,15]. The use of light forces reduces the risk of complications and respects bone biology. The generated force of 25–30 cN extrudes a canine over a wide activation range [14,16]. A cantilever should be attached to the canine with a single-point contact to avoid the couple. The alternative is introducing the compensating toe-in bend when it is attached to the bracket slot [4]. The extrusion of the canine can be also achieved with a vertical tube-supported cantilever spring, as described by Vijayashree and Pai [17]. Supplementary anchorage with different appliance types or TADs decreases the stress levels on the adjacent teeth [18]. Both the biomechanics and force direction of the canine movement are necessary. Poorly controlled orthodontic extrusion may lead to the root resorption of adjacent teeth and introduced moments may cause unwanted rotations [19].



3.1. Buccal Impaction


A single extrusive force for the eruption of a buccally impacted canine can be easily generated with, e.g., a 0.017″ × 0.025″ TMA cantilever from the auxiliary tube of the first molar, attached to the canine with a single-point contact (Figure 4).



Katiyar et al. described the cantilever for buccally impacted canines with a closing loop, positioned mesially to the first molar. Its activation provides distal retraction of the canine, if needed [20] (Figure 5). After the canine is positioned in the arch, a box loop can be used to produce first- and second-order corrections while continuing the vertical eruption [21].




3.2. Palatal Impaction


The traction of the palatally impacted canines includes the tooth eruption out of the palate followed by buccal movement into the final arch position. A cantilever can be inserted into the molar buccal auxiliary tube and attached to the canine [14,22,23]. An alternative option, to avoid occlusal interference, is to attach the cantilever to the lingual sheet of the molar [4,14]. A cantilever could be also inserted into the welded sheet on the TPA (Figure 5). The described methods do not incorporate anchorage reinforcement. In prolonged canine traction, side effects (molar tipping and intrusion) will be observed if the anchorage unit is not well designed. To reduce side effects, a TPA can be employed (Figure 6) [24]. Nakandakari et al. described the canine traction with two cantilevers: one welded to the TPA, activated for extrusion, and a second one attached to the auxiliary molar tube, activated for buccal movement [24]. Tepedino et al. described the TPA with a soldered stainless-steel cantilever, similar to the helical torsion spring. The delivered force magnitude depends on the amount of activation, the wire diameter and the wire length. The length of the wire can be changed with the introduction of loops [25]. According to Tepedino et al., patients’ facial divergence and muscular activity have no impact on the force level for palatally impacted maxillary canines traction [16].



TADs can serve as direct and indirect anchorage. Thebault et al. and Heravi et al. described direct impacted canine traction with a cantilever attached to two TADs. The use of two miniscrews eliminates clockwise and counter-clockwise effects on the TADs during activation and deactivation and reduces the failure risk [10,11]. Annarumma et al. evaluated the traction of impacted canines attached to a double miniscrew and cantilever system only. Different cantilever designs were used to obtain canine extrusion and distalization, and to improve the torque. Skeletal anchorage allowed the tooth movement, without stressing the anchorage of the posterior teeth. The simplicity of the approach make the segmented method a good alternative in the treatment of canine impaction [26].The cantilever can be also attached both to the anchorage tooth unit and to the TAD, as a multi-attachment appliance. Insertion in the auxillary tube of a molar aids to reduce the moment acting on the head of the screw [11]. As an indirect anchorage, the TAD is used to stabilize the anchorage unit. The cantilever is attached to the auxiliary tube of the dental unit; the use of skeletal anchorage prevents side effects on the adjacent teeth (Figure 7).



When the palatally impacted canine is positioned in the arch, torque correction is needed in the finishing stage. Gandini et al. described the appliance to correct buccolingual inclination of teeth, which provide a large buccal root movement with minor crown dislocation. A 0.017 × 0.025 TMA cantilever is placed into a slot of the canine bracket bonded to the palatal or lingual surface of the tooth and attached to the transpalatal bar or the lingual arch as one point of contact. Depending on the initial position of the tooth, the buccolingual inclination can be corrected within 5 to 8 months [27].





4. Deep Bite Correction


The three-piece intrusion base arch consists of anterior and posterior segments and two cantilevers, activated for intrusion (Figure 8).



