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List of Abbreviations 

 

3D   three-dimensional 

ANOVA  Analysis of Variance 

Fx   Force on the x - axis / intrusion-extrusion 

Fy   Force on the y – axis / mesiodistal 

Fz   Force on the z – axis / orovestibular 

i.e.   „id est“ (Latin) ~ „that is“ (English) 

Mx   Moment on the x - axis / rotation 

My   Moment on the y - axis / torque 

Mz   Moment on the z - axis / tipping 

NiTi   Nickel Titanium 

OMSS   Orthodontic Measurement and Simulation System 

p   probability value 

Rx   Rotational position on the x - axis  

Ry   Rotational position on the y - axis 

SS   Stainless Steel 

Tx   Linear position on the x - axis   

Ty   Linear position on the y - axis 

Tz   Linear position on the z - axis 

β-Ti   Beta Titanium 

“ inch (=25.4 mm; in this thesis the unit inch is used as brackets and 

wires are dimensioned in inches)  
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1. English summary 

 

1.1 Introduction 

The complete customization of lingual bracket systems aimed to overcome the disad-

vantages of traditional lingual orthodontic methods, such as patient discomfort and poor 

clinical efficiency (George and Hirani, 2013). While patients prioritize comfort and aesthet-

ics, orthodontic professionals consider clinical performance as a determining factor in the 

choice of any orthodontic appliance (Marañón-Vásquez et al., 2021). Systematic reviews 

of clinical trials, investigating the therapeutic or adverse effects of lingual orthodontics, 

confirmed that more studies are needed in order to extract safe conclusions (Mistakidis et 

al., 2016; Binhuwaishel and Al-Jewair, 2018). In vitro studies were conducted in order to 

evaluate fully customized lingual appliances, in relation to forces and moments, with con-

flicting results (Fuck et al., 2005; Sifakakis et al., 2013). 

Nickel titanium, beta titanium and stainless steel are currently the most frequently used 

alloys in the production industry of orthodontic archwires. Although the mechanical bio-

compatibilities of these alloys were standarized to levels proper for biomedical applica-

tions, cross-sectional or shape variations can affect the generated force/moment values 

and the consequent biologic response during orthodontic movement (Sifakakis et al., 

2014; Montasser et al., 2016). Each orthodontic archwire sequence should ensure patient 

comfort, suitable treatment duration and optimal treatment outcome. Systematic reviews 

of clinical trials showed that there is inadequate research evidence to draw a distinction 

between a variety of initial archwires or archwire sequences (Papageorgiou et al., 2014; 

Wang et al., 2018). 

The load transmitted to the dental arch during orthodontic alignment should be low enough 

in order to prevent damage to the teeth or/and the periodontal tissues. Apart from the 

factors related to any bracket/wire combination, forces and moments are subject to the 

amount of misalignment. Dissimilar tooth types are able to withstand different loads de-

pending on their morphological characteristics (Proffit et al., 2007; Papageorgiou et al., 

2017). 
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The main purpose of this study was to compare forces and moments generated from con-

ventional labial and fully customized lingual bracket systems combined with wires of dif-

ferent alloys and various dimensions for the alignment of certain teeth. Different testing 

protocols were established in order to fill the gaps in existing literature. Firstly, this study 

aimed to simulate the leveling process of a specific malocclusion model with the use of a 

NiTi archwire sequence in order to analyze the initial forces and moments generated at 

every alignment stage, as well as the final tooth positions. Secondly, this investigation 

aimed to compare the force values produced from the activation of 0.018” x 0.025” stain-

less steel and beta titanium wires under predefined conditions. 

 

1.2 Materials and Methods 

The experiment was carried out with two fully customized lingual bracket appliances, i.e. 

(i) Incognito™ (3M Unitek, Monrovia, CA, USA), (ii) WiN (DW Lingual Systems, Bad Es-

sen, Germany) and two conventional labial systems, i.e. (i) Discovery® MIM, (ii) Discov-

ery® smart (Dentaurum, Ispringen, Germany) combined with 0.012”, 0.014”, 0.016”, 0.016” 

x 0.022” NiTi, 0.018” x 0.025” β-Ti and 0.018” x 0.025” SS archwires.  

Initially, an impression of the mandibular arch of a patient (Figure 1, Publication 1) was 

dispatched to a WiN laboratory to manufacture a full set of lingual brackets, a transfer tray 

and a setup model. As soon as the setup model was received and scanned, the digital 

version was forwarded to IncognitoTM to facilitate the fabrication of an appliance with com-

parable therapeutic design. Customized mushroom-shaped archwires with straight lateral 

segments were acquired from the respective laboratories in addition to the lingual brack-

ets, and preformed mandibular archwires, i.e. Tensic®, Rematitan® and Remanium® ideal 

arches (Dentaurum, Ispringen, Germany) were ordered together with the conventional la-

bial appliances.  

1.2.1 Simulation procedure 

The malocclusion model was replicated with resin (Technovit® 4004, Kulzer GmbH, Ha-

nau, Germany) in silicone molds. The labial brackets were bonded on the resin casts ac-

cording to a direct bonding protocol with the use of a 0.018” x 0.025” SS splint, whereas 

for the lingual appliances, the customized transfer trays were utilized for indirect bonding. 
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The Transbond™ XT Light Cure adhesive primer and paste (3M Unitek, Monrovia, CA, 

USA) were chosen for the labial appliances and the Maximum Cure® sealants A and B 

(Reliance Orthodontics, Itasca, IL, USA) were chosen for the lingual systems as bonding 

agents. 

The apparatus allowed movement of only one tooth at a time, therefore three teeth, i.e. a 

canine (#33), a lateral incisor (#42) and a second premolar (#45) were selected for the 

specific investigation. The objective was to experiment on teeth with different morpholog-

ical characteristics, linear and rotational positions. Prior to the bonding of the appliances, 

all the selected teeth were separated from the replicas. The respective brackets were 

attached to a sensor fixed in the simulation chamber at a position parallel to the three 

planes of space. Afterwards, a resin cast bonded with one of the appliances was adjusted 

in the chamber with the use of the transfer trays or the wire splints. Subsequently, a 0.012” 

NiTi wire was inserted, ligated with short, preformed SS ligatures (Remanium®, Dentau-

rum, Ispringen, Germany) and the initial force was registered. The simulated movement 

was run until no forces or moments were detected from the sensor. At the balance posi-

tion, the initial wire was replaced with the next et cetera until all NiTi wires were examined. 

For each appliance, the simulation process was repeated five times at every tooth posi-

tion.  