It has a low force–deflection rate usually under 10 cN/mm due to the large distance between the auxiliary tube of the molar and the incisor brackets. When the force is applied at 90 degrees to the occlusal plane, the line of action can pass through the center of resistance of the incisors. It is achieved when the point of attachment is placed correctly and no flaring of the teeth occurs [28]. The use of light constant forces enables the intrusion of teeth with minimal side effects on the posterior anchor units. When intrusive forces increase, more root resorption occurs without changing tooth movement rate. Therefore, the force levels should be kept as low as possible. The desired magnitude depends on the number of teeth included in the intruded segment and their size. For the upper arch, about 60 cN of force for four incisors should be applied to the upper incisors [28]. Van Steenbergen et al. concluded that maxillary incisors could be intruded with forces of 10 to 20 cN per tooth. There was no difference whether 40 or 80 cN was used, for intrusion rate, extrusion of buccal segments, and change in intermolar width [9]. According to Burstone, the key to anchorage control is to maintain low-magnitude forces and use a rigid posterior segment, including a lingual arch or TPA [28]. The combination of intrusion and incisors retraction is clinically desirable when the overbite and overjet are increased as is often the case in perio-ortho patients. Melsen et al. evaluated the force system delivered by the SS and TMA cantilevers with an eccentrically placed helix loop. Three-piece intrusion mechanics allow the lateral displacement of the point of force application and the line of action passes closer to the center of resistance [29]. In the case of deep bite and flared incisors, Shroff et al. described a three-piece base arch, used together with Class I elastics, to correct deep bite and retract the incisors. Bilaterally placed tip back springs, fabricated from 0.017 × 0.025″ TMA wire, were placed to deliver intrusive force [30].



The mini-implant-supported three-piece Burstone base arch had a pronounced effect on the intrusion of flared four maxillary incisors with a clinically insignificant amount of root resorption. The technique was modified to integrate TADs to overcome the complications of the conventional anchorage protocol. The increased distal force helps to avoid unscrewing the TADs [31]. Mini plates could also serve as a cantilever attachment for anterior intrusion, as described by Thebault et al. [11].




5. Open Bite


In some cases, an anterior open bite can be corrected with dental extrusion. However, stability in retention should always be considered. Kuhlberg described the system with two cantilevers connected to the anterior segment and anchorage unit, which works opposite the three-piece intrusion arch. A passive TPA was placed to prevent third-order movement of the molars [32]. Wilmes et al. [33] described the open bite correction with molar intrusion with the Mousetrap appliance (Figure 9). Lever arms connected to two mini-implants inserted in the anterior palate are activated for molar intrusion. To avoid tipping of the molars, TPA is placed. When the appliance is deactivated, the distal ends of the lever arms are located cranially to the molars’ centers of resistance (CR). The lever arms are activated with downward displacement and a constant intrusive force is delivered [33].



Flieger et al. presented a similar appliance to Mousetrap. The main difference is the placement of two Jet Screws, inserted half of the distance of the perpendicular line segment from the raphe to the palatal cusp tip of the first bicuspid. Posterior intrusion was achieved through distally extended cantilevers fabricated out of 16 × 22 stainless-steel wire, connecting the screw with maxillary molars [34]. Nojima et al. described open bite correction with the use of cantilevers and skeletal anchorage. TADs were placed in the middle of the palate and on the buccal alveolar bone, between the maxillary first molar and second premolar. Intrusive force was provided with 0.018 × 0.025″ TMA transpalatal arch with tear drop loops, tied to the bracket slot of the mini-implant and the palatal tubes of the maxillary molars. On the buccal side, intrusion was obtained with a 0.018 × 0.025″ TMA cantilever connected to the buccal TAD and molar auxiliary tube [35].




6. Intrusion


The intrusion of a single tooth can be achieved with statically determined mechanics. According to the literature, 50 percent of the patients with a deep bite have overerupted mandibular canines [36]. In a finite element study by Caballero et al., the effects of a cantilever for intrusion were studied. Here, the cantilever was inserted into the auxiliary tube of the molar and placed on the top of the mandibular canine bracket (Figure 10). Since the force application point is localized on the labial side, a significant amount of labiolingual force occurs. However, the application of a 6-degree toe-in bend to prevent buccal and lingual crown tipping and produce pure intrusion of the canine was shown to be effective [3]. It is advised to attach the cantilever to the occlusal surface of a canine bracket. The insertion of a cantilever in a bracket slot produces an undesirable couple at the bracket slot [37]. Force application on the lingual side allows the achievement of almost pure intrusion while the bucco-lingual tooth inclination is maintained. Toe-in bend applied on a cantilever aid to achieve the pure intrusion of a mandibular canine. Its angle value depends on the height of the canine cusp [38]. A similar technique is used for the intrusion of the maxillary canine. When an auxiliary molar tube is not available, a cantilever can be inserted into the cross tube and ligated to the canine bracket [39]. Chandhoke et al. described a cantilever anchored on two buccal TADs for the correction of an overerupted second molar. The transpalatal arch controlled the transverse during the molar intrusion. The second molar was significantly intruded without buccal tipping [12].