1.2.2 Activation procedure 

Due to the rigid nature of the 0.018” x 0.025” archwires, a different testing protocol was 

followed. The setup model was replicated along with the malocclusion model. After the 

completion of the simulation, the bracket appliances were carefully transferred on the 

setup-resin duplicates by use of the direct bonding protocol. A cast was adjusted in the 

activation chamber in a position where all forces were eliminated and the selected arch-

wire piece was ligated on the appliance. The sensor was programmed to perform succes-

sive steps of 0.02 mm for a distance of 0.2 mm on the x-axis and then backwards to the 

initial position of the tooth. The wire was, then, readjusted, ligated with new ligatures and 

the activation was repeated on the z-axis. The generated force values were recorded on 

0.1 and 0.2 mm.  
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A manual ratchet thimble micrometer (Mitutoyo, Illinois, USA) and an electronic caliper 

(Digimatic 500-120, Mitutoyo, Neuss, Germany) were used to record interbracket dis-

tances, slot lengths and wire dimensions.  

1.2.3 Apparatus 

The OMSS (Bourauel et al., 1992) consists of a temperature-controlled chamber, which 

contains two 3D force/moment sensors connected with 3D positioning tables. For this ex-

periment, the temperature was set at 37 °C to approximate intraoral temperature. The 

positioning tables are attached to microstepping motors and thus, this apparatus consti-

tutes an electronic typodont, in which the positioning tables substitute the wax and allow 

tooth movement under the influence of force/moment. In detail, the sensors constantly 

detect the forces and moments generated from the specific bracket/wire combination and 

the software calculates the force/moment vectors. The resulted vector corresponds to the 

amount of movement, which is executed by the stepping motors by steps in the range of 

10 micrometers and 0.1 degree. 

1.2.4 Specifics 

IncognitoTM manufactures 0.0182” x 0.025”- archwires, while the rest of the brands offer 

wires of 0.018” x 0.025”.  

For every rerun, a new wire piece and new ligatures were used. WiN customized only one 

set of wires, so for every repetition the same piece was readjusted and religated.  

For both protocols, the wires were ligated only on the tested tooth and its adjacent teeth 

due to the rigid nature of the resin cast, which allows sole movement of the tooth under 

examination. 

1.2.5 Statistical analysis 

The statistical analysis was carried out in SPSS Statistics software version 9 (IBM, Ar-

monk, New York, USA). Normal distribution of the registered data was proven using a 

Kolmogorov-Smirnov test (p≤0.01). Variances between the produced forces, moments 

and final positions of the selected teeth were analyzed with ANOVA. Student Newman 

Keuls tests (p≤0.05) were selected as Post-hoc tests, Student’s t-tests for equality of 

means (p≤0.05) were selected for group comparisons, and the standard deviations were 

compared with the use of Levene’s test of equality of variances (p≤0.05).  
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1.3 Results 

1.3.1 Simulation procedure 

The mesiodistal force and ultimate placement of the sensor on the same axis are of min-

imal importance for this investigation; therefore, Fy and Ty are not analyzed. 

1.3.1.1 Forces 

As shown in Tables II-V, Publication 1, lower orovestibular forces were recorded from 

labial systems when combined with all wires of the NiTi sequence [Fz; (p=0.000), 

(p=0.000), (p=0.012), (p=0.028)] for the lateral incisor compared with the lingual ones. For 

the canine, the higher orovestibular force (1.5 N) [Fz; p=0.000] registered using the 0.012” 

wire was produced by IncognitoTM, while both lingual appliances generated higher intru-

sion/extrusion forces when combined with the rectangular wire in comparison with the 

labial appliances [Table V; Fx; p=0.001]. IncognitoTM generated, also, reverse intrusion/ex-

trusion forces for both #33 and #42 compared with the rest of the appliances. For the 

premolar, Discovery® classic produced the highest registered orovestibular force (1.2 N) 

[Fz; p=0.000]. The use of 0.14”, 0.016”, 0.016” x 0.022” wires resulted in forces of different 

directions during the same stages of the tooth alignment. 

1.3.1.2 Moments 

Tables VI-IX, Publication 1 show the moment values produced by all bracket/archwire 

combinations. At the lateral incisor, higher rotational moments were produced from WiN 

(2.8 Nmm) and IncognitoTM (3.6 Nmm) [Table VI; Mx; p=0.000] and higher torque (25.5 

Nmm) was generated by WiN [Table VI; My; p=0.000] when these appliances were com-

bined with the 0.012” wire. For the rest of the wires, WiN generated higher torque levels 

compared with the labial systems at the same area [Table VII-IX; My; (p=0.002), 

(p=0.018), (p=0.012)]. Also, IncognitoTM produced moment values, which differed statisti-

cally and significantly from those recorded from the rest of the systems during the simu-

lated movement of the lateral incisor and canine. Ligation of the initial wire at the canine 

area led to lower rotational moments (0.4 Nmm) produced from WiN [Table VI; Mx; 

p=0.000], higher tipping moments (-10 Nmm) and reverse torque values produced from 

IncognitoTM [Table VI; Mz; p=0.006] compared with the rest of the appliances. Further-

more, the combination of 0.014” and 0.016” wires with WiN gave rise to lower rotational 
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values (1.0 Nmm and 1.4 Nmm respectively) by WiN [Table VII-VIII; Mx ; (p=0.000), 

(p=0.002)] compared with the rest of the systems at the canine area. All the moments 

produced during the alignment of the premolar with the lingual appliances were statistically 

significantly lower than those generated from the labial appliances. In specific cases the 

variances were not marked as being statistically significant [Table VIII-IX; Mx; (p= 0.107), 

(p=0.230)]. The apparatus registered moments of different directions between the four 

appliances with the use of 0.14”, 0.016” and 0.016” x 0.022” wires at the same axis and 

same tooth area.  

1.3.1.3 Final positions 

In this study, linear or rotational final position is considered the position of each tooth at 

the balance point of the 0.016” x 0.022” NiTi archwire, which is presented in Tables X-XI, 

Publication 1. The canine was less rotated with the use of the WiN system (2.0°), most 

rotated with the use of Discovery® smart (11.7°), while IncognitoTM rotated the specific 

tooth in a reverse direction (-7.8°) compared with the rest of the appliances [Table XI; Rx; 

p=0.000]. With IncognitoTM, the same variation was observed for the final vertical position 

(-0.7mm) of the canine [Table X; Tx; p=0.000] and the rotation of lateral incisor around the 

y-axis (-5.3°) [Table XI; Ry; p=0.000]. The minimum rotation of the premolar was observed 

with the use of the WiN appliance (1.8°), which presented slight difference from the Incog-

nitoTM system (2.3°). The Discovery® MIM and smart systems rotated the premolar more 

(7.3° and 10.9° respectively) [Table XI; Rx; p=0.000]. The same tooth was also directed 

more vestibulary with the use of the fully customized lingual bracket systems [Table X; Tz; 

p=0.000].  

1.3.2 Activation procedure 

Tables 4-7, Publication 2 display the analysis of the forces registered during activation. 

For the β-Ti wires, higher force levels were observed only in the cases shown in Figure 3, 

Publication 2. In all other cases, higher force levels were recorded with the use of SS 

archwires.   

The measured slot widths, interbracket distances and wire dimensions are shown in Ta-

bles 2 and 3, Publication 2. 
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1.3.2.1 Stainless steel archwires 

Combination of 0.018” x 0.025” SS archwires with WiN and IncognitoTM generated higher 

forces during intrusion/extrusion of the premolar [(Table 4; #45; Fx; 0.1 mm; p=0.000 and 

0.2 mm; p =0.000), (Table 5; #45; Fx; 0.1 mm; p=0.000 and 0.2 mm; p=0.022)] and during 

extrusion of the lateral incisor and the canine in comparison to labial appliances [Table 4; 

(#33; Fx; 0.1 mm; p=0.000 and 0.2 mm; p=0.000), (#42; Fx; 0.1 mm; p=0.000 and 0.2 

mm; p=0.000)]. Oral movement of the lateral incisor and the premolar resulted in similar 

force levels for all tested systems [Table 5; #42; Fz; 0.1 mm; p=0.699 and 0.2 mm; 

p=0.451); (#45; 0.2 mm; Fz; p=0.388)].  

1.3.2.2 Beta titanium archwires 

As in the experimentation with SS wires, intrusion/extrusion forces at the premolar [(Table 

6; #45; Fx; 0.1 mm; p=0.000 and 0.2 mm; p =0.000), (Table 7; #45; Fx; 0.1 mm; p=0.000 

and 0.2 mm; p=0.000)] and lateral incisor area [(Table 6; #42; Fx; 0.1 mm; p=0.000), (Ta-

ble 7; #42; Fx; 0.1 mm; p=0.000 and 0.2 mm; p=0.000)], as well as extrusion forces at the 

canine area [Table 7; #33; Fx; 0.1 mm; p=0.000 and 0.2 mm; p=0.000] were higher with 

the use of lingual appliances. Similar forces were observed throughout orovestibular acti-

vation of β-Ti archwires at the lateral incisor [Table 6; #42; Fz; 0.1 mm; p=0.264].  

 

1.4 Discussion 

ANOVA underlined the statistically significant differences between forces and moments 

produced by the selected bracket/wire combinations. The clinical importance of each sta-

tistically significant difference should be evaluated separately and with caution. Slight var-

iations, due to inconsistent wire ligation pressure and unalike wire adjustment, could not 

influence the course of orthodontic treatment.  

The values recorded during repetitions varied in many cases due to technical reasons. 

Deviations of wire dimensions can occur during manufacturing and could affect the gen-

erated force and moment levels (Pompei-Reynolds and Kanavakis, 2014). In addition, a 

measurement error could occur from the successive sensor adjustments and archwire 

changes, which alter the contact status between each bracket and wire.  
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As in the differences observed between the five repetitions, inconsistent wire ligation and 

unalike wire adjustment could affect the generated force/moment levels between positive 

and negative activations. Furthermore, the resistance created from the ligature is less than 

the one generated from the slot walls, thus force levels can be lower.  

The slot width and the direction of the slot walls of each bracket determine the free wire 

length and the consequent wire stiffness, as well as the orientation of the inserted rectan-

gular archwire. The long slot walls were oriented vertically for lingual bracket systems with 

a vertical slot opening at the anterior region (Supplementary Figures, Publication 1). The 

ribbon-wise configuration of the customized rectangular archwires led to higher intru-

sion/extrusion forces in comparison with the orovestibular forces generated from the same 

appliances and the intrusion/extrusion forces generated from the labial appliances. Due 

to reduced free wire space (Creekmore, 1976; Moran, 1987) between the lateral incisor 

and its adjacent teeth, lingual bracket appliances generated higher orovestibular forces 

than those generated from the labial appliances during experimentation with the NiTi wire 

sequence. The higher intrusion/extrusion forces recorded at tooth #33 during the final 

stage of the alignment with the lingual bracket systems result from the vertical orientation 

of the 0.016” x 0.022” NiTi archwire. 

As in any wire sequence, the values registered from each archwire were dependent on 

the amount of force/moment applied by the previous wire of the sequence, which defined 

the amount of alignment needed until equilibrium was reached. The amount of residuary 

misalignment of tooth #42 and #45 was small, thus the rectangular wires generated lower 

forces. In cases where the levelling achieved from the chosen wire sequence is not 

enough, additional wires of small dimensions could be used prior to the finishing wire. The 

vertical configuration of the archwires could also result in lower orovestibular forces in 

comparison with the labial appliances, something that was not observed during activation 

of the 0.018” x 0.025” archwires due to the smaller lingual interbracket distances. Arch-

wires of 0.018” x 0.025” are combined with lingual appliances when high torque expres-

sion is needed (β-Ti) or for segmental stabilization (SS). In addition, SS wires of these 

dimensions are indicated to increase anchorage during treatment with Herbst device (Vu 

et al., 2012; Mujagik et al., 2020). In clinical reality, the higher forces registered by use of 

lingual appliances could be translated in increased anchorage (Bock et al., 2016).  
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During simulation, experimentation with the IncognitoTM system resulted in higher regis-

tered force levels and diverse moments at teeth #33 and #42, as well as different final 

tooth positions in comparison with the rest of the appliances. A possible explanation could 

be a differentiation of the transfer tray or the customized archwires received from Incog-

nitoTM, which affected the simulation and resulted in different final tooth positions. 

Moment values tended to differ between labial and lingual appliances. Lower moments 

were registered during experimentation with the WiN appliance at tooth #33, which re-

sulted in less rotation of the canine. By use of archwires with straight lateral segments, 

both lingual bracket systems rotated tooth #45 less than labial appliances. Customization 

of the lateral segments could result in a different final position. Support with elastic chain 

could also be used in clinical practice when increased rotation is needed (Wiechmann and 

Nesbit, 2007). 

The biomechanical characteristics of β-Ti and SS differ enough in order to cover several 

indications. Beta titanium presents lower strength, stiffness and elastic modulus in com-

parison with the stainless steel archwires, thus are considered a safer option when low 

force levels are required (Kusy, 1997; Proffit et al, 2007). On the other hand, β-Ti wires 

exhibit higher friction levels (Sridharan et al., 2017), as well as higher surface roughness 

than the SS wires. The coexistance of high roughness and increased friction levels is still 

questioned (Fidalgo et al., 2011; Doshi and Bhad-Patil, 2011). In this study, stainless steel 

wires were slightly smaller than the β-Ti ones and as a result, the slot play was increased. 

All these factors resulted in slightly smaller force levels generated from the beta titanium 

wires in most cases. The results are in agreement with previous investigations, which 

showed slightly different torque effectiveness between 0.018” x 0.025” β-Ti and SS wires 

(Daratsianos, 2010).  

1.4.1 Sources of error 

A major error source is the wire/slot play. The dimensions between wire pieces of the 

same alloy and cross section varied and as a result, slot play variations between the four 

appliances influenced the registered values. To minimize random error, repetitions were 

performed. The OMSS maximum sensor error is 0.3 % in linearity and 1.8 % due to cross 

talk (Bourauel et al., 1992). Other feasible error sources are the model scanning, the du-

plication methods and the statistical error of repetitions. Scanning and duplication of stone 
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casts with the use of silicone molds have proven to be precise (Kirschneck et al., 2018; 

Amuk et al., 2019). Although errors related to human inaccuracy cannot be quantified, all 

procedures were performed by the same investigator.  