7. Space Closure


Choy et al. [40] designed the statically determinate retraction system for space closure in extraction therapy. It consists of passive rigid stabilizing units and active retraction springs. The anterior and buccal stabilizing units are made of rigid stainless-steel wire, reinforced with a transpalatal arch. Distal extension with a hook is localized on the anterior stabilizing arch, about six mm superior to the canine bracket slot. A single-force cantilever arm made of 0.017 × 0.025″ TMA alloy wire is inserted into the molar tube for the retraction of the anterior segment (Figure 11). The cantilever spring and the anterior segment’s extension hook were connected with a ligature. A low load-deflection rate of the cantilever spring provides a constant force: at full activation, the spring delivered 163 cN with a load-deflection rate of 6 cN/mm [40].




8. Occlusal Cant


It is important to set a diagnosis between an incisal cant and an occlusal cant. Incisal can be corrected with well-controlled, determinate force systems, while the correction of the occlusal cant is more challenging to treat [41]. In growing patients, the treatment approach may be the controlled eruption of buccal segments; in adults, often only surgical correction is feasible. Deluke et al. proposed the treatment of lower incisal cant with a 0.017″ × 0.025″ TMA cantilever, attached from the first molar auxiliary tube to the main archwire between the central and lateral incisors. Sectioning the main wire allowed the unilateral intrusion of the front segment [41]. Musilli et al. proposed a cantilever, similar in shape to a Ricketts utility arch with a modification of distal hooks attached to the continuous archwire bilaterally between the second premolar and first molar. This canting spring produces intrusion on one side of the anterior segment and extrusion on the other. Since it is applied on the continuous arch as an overlay system, the correction can be achieved without creating steps between the canines and the lateral incisors [42]. Chandhoke et al. described the use of skeletal anchorage and a cantilever for the correction of a mandibular cant with the simultaneous closure of the lateral open bite and transverse correction. In a one-couple system, the force skewed the mandibular arch in the axial plane, reducing the canine overjet and correcting the dental midline [12]. According to van Steenbergen and Nanda, in the posterior occlusal plane cant, the posterior segment may be uprighted with the cantilever hooked to the anterior segment. Expected side effects are the extrusion of the buccal segment and unilateral intrusion of the anterior segment. The large tip-back moment on the buccal segment flattens the occlusal plane [43].




9. Asymmetry, Midline Correction


The correction of the midline discrepancies is important both for aesthetics and to achieve functional occlusion [44]. According to Nanda et al., the use of a cantilever is ideal in apical base discrepancies, when the aim is to upright tipped incisors and change their axial inclinations [45]. When the midline discrepancy is caused by tipping of the lower incisors, simple force applied at the crowns of the teeth will upright the incisors. In case when the bodily movement of incisors is needed, the cantilever shall be attached to the passive loop, extended apically to approximate the center of resistance of the incisor teeth [32]. Fiorelli et al. proposed the simultaneous treatment of deep bite and midline correction. The system consisted of two cantilevers and an anterior segment. One cantilever was activated for intrusive force delivered to an anterior segment, laterally to the maxillary lateral incisor. The tipping of the segment was counteracted by the horizontal force provided by the cantilever on the contralateral side [44]. Mittal et al. designed similar system for midline correction. Anterior segment with a vertical extension approximating the center of resistance is displaced with a 0.017″ × 0.025″ TMA cantilever, bent buccally and tied to the loop with an elastomeric chain. When activated, the system produces the force that results in an efficient midline correction through the pure translation of the anterior segment [46].