1.4.2 Limitations 

The clinical transferability of the obtained results should be evaluated in accordance with 

the limitations of this experimental study. Absence of biological function, i.e. mobility of all 

teeth of the dental arch due to the presence of periodontal ligament, muscle function and 

occlusion forces could affect the registered force/moment values. Conflicting results were 

published regarding lubrication via saliva, friction and the consequent force/moment levels 

(Thorstenson and Kusy, 2001; Almeida et al., 2019).  The experiment was performed with 

stainless steel ligatures in an effort to reduce friction (Vinay at al., 2014). The use of an 

idealized experimental situation did not aim to reproduce the force/moment levels and 

final tooth positions of an orthodontic therapy. The only objective of this study was to com-

pare the selected appliances and treatment protocols with the use of an apparatus able 

to register forces and moments during 3D representation of orthodontic tooth alignment. 

 

1.5 Abstract 

While fully customized lingual bracket systems are becoming a common orthodontic so-

lution, the aim of this study was to examine their force/moment capacity and therapeutic 

efficacy by comparison with conventional labial appliances. Twenty-four bracket/wire com-

binations [(bracket appliances: IncognitoTM, WiN, Discovery® MIM, Discovery® smart), 

(archwires: 0.012”, 0.014”, 0.016”, 0.016” x 0.022” NiTi, 0.018” x 0.025” β-Ti and 0.018” x 

0.025” SS) were tested during simulated alignment and predefined wire activation. Both 

experimental protocols proved that the combination of rectangular archwires and fully cus-

tomized lingual appliances increases vertical force levels, regardless of the alloy or cross 

section. Increased force levels were observed during intrusion/extrusion using 0.016” x 

0.022” NiTi, 0.018” x 0.25” SS and 0.018” x 0.025” β-Ti wires. In addition, fully customized 

lingual appliances generated higher force values, in areas with severe misalignment and 

smaller interbracket distances in comparison with the conventional labial ones. Regarding 

the treatment outcome, the simulation resulted in a less rotated premolar when the fully 

customized lingual appliances were tested. In clinical practice, the orthodontist should 
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evaluate each case separately in order to adjust the treatment protocol accordingly. A 

carefully arranged wire sequence, with minimal increase of the subsequent archwires 

cross-section for every treatment stage, could decrease the force levels produced from 

the lingual appliances and increase efficiency. Additional orthodontic products, such as 

elastic chains could be used in order ensure adequate rotation. Archwires of 0.018” x 

0.025” should be combined with lingual appliances only when increased anchorage is 

needed and are highly indicated when a Herbst appliance is utilised for treatment of Class 

II malocclusion. Direct comparison of 0.018” x 0.025” β-Ti and SS archwires resulted in 

slight differences. Based on the obtained force values, the two alloys could replace each 

other in any archwire sequence without influencing the treatment outcome.  
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Abstract 

Introduction: The assessment of forces and moments generated by fully customized lin-

gual appliances and their effectiveness of tooth movement in comparison with conven-

tional labial bracket systems, applied on a specific malocclusion model. 

Methods: Two fully customized lingual appliances (IncognitoTM and WiN) and two labial 

bracket systems (Discovery® classic and Discovery® smart) were examined with NiTi 

wires of different cross sections (0.012”, 0.014”, 0.016” and 0.016” x 0.022”) and three 

tooth types (canine, lateral incisor and second premolar). Simulated movement was per-

formed, with a wire replacement as soon as forces or moments were no longer effective.  

Results: Lingual and labial appliances showed statistically significant differences in initial 

forces and moments when tested with same cross section wires. Statistically significant 

differences between the two lingual bracket systems were also registered. Both lingual 

appliances rotated the premolar less than the conventional labial appliances. 

Conclusions: In areas of smaller lingual interbracket distance and higher lingual slot mis-

alignment, the tested lingual multibracket appliances showed higher forces compared to 

the labial ones. The force difference was particularly prominent with vertically oriented 

lingual slots and rectangular wires. The tested lingual appliances presented difficulties in 

rotating the premolar. 

 

Introduction and literature review 

In the 70s, Dr. Craven Kurz (California, USA) and Dr. Kinya Fujita (Kanagawa, Japan) 

invented the first lingual bracket appliances independently 1-3. A few years later, Dr. Cra-

ven Kurz cooperated with a dental company to initiate mass production. Until the early 

90s, the initial appliance has undergone several corrections, and other companies em-

braced the idea of the lingual bracket production 3, 4. The pick in the evolvement of the 

lingual braces can be placed in the early 00s when fully customized appliances were in-

troduced using computerized three-dimensional production techniques 5, 6.  

Several investigators compared the therapeutic effectiveness of the innovative lingual 

brackets with the conventional labial bracket systems 7, 8. Subsequently, some authors 
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have investigated the biomechanical characteristics of fully customized appliances in com-

parison with pre-adjusted lingual brackets 9, 10.  

Although the advantages and disadvantages of the lingual appliances have been ad-

dressed in multiple studies, the effectiveness and force/moment capacity of the lingual 

braces, in general, is still a controversial subject 11-16.  

In contrast with previous studies which investigated certain factors under specific circum-

stances, the purpose of this study was to simulate the alignment procedure of a specific 

malocclusion model of a selected patient in order to analyze: 1) the levels of initial forces 

and moments generated from fully customized lingual bracket in comparison with conven-

tional labial appliances at every stage of the alignment procedure, 2) the interaction be-

tween the selected bracket systems and a sequence of wires used in everyday orthodontic 

practice, 3) the effectiveness of the chosen bracket systems in relation to the final position 

of  different tooth types. 

 

Materials and Methods 

Bracket appliances 

Sixteen bracket/wire combinations were examined with the use of four bracket appliances. 

Two of the appliances were fully customized lingual bracket systems: 1) Incognito™ lin-

gual brackets (3M Unitek, Monrovia, Minnesota, USA), 2) WiN lingual brackets (DW Lin-

gual Systems, Bad Essen, Germany) and the other two were different types of conven-

tional labial bracket systems: 1) Discovery® classic and 2) Discovery® smart appliances 

(Dentaurum, Ispringen, Germany). All brackets have a 0.018” slot size. The lingual bracket 

systems have a vertical slot opening on the incisor and canine brackets, while the premo-

lar/molar lingual brackets and all labial brackets have a horizontal slot opening. The long 

slot walls were oriented vertically (“ribbonwise”) for the lingual appliances and horizontally 

(“edgewise”) for the labial appliances (Supplementary Figure 1). The relevant slot widths 

and distances between the adjacent slots are shown in Supplemental Table 1. 
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Malocclusion model 

An impression of a patient presenting moderate mandibular anterior crowding and bilateral 

rotation of the premolars (Figure 1) was sent to the certified laboratories in order to con-

struct the lingual appliances incl. a transfer tray, for the indirect bonding. Additionally, the 

setup model of WiN was scanned and sent to the other certified laboratory of Incognito 

3M in order to produce a perfect setup copy (Figure 2). This procedure aimed to create 

identical setup models and lingual appliances with the same treatment objective.  

 

 

 

 

 

 

 

 

Fig. 1: The lower dental arch of a case with mild crowding. 

 

 

 

 

 

 

 

Fig. 2: Digital representation of the setup as received from the IncognitoTM laboratory. 

Subsequently, resin mandibular models were constructed from the initial malocclusion 

model. In detail, soft silicone molds of the malocclusion model were prepared to be fulfilled 

with resin (Technovit® 4004, Kulzer GmbH, Hanau, Germany) and the produced resin 
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casts were modified to fit a self-constructed orthodontic measurement and simulation sys-

tem (OMSS). Three teeth were examined: the canine of the third quadrant (#33), the lat-

eral incisor (#42) and the second premolar (#45) of the fourth quadrant. Each tooth under 

examination was removed from the resin cast so it could be replaced with a sensor. 

Bonding procedure 

The fully customized lingual brackets were bonded indirectly with the use of the custom-

ized transfer trays received from the corresponding laboratory, while for the labial brack-

ets, a standard bonding procedure was followed using a 0.018”x0.025” stainless steel wire 

as a splint, created and adjusted by the same examiner. The stainless steel wire was 

customized to fit passively in the slots and used for the bonding of the labial appliances at 

the same position on every resin cast needed for the experimental procedure. The sensor 

was bonded with the appropriate bracket and adjusted in the OMSS chamber in a position 

where the slot was parallel to the sensor at the three planes of space: The passive-wire-

splint was inserted and ligated on the resin cast and the whole cast/bracket/splint system 

was secured in a position where no forces were generated on the tooth to be examined. 

After the adjustment, the splint was removed. The bonding agents were the Transbond™ 

XT Light Cure adhesive primer and paste (3M Unitek, Monrovia, Minessota, USA) for the 

labial appliances and the Maximum Cure® sealants A and B (Reliance Orthodontics, 

Itasca, Illinois, USA) for the lingual appliances.  

Archwires 

The above-mentioned bracket systems were examined with 0.012”, 0.014”, 0.016” and 

0.016”x0.022” nickel titanium (NiTi) wires. For the Incognito™ and WiN lingual appliances, 

customized archwires were ordered from the corresponding laboratories, along with the 

customized brackets. The same specifications, i.e. mushroom-shaped wires with straight 

lateral segments, were ordered for all wire types. Mandibular preformed archwires of the 

same cross sections (Tensic® ideal arches, Dentaurum, Ispringen, Germany) were used 

for the labial brackets.  

Apparatus 

The orthodontic measurement and simulation system (OMSS) 17,18 used for this investi-

gation was constructed following the idea of a two-tooth model described by Burstone and 
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Koenig19. It consists of two 3D force-moment sensors, measuring 3 forces and 3 torques 

each, which are connected with 3D positioning tables in a temperature-controlled chamber 

(VEM 03/400, Heraeus Voetsch, Germany). The positioning tables are connected with 

stepping motors, which allow microstepping in the three planes of space, i.e. each table 

can perform 3 translations and 3 rotations to mimic orthodontic tooth movement as close 

to clinical reality as possible. The dimensions and the center of resistance of the tooth 

under examination are registered prior to the initiation of the simulation process. At first, 

the 3D sensors detect the forces and moments applied by the tested bracket/wire combi-

nation. The software calculates the force-moment vectors on the center of resistance of 

each tooth and the result is, then, sent to the stepping motors, which move the tooth sim-

ulating sensor under examination according to the calculated force and moment by one 

micro step in the range of 10 micrometers and 0.1 degrees. Then the software calculates 

the force-moment vectors in the new position and the motors move the sensor by a further 

step and so on, either for a specific amount of simulated movement steps or until balance 

is achieved 18. In so far, the OMSS may be regarded as an electronic typodont, where the 

wax is replaced by the positioning tables. Similar to a typodont, the tooth under investiga-

tion is allowed to react to the applied force system. However, additionally the force system 

is registered continuously and changes in forces and moments are displayed during the 

movement. 

Thus, this apparatus enables the continuous detection of forces and moments resulting 

from the tested orthodontic appliance and performs a corresponding simulated tooth 

movement. The experiment was performed at a constant temperature of 37°C, which re-

sembles the intra-oral temperature.  

Each time a new model was to be measured, the system was initialized. Then, the model 

was mounted to the simulator, while the passive splint or the transfer tray was in place, in 

order to guarantee that forces and moments were eliminated at the initial position.  

Simulation procedure 

The first wire of the sequence (0.012” NiTi) was then ligated with Remanium® short, pre-

formed steel ligatures (Dentaurum, Ispringen, Germany) and the simulated movement of 

the tooth was started. The specific configuration enables only the movement of the tooth 

under examination, therefore, the wires were ligated only on the sensor and the adjacent 
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teeth, in a way that the wire was fully engaged and could slide in the slot. After the com-

pletion of the simulation, i.e. when the simulated motion ended because of achievement 

of balance, the first wire was removed and replaced with the next of the sequence, at the 

position from which the previous wire left the tooth, and so on until all wires were exam-

ined. The simulation process was performed separately for each tooth under examination 

and each simulation circle was rerun, five times, with brand new wires and new ligatures 

each time to verify accuracy. For the WiN appliance, only one set of wires was tested. The 

wires were removed and religated with new ligatures for each repetition. A resin model, 

adjusted in the chamber during the simulation process, is shown in Figure 3. The initial 

force and moment values at the position of the sensor were registered, each time when a 

new wire was inserted, i.e. for each of the three teeth for four bracket systems with four 

wires (16 bracket/wire combinations) and five repetitions. The final tooth position after the 

last wire was tested was also registered. 

 

 

 

 

 

 

 

 

 

Fig. 3: Resin model adjusted in the OMSS chamber: (A) Apparatus. 

 

 

 

A) 
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Fig. 3: Resin model adjusted in the OMSS chamber: (B) Simulated alignment of the ca-

nine (replaced with a sensor) with the use of the IncognitoTM appliance.  

Statistical analysis 

Mean values and standard deviations were calculated for the five repetitions. A Kolmogo-

rov-Smirnov test, with a significance level of 0.01 (p≤0.01), was used to prove the normal 

distribution of the data. One-way analysis of variance (ANOVA) procedure was used to 

identify the influence of the factor “bracket” on the dependant variables “force”, “moment” 

and “position”. Specifically, one ANOVA was conducted for each wire cross section, each 

tooth area and each force or moment on a specific axis (i.e. 72 different ANOVAs were 

conducted). In addition, 18 ANOVAs were conducted to compare the final linear and rota-

tional positions of each tooth on each axis. Post-hoc tests were performed using Student-

Newman-Keuls tests. Subsequently, Student’s t-tests for equality of means were used for 

group comparisons and standard deviations were compared using Levene’s test of equal-

ity of variances.  For these tests, a significance level of 0.05 (p≤0.05) was chosen. The 

whole statistical analysis was performed using the SPSS Statistics software version 9 

(IBM, Armonk, New York, USA). 