The experimental study by Bilinska and Dalstra revealed that different shapes of cantilevers produce vertical, but also horizontal forces. The cantilever with a deep curve shape produces retraction and lateral force, and the utility shape protraction and medial force. When the use of different shapes is attached to the sides of the front segment, the transversal force may facilitate the midline correction [7] (Figure 12).




10. Molar Uprighting


A classic biomechanical treatment modality for molar uprighting is the segmented approach. The cantilever inserted into the molar tube is hooked on the anterior teeth segment and generates extrusion and clockwise rotation on the molar, intrusion on the anterior teeth. To control the vertical forces, a double cantilever system may be used (Figure 13). As a result, we only have two opposite moments, on the molar and the anterior teeth segment [47].



Uprighting of the mesially tipped molars often differentiates between success and failure in periodontal and restorative treatments [48]. Khouw et al. described the helical uprighting spring. It is inserted into the molar tube and attached to the continuous wire, between the canine and premolar. The resultant force is extrusion; a moment with a distal direction aids to upright the tooth and lingual crown tipping. The effect on the anchorage unit should be taken into consideration: the intrusion and lingual tip of the premolars [48]. According to Kojima et al., introducing the bend in the cantilever towards the lingual direction reduces the stress on the anchor teeth, which possibly may reduce the side effects [49]. Ma et al. described the uprighting of the impacted second and third molar. In the first phase, the impacted third molar was distalized with a three-loop spring. The second molar was uprighted with the cantilever inserted into the impacted molar buccal tube and its free end was hooked onto the main archwire to produce an uprighting force. New bone apposition was observed after orthodontic extrusion distally to the adjacent tooth. The technique could be effective in the separation of third molars from the nerve proximity to provide safe extraction with the risk of neurosensory deficit [50,51]. Alessandri Bonetti et al. presented a disimpaction technique, called “orthodontic extraction” of the third molar with a cantilever, which would facilitate its extraction. Cantilever activated for extrusion is connected to the molar and anchorage unit. When the third molar extrudes, the distance between the roots and the mandibular canal increases. Its favorable position for the surgery reduces the risk of nerve damage [52].



“Kissing molars” describe a type of tooth impaction with two mandibular molars severely tipped and impacted with their occlusal surfaces positioned crown-to-crown, while the roots are pointing in opposite directions. The common treatment protocol is the extraction of impacted teeth. The treatment approach to upright and preserve the molars was described by Barros et al. The protocol included the use of torqued cantilever mechanics, where the torque arm moves the roots in a mesiodistal direction. The created mesiodistal moment of force is applied on the molar roots of the second and produces an uprighting effect [53]. A long cantilever arm can deliver a relatively low load-deflection rate and produces a force system to facilitate root uprighting [54]. In the described case, a second molar uprighting occurred mainly due to the torque movement, associated mostly with root repositioning [53].



Morita et al. discussed two different uprighting mechanics separately applied to the mesially tipped mandibular first and second molars. For the uprighting of the impacted and severally tipped first molar, the distal end of the cantilever was twisted to generate the sufficient uprighting moment. On the mesial end, the cantilever was directly attached to the TAD to counteract the extrusive force. The second molar was uprighted with a compression force with two step bends incorporated into a nickel–titanium archwire. The molar was tipped distally [55]. Chandhoke described the uprighting spring, which was anchored by TAD for the correction of mesially tipped lower right first and second molars. The cantilever was stabilized at the TAD, to avoid undesirable moments at the screw and its failure [12]. Methods on molar uprighting with the use of TADs were described by Musilli et al. [47]. The molar can be uprighted with a cantilever attached to the TAD in the retromolar area. The force system clinically produces a moment and an intrusive force on the molar. In the described approach, no other additional appliances are required. When the molar is uprighted with a long cantilever attached to the anterior segment, a TAD can be placed mesially and ligated to the molar to provide a vertical force control. This system has the advantages of the classic double cantilever approach and is more comfortable for the patient [47].