 

Results 

Each axis represents a specific tooth movement, as shown in Table I. Positive or negative 

signs are adjusted to represent movements of opposite directions, taking into account the 

opposite bonding surfaces of the labial and lingual brackets on the teeth under examina-

tion.  

B) 
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Tab. I: Abbreviations of the registered force/ moment values on the three axes, their def-

initions and the represented tooth movements. 

 

 

 

 

 

 

 

 

Standard deviations typically are in the region of 3-28 % but are not listed in the tables for 

the sake of clarity. Typical distribution of values can be taken from Figure 4, which also 

present the median value of the five repetitions. The tables present the mean value of the 

five repetitions. 

Forces (F) and end positions (T) on the y-axis, representing the mesiodistal movement 

and end positions of the teeth, are not presented due to the specific configuration in which 

such a movement has no clinical relevance. Thus, 15 ANOVAs (Fy; Table II-V and Ty; 

Table X) are not presented. 

 

Forces 

Initial wires 

Forces were registered for all bracket/wire combinations. However, force values gener-

ated during the simulated movement with the 0.012-inches wire, which was the initial wire, 

will be discussed separately. These results are shown in Figure 4 and Table II. Intrusion-

extrusion forces ranged between 0.1 N to 2.2 N. The IncognitoTM appliance generated 

 

  

Abbreviation Definition Movement 

Fx 
Force on the  

x-axis 
(+) Intrusion 
(-) Extrusion 

Fy 
Force on the  

y-axis 
Mesiodistal 

Fz 
Force on the  

z-axis 
(+) Vestibular 

(-) Oral 

Mx 
Moment on the 

x-axis 
Rotation 

My 
Moment on the 

y-axis 
Torque 

Mz 
Moment on the 

z-axis 
Tipping 
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Fig. 4: Force values generated at a specific tooth (canine, lateral incisor, premolar) area 

by the appliances in combination with the 0.012” wire on: (A) the x-axis/intrusion-extrusion 

and (B) the z-axis/orovestibular movement.  
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intrusion-extrusion forces of an opposite direction during the alignment of the lateral inci-

sor and the canine. Orovestibular forces ranged between 0.2 N to 3.1 N. According to 

ANOVA and Post-hoc tests, during the alignment of the lateral incisor both lingual appli-

ances produced higher orovestibular forces than the labial appliances (Table II; Fz; 

p=0.000) and the IncognitoTM lingual bracket system generated a higher orovestibular 

force at the canine position in comparison with the rest of the appliances (Table II; Fz; 

p=0.000). The Discovery® classic appliance generated a force of 1.2 N, which was the 

highest registered orovestibular force value registered at the premolar area (Table II; Fz; 

p=0.000). 

Tab. II: Force values generated at a specific tooth (canine, lateral incisor, premolar) area, 
using the four different bracket appliances combined with the 0.012-inch wire.  

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Fx Fz Fx Fz Fx Fz 

(Inches) (N) (N) (N) (N) (N) (N) 
D 0.012 0.4a 1.0d 0.1f 1.3j 0.4m 1.2q 
Ds 0.012 0.6b 0.8d 0.4g 1.3j 0.7n 0.3r 

W 0.012 0.2a 0.9d -0.3h 2.9k -0.7p 0.1v 
I 0.012 -0.6c 1.5e -2.2i 3.1k -0.9p 0.3r 

p value for ANOVA 0.009 0.000 0.000 0.000 0.000 0.000 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM ,  N: Newton 

Fx: Forces generated during the intrusion-extrusion, Fz: Forces generated during the orovestibular movement 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 

 

Subsequent wires 

Tables III-V present the mean force values generated during the simulation process with 

the remaining wires on the x- and z-axes, representing intrusion-extrusion and orovestib-

ular forces, respectively. Forces of different directions were registered between the four 

bracket appliances at the same stages of the simulation process. Statistical analysis 

showed that, orovestibular forces generated from the fully customized lingual appliances 

at the lateral incisor area were larger in comparison with those generated from labial 

bracket systems during the whole simulation process (Table II; Fz; p=0.000, Table III; Fz; 

p=0.000, Table IV; Fz; p=0.012, Table V; Fz; p=0.028). Particularly, the highest force value 

for the lingual appliances was 3.1 N, while labial appliances produced values lower than 
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1.3 N. Also, forces generated from the lingual appliances at the intrusion extrusion direc-

tion were higher than forces generated from the labial systems when combined with the 

rectangular wire at the canine area (Table V; Fx; p=0.001). 

Tab. III: Force values generated at a specific tooth (canine, lateral incisor, premolar) area, 
using the four different bracket appliances combined with the 0.014-inch wire.  

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Fx Fz Fx Fz Fx Fz 

(Inches) (N) (N) (N) (N) (N) (N) 
D 0.014 0.4a 0.6c -0.2e 0.9g 0.6k 1.1p 
Ds 0.014 0.4a 0.4c -0.1e 0.9g 0.5k 0.3r 
W 0.014 -0.4b 0.9c -0.4e 2.4h 0.5k 0.4r 
I 0.014 -0.9b 1.6d -1.0f 3.0h 0.4k 0.8p 

p value for ANOVA 0.042 0.001 0.001 0.000 0.308 0.000 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, N: Newton 

Fx: Forces generated during the intrusion-extrusion, Fz: Forces generated during the orovestibular movement 
a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 

 
 
 

Tab. IV: Force values generated at a specific tooth (canine, lateral incisor, premolar) area, 
using the four different bracket appliances combined with the 0.016-inch wire. 

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Fx Fz Fx Fz Fx Fz 

(Inches) (N) (N) (N) (N) (N) (N) 
D 0.016 0.4a 0.3c,d -0.3f,g 0.9j 0.6k 0.3m 
Ds 0.016 0.2a 0.2c -0.3f,g 0.9j 0.6k 0.4m 
W 0.016 0.3a 0.5d -0.2f 1.7h -0.2r 0.3m 
I 0.016 0.6a 1.7e -0.7g 1.6h -0.3r 0.5m 

p value for ANOVA 0.275 0.000 0.034 0.012 0.001 0.071 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, N: Newton 

Fx: Forces generated during the intrusion-extrusion, Fz: Forces generated during the orovestibular movement 
a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 

 

  



36 
 

 

Tab. V: Force values generated at a specific tooth (canine, lateral incisor, premolar) area, 
using the four different bracket appliances combined with the 0.016 x 0.022-inch wire. 

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Fx Fz Fx Fz Fx Fz 

(Inches) (N) (N) (N) (N) (N) (N) 
D 0.016x0.022 0.2a 1.0d -0.8f -0.4g 0.4k 1.8p 
Ds 0.016x0.022 -0.2c 0.9d -0.3f -0.1g 0.5k 2.0p 
W 0.016x0.022 -3.4b 1.0d -0.9f 1.7h 0.4k 0.5r 

  I 0.016x0.022 -4.1b 1.1d -1.0f 1.2h 0.4k 1.2p 
p value for ANOVA 0.001 0.560 0.087 0.028 0.695 0.001 

D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, N: Newton 
Fx: Forces generated during the intrusion-extrusion, Fz: Forces generated during the orovestibular movement 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 

 

Moments 

Initial wires 

The moments registered during the simulation of the alignment with the 0.12-inch wires 

are shown in Figure 5 and in Table VI. Both lingual appliances generated statistically 

higher moments during the mesiodistal rotation of the lateral incisor on the x-axis (Table 

VI; Mx; p=0.000). During the alignment of the canine, the IncognitoTM appliance generated 

a statistically higher moment (tipping) (Table VI; Mz; p=0.006) or moments of the opposite 

direction (rotation and torque) in comparison with the rest of the appliances. The Win lin-

gual appliance produced a statistically higher torque value at the lateral incisor area (Table 

VI; My; p=0.000) and a lower value during the rotation of the canine (Table VI; Mx; p= 

0.000) compared to the labial appliances. In addition, ANOVA proved that, moments gen-

erated from the lingual appliances at the premolar area differed from those generated from 

the labial appliances (Table VI; p=0.000). This variation is easily observed on the three 

axes, where labial appliances generated a maximum mean value of 10.9 Nmm while cus-

tomized lingual appliances produced a maximum moment 5.6 Nmm. Regarding the tipping 

of the second premolar, lingual appliances generated values of no more than 1.1 Nmm. 

  



37 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Moment values generated at a specific tooth (canine, lateral incisor, premolar) area 

by the appliances in combination with the 0.012” wire on: (A) the x-axis/rotation, (B) the y-

axis/torque, (C) the z-axis/tipping. 
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Subsequent wires 

The moment values registered during the simulated movement with the rest of the wires 

are shown in Tables VII-IX. Moments of different directions were registered between the 

four bracket systems on the same axes during the simulation process. Statistically signif-

icant differences were observed between the moments generated from the IncognitoTM 

appliance and those produced by the rest of the appliances at the canine and lateral inci-

sor area. According to Post-hoc tests, torque values produced by the Win bracket system 

at the lateral incisor area were, in general, higher than those generated from the labial 

appliances. Also, Win produced statistically lower rotational values during the alignment 

of the canine with the use of the 0.014 (Mx=1.0 Nmm) and 0.016-inch (Mx=1.4 Nmm) 

wires. At the premolar area, fully customized lingual appliances generated lower moment 

values on the three axes, although in some cases the differences were not statistically 

significant (Table VIII; Mx; p= 0.107, Table IX; Mx; p=0.230).  

  



39
  

  

Tab. VI: Moment values generated at a specific tooth (canine, lateral incisor, premolar) area, using the four different 
bracket appliances combined with the 0.012-inch wire.  

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Mx My Mz Mx My Mz Mx My Mz 

(Inches) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) 
D 0.012 4.0b 10.3e -4.3h -0.4m 9.0p -7.8r 10.9v 10.6y 3.6i 
Ds 0.012 5.4c 9.6e -3.5h 1.6j 9.8p -8.7r 10.1v 8.5w 4.9i 

W 0.012 0.4a 10.9e -5.9h -2.8k 25.5n -7.6r 2.2u 5.6x 1.1z 
I 0.012 -0.6d -2.9f -10.0g -3.6k -5.6q -23.1s -0.9t 5.0x 0.8z 

p value for ANOVA 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, Nmm: Newton-millimeter 

Mx: Momenτs generated during the rotation of the tooth around its long axis, My: Moments generated during torque application, Mz: Moments generated 
during tipping 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 
 
 

Tab. VII: Moment values generated at a specific tooth (canine, lateral incisor, premolar) area, using the four different 
bracket appliances combined with the 0.014-inch wire. 

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Mx My Mz Mx My Mz Mx My Mz 

(Inches) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) 
D 0.014 3.6b 7.7d,e -5.2g -1.0j 5.3m -7.0s,r 6.9t 10.7v -8.1z 
Ds 0.014 5.0b 4.4d -5.4g -0.6j 6.1m -3.9s 5.3t 6.0w -5.2y 
W 0.014 1.0a 11.5e -7.9g -3.1k 21.5n -8.7r 0.6u 4.3w -2.6x 
I 0.014 -5.0c -1.6f -12.7h -2.1j,k -8.8p -21.4q 1.3u 2.7w -4.1x,y 

p value for ANOVA 0.000 0.002 0.009 0.004 0.001 0.000 0.000 0.000 0.000 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, Nmm: Newton-millimeter 

Mx: Momenτs generated during the rotation of the tooth around its long axis, My: Moments generated during torque application, Mz: Moments generated 
during tipping 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 
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Tab. VIII: Moment values generated at a specific tooth (canine, lateral incisor, premolar) area, using the four different bracket 
appliances combined with the 0.016-inch wire. 

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Mx My Mz Mx My Mz Mx My Mz 

(Inches) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) 
D 0.016 2.8a 3.7e -4.2f -2.8h,j 4.4k -4.2p 2.9r 4.7t -11.0z 
Ds 0.016 5.3b 1.7e -2.2f -0.4h 4.2k 2.2s 3.0r 8.0u -12.4z 
W 0.016 1.4a 5.4e -5.9f -4.9j 14.5m -4.9p 1.0r 1.6s -2.5x 
I 0.016 -4.2c -0.6d -12.2g -3.9j -2.0n -12.2q 1.5r -2.0w -3.8x 

p value for ANOVA 0.002 0.018 0.000 0.008 0.000 0.001 0.107 0.000 0.000 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, Nmm: Newton-millimeter 

Mx: Momenτs generated during the rotation of the tooth around its long axis, My: Moments generated during torque application, Mz: Moments generated during 
tipping 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 
 
 

Tab. IX: Moment values generated at a specific tooth (canine, lateral incisor, premolar) area, using the four different bracket 
appliances combined with the 0.016 x 0.022-inch wire. 