11. Dental Transposition


Mechanics for correction of the dental transposition should be planned individually, reducing the potential risks and side effects. In the transposition of canines and the first premolar, the canine is usually displaced in the mesiobuccal direction between the first and second premolars. The first premolar is often tipped distally and displaced in a mesiopalatal direction [56]. A segmented treatment approach was presented by Laino et al., when tooth impaction and dental transposition were corrected with the use of different cantilever configurations [2]. Capelozza Filho et al. presented a case report of the clinical approach to unilateral tooth transposition of a maxillary canine and first premolar. The first premolar was displaced in the distal and palatal direction with a 0.019 × 0.025″ TMA cantilever. Following the premolar correction, the maxillary canine was mesialized into its final position with torque control [57]. Lorente et al. corrected incomplete maxillary canine–first premolar transposition with a cantilever spring coupled to the auxiliary band tube. The anchorage unit was reinforced with a TPA. The canine was pulled in a mesial and apical direction. The aim was to bring the canine to the widest part of the dentoalveolar process to minimize the amount of periodontal recession [58]. In the case of transposition of the canine and lateral incisor, the canine was displaced buccally with the cantilever, while the lateral incisor was mesialized into the right place in the arch. The use of a cantilever with loops provided the controlled movement of transposed teeth and control of the anchorage unit [59]. Fu et al. used an innovative cantilever and simplified mechanics to correct an ectopic central incisor and the transposed canine–lateral incisor without periodontal complications. The cantilever was attached to a TAD and pulled the impacted tooth canine buccally and distally toward its normal position. The use of skeletal anchorage provided sufficient anchorage [60].




12. Single Tooth Extrusion


Skeletal anchorage with a cantilever can be also used for a forced eruption for teeth with subgingival defects, such as root fractures and subgingival cervical caries. Noh and Park described a system with a TAD and a cantilever, attached to the root of lateral incisor. An extrusive force was applied along the long tooth axis. In this method, there is no need to bond brackets to other teeth to correct the target tooth [61] (Figure 14).



Kumar et al. described the successful management and prosthetic rehabilitation of a complicated horizontal root fracture in the mandibular left first premolar and mandibular lateral incisor. When the coronal fragment is extremely mobile, endodontic treatment, decoronation, and orthodontic extrusion provide an easy approach for functional and aesthetic rehabilitation. After root canal treatment, the root of the incisor was extruded with a 0.017 × 0.025″ TMA cantilever attached to the molar and the root post. The extrusion was followed with the crown restoration. The first premolar was extruded with a helical coiled 0.014 inch NiTi (nickel–titanium) wire attached to canine and molar. The helix was tied to the hooked end of the post with ligature wire. Both teeth were stabilized for 8 weeks prior to prosthetic rehabilitation [62].




13. Molar Distalization


Molar distalization is commonly used for the non-extraction treatment of unilateral or bilateral Class II malocclusions. Direct skeletal anchorage helps to avoid anchorage loss and unwanted side effects on the dentition. Vilanova et al. described a miniscrew-anchored cantilever. TAD is placed on the buccal side, between the roots of the second premolar and upper first molar. A 0.014″ SS cantilever is inserted into the molar tube. TAD and the cantilever are connected with a nickel–titanium closed-coil spring with 200 g of force (Figure 15). The appliance deliver a horizontal force as close as possible to the CR of the upper first molar and result in a distal bodily movement [63].




14. Discussion


This review article discussed several applications of one-couple systems, both the classic approach and using skeletal anchorage. We highlighted the clear benefits of cantilevers used in complex corrections of single teeth, segments, and entire arch with a diminished effect on the dentition. The use of skeletal anchorage provides benefits in terms of anchorage reinforcement and reduces the complexity of orthodontic treatment. Combining TADs with cantilevers increase treatment possibilities.



Modern technologies could aid to improve cantilever design and improve the treatment flow. In the last decade, the interest in the field of robotic wire bending and robotic customization of CAD/CAM appliances has increased [64]. To improve the precision, cantilevers could be designed in the software and bend indirectly by the robots. It could reduce the chairside time and improve precision. Liu et al. presented a collaboration between the robot and external bending machine. The method combines task and motion planning for a robot to curve metal wires into 3D shapes. The described system can bend different 3D shapes with satisfying performance [65].



In the modern treatment approach, 3D printed appliances are becoming more and more popular, with regards for printed orthodontic appliances [66]. For the future treatment modalities, cantilevers could be designed in the software and printed, as it is possible to print beta titanium alloys for biomedical applications [67]. Polymer 3D printing is a developing technology offering printing low-cost functional parts with diverse capabilities and properties [68]. Orthodontic appliances, such as 3D printed distalizers and various auxiliaries (e.g., power-arms), can be produced with additive manufacturing with biocompatible photopolymers [69]. To introduce this technique, the polymer cantilever should have similar mechanical properties to TMA alloys. According to Guerrero-Gironés et al., the assessment of the biocompatibility of 3D printing and conventional resins revealed no major differences [70]. Possibility to produce the tooth-shade or transparent cantilevers would increase aesthetics. In the field of modern technologies in regard to cantilevers production, there is still a room for further investigation. Nowadays, chairside bending offers fast and cost-effective treatment approach.




15. Conclusions


With the correct force system and biomechanical understanding, cantilevers generate a predictable force system to solve the variability of orthodontic problems. With their simple and easily tailored design, these springs can be called an orthodontic multi-tool.
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Figure 1. Different cantilever designs (activated). From the left: deep curve, tip back, and utility arch. 
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Figure 2. Model of a statically determined force system (blue: anchorage unit with cantilever; grey: point of application). (A) Cantilever in a neutral position, length (d). (B) Activated cantilever a single force (F), and a force and a moment (M) on the other side (red arrows). 
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Figure 3. (Left): Placement of a TAD in line with or parallel to the dentition: no torquing moments on the TAD occurs. (Right) TAD is placed perpendicular to the long axis of the dentition; counterclockwise or clockwise torquing moments occurs (red: cantilever, green: force and moment). 
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Figure 4. Bilateral canine impaction: (right) buccal and (left) palatal. Right maxillary canine: traction with 0.017 × 0.025″ TMA cantilever activated for extrusion. Left maxillary canine: cantilever is inserted into the auxiliary tube of an upper molar, activated for canine extrusion and buccal displacement. 
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Figure 5. Cantilever with a loop activated for buccally impacted canine extrusion (red: cantilever, green: force and moment). 
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Figure 6. Traction of a palatally impacted right maxillary canine. (A) Canine extrusion with 0.017 × 0.025″ TMA cantilever inserted into the welded sheet on TPA, activated for extrusion. (B) Cantilever placed into the auxiliary tube of an upper molar, activated for canine extrusion and buccal displacement. (C) The canine is aligned into its final position. 
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Figure 7. Panoramic x-ray shows ectopic tooth 23 in a 16-year-old patient with only slight resorption of 63 (A) Palatally impacted left maxillary canine. The patient was satisfied with the smile-esthetic with the diastemas. Therefore, a sectional appliance was chosen for correction of position of 23 without changing neither the occlusion or position of the rest of the teeth. (B) Canine extrusion with 0.017 × 0.025″ TMA cantilever inserted into the tube of the molar, activated for extrusion and buccal displacement. TAD is applied to stabilize indirectly the molar (anchorage unit). (C) The canine is aligned into its final position. 
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Figure 8. Three-piece intrusion arch. Deep curve shape cantilevers activated for anterior segment intrusion cantilevers: (Left) activated, before ligation; (Right) ligated distally to lateral incisors. 
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Figure 9. Mouse trap appliance. Lever arms connected to TADs, activated for molar intrusion (red). Transpalatal arch (green). 






Figure 9. Mouse trap appliance. Lever arms connected to TADs, activated for molar intrusion (red). Transpalatal arch (green).



[image: Dentistry 10 00135 g009]







[image: Dentistry 10 00135 g010 550] 





Figure 10. Cantilever activated for canine intrusion, placed on the top of the mandibular canine bracket (red: cantilever, green: force and moment). 
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Figure 11. Statically determinate retraction system for space closure. Cantilever (red) is activated for anterior segment retraction (green: line of action). 
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Figure 12. Asymmetric cantilever activation: activation of utility arch (right side of typodont) and deep curve cantilever (left side of typodont), resulting intrusion and displacement of anterior segment (before: pink; after: blue). 
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Figure 13. Double cantilever mechanics. The red cantilever, from the molar to the anterior teeth, generates extrusion, clockwise rotation on the molar, and intrusion on the anterior teeth (red arrows). In order to control the vertical forces, a second cantilever, from a tube in the anterior, is required. This green cantilever is placed distally to the molar and it produces molar intrusion and a counter-clockwise movement with extrusion on the anterior teeth (green arrows). The resultant forces cancel each other, and two opposite moments occur. 
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Figure 14. Extrusive force (green) applied along the long tooth axis with a cantilever (red) connected to the TAD (blue). 
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Figure 15. Unilateral molar distalization with cantilever connected to the TAD with a closed-coil spring (green: force). 
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