  Teeth under examination 
  #33 #42 #45 

Brackets 
Wires Mx My Mz Mx My Mz Mx My Mz 

(Inches) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) (Nmm) 
D 0.016x0.022 4.9a 6.9c -5.7e -2.0g 2.9j 2.4m 5.1p 11.3r -8.2v 
Ds 0.016x0.022 5.6a 7.9c -1.4e -2.2g 3.4j 7.2m 5.0p 24.5s -16.2v 
W 0.016x0.022 1.8a 23.7d -17.3f -6.0h 16.1k 4.4m 3.4p 3.8r -11.2v 
I 0.016x0.022 -4.0b 16.1c,d -17.4f -1.5g 3.9j 8.3m 3.0p 3.3r -15.9v 

p value for ANOVA 0.109 0.012 0.000 0.003 0.020 0.114 0.230 0.000 0.276 
D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM, Nmm: Newton-millimeter 

Mx: Momenτs generated during the rotation of the tooth around its long axis, My: Moments generated during torque application, Mz: Moments generated during 
tipping 

a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 
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Final positions 

At the end of the simulated alignment of the teeth under examination with the specific 

bracket/wire combinations, the final positions of the three teeth were registered. Several 

statistical differences were recorded between the four bracket types. According to 

ANOVA, the canine was directed to different rotational positions by the four appliances 

(Table XI; Rx; p=0.000). The simulation with the Discovery® classic resulted in a rotation 

of 5.0°, with the Discovery® smart in a rotation of 11.7°, with the Win in a rotation of 2.0° 

and with the IncognitoTM in a rotation of -7.8°. Moreover, the IncognitoTM appliance di-

rected the canine in a different direction on the intrusion-extrusion axis, while at the lateral 

incisor area a torque of the opposite direction was generated by the same appliance. Fur-

thermore, both lingual bracket systems rotated the premolar on a different (less rotated) 

position in comparison with the labial appliances (Table XI; Rx; p=0.000). The differences 

ranged between 5 and 9.1°, depending on which appliances are compared. Also, a differ-

ence of 3.6° was observed between the two labial bracket systems. The final rotational 

position of the premolar on the specific axis is shown in Table 4. The orovestibular position 

of the second premolar differed statistically between the simulated movement with the 

labial and lingual bracket systems (Table X; Tz; p=0.000). Fully customized lingual appli-

ances guided the specific tooth more vestibulary, however, differences were also ob-

served between the two labial appliances. The final positions of the three teeth are shown 

in Table 4.  

Tab. X: The final linear positions of the canine, the lateral incisor and the premolar in re-
lation to the four appliances. 

 

 

 

 

 
 

D:Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM 
Tx: Position of the tooth on the x-axis (amount of intrusion-extrusion) in millimeters, Tz: Position of the 

tooth on the z-axis (amount of orovestibular movement) in millimeters 
a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests 

  

 Teeth under examination 
 #33 #42 #45 

Brackets 
Tx Tz Tx Tz Tx Tz 

(mm) (mm) (mm) (mm) (mm) (mm) 
D 0.3a 0.5e -0.1g 1.4m 1.2r 1.4s 

Ds 0.6b 0.3f 0.1h 1.3m 1.1r 0.9t 

W 0.2c 0.5e 0.2k 1.2m 1.1r 1.9v 

I -0.7d 0.6e -0.1g 1.2m 1.1r 1.8v 

p value for ANOVA 0.000 0.002 0.000 0.418 0.000 0.000 
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Tab. XI: The final rotational positions of the canine, the lateral incisor and the premolar in relation to the four appliances. 

 Teeth under examination 
 #33 #42 #45 

Brackets 
Rx Ry Rz Rx Ry Rz Rx Ry Rz 

(degrees) (degrees) (degrees) (degrees) (degrees) (degrees) (degrees) (degrees) (degrees) 
D 5.0a 2.0d 1.8f -5.3h 3.9k -1.9p 7.3q 5.8t -11.5x 

Ds 11.7b 1.1d 2.4f -4.3h 3.7k -1.7p 10.9r 4.4v -10.9x 

W 2.0c 1.8d 1.6f -4.3h 4.5k -2.9p 1.8s 6.4t -9.1x 

I -7.8d -1.7e -7.6g -0.3j -5.3m -2.6p 2.3s 2.6w -5.4y 

p value for 
ANOVA 

0.000 0.000 0.003 0.001 0.000 0.460 0.000 0.000 0.000 

D: Discovery® classics, Ds: Discovery® smart, W: WiN, I: IncognitoTM 
Mx: Rotational position of the tooth on the x-axis (amount of rotation around the long axis of the tooth) in degrees, My: Rotational position of the tooth on 

the y-axis (amount of torque) in degrees, Mz: Rotational position of the tooth on the z-axis (amount of tipping) in degrees 
a-z: Values marked with the same letter do not differ according to Student-Newman-Keuls post -hoc tests. 
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Discussion 

The malocclusion model selected represents a classic crowded mandibular case. The re-

placed teeth selection was made based on the tooth type and the severity of the maloc-

clusion of the teeth. Three different types of teeth with different inclinations and positions 

were selected. The positioning of the brackets, the bonding procedure as well as, the 

ligation of the wires, were performed from the same investigator for better reproducibility. 

As for any in-vitro study, the clinical transferability of the registered data should be taken 

into account. In a classical typodont, tooth movement can be simulated by soft wax, al-

lowing the teeth to move as a reaction to the applied force systems. In the OMSS, the wax 

is replaced by the force/torque transducers, the positioning tables and the control pro-

gram, calculating tooth movements from the applied force systems based on the concept 

of a center of resistance. In so far, the OMSS allows a 3D representation of orthodontic 

tooth movements of single teeth, with the benefit of continuously registering the varying 

force systems during the movement. The 3D maneuverability and the registration of all 

three forces and three torques per tooth under investigation, allows the comparison of 

different treatment protocols and/or orthodontic appliances.  

Although, several statistically significant differences were recorded between the four 

bracket systems, only a few of them have clinical significance. Variances of a few microm-

eters may be highlighted as statistically significant, but such dissimilarities are very likely 

to occur in everyday practice and do not affect the overall treatment outcome. 

Force and moment values varied between the five repetitions with the same type of wire. 

This observation confirms previous studies that investigated the effect of manufacturing 

errors or deviations during the wire production process. Wires of the same alloy and cross 

section, manufactured by the same company, could generate diverse force/moment val-

ues20,21. A further factor might be the differences between the contact status of wires and 

brackets resulting from the consecutive wire insertions and sensor adjustments, which is 

a typical measurement error. 

Due to the reduced free wire length and the increased wire stiffness at the anterior region, 

which are caused by the morphology of the lingual bracket systems, the forces and mo-

ments generated from the lingual bracket systems were expected to be higher than those 

produced from the labial appliances22-25.  
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In this study, the use of a 0.012” wire combined with fully customized lingual appliances 

resulted in higher force/moment values during the orovestibular and the rotational move-

ment of the lateral incisor compared to the forces generated from the labial appliances. 

The interbracket distances between the lateral incisor and the neighboring teeth were 

considerably smaller for the fully customized lingual appliances. With the use of the same 

wire, the Incognito appliance generated similar forces to the labial bracket systems in 

many cases nevertheless, this appliance generated higher forces and moments of a dif-

ferent direction during the simulated alignment of the canine and the lateral incisor. These 

results have a clear correlation with the divergence of the final positions of these teeth. 

Taking all the factors into account, we could assume that there was a differentiation on 

the transfer tray or the wire morphology of the IncognitoTM appliance, which resulted in 

varying final positions. Also, the Win appliance generated initial forces similar to the labial 

bracket systems in most cases apart from the orovestibular movement of the lateral inci-

sor. More differences were observed between the two lingual systems and between the 

lingual and the labial bracket systems in relation to the moment values. 

According to Post-hoc tests, the initial forces between the two lingual brands do not vary, 

excluding the cases in which the Incognito appliance generated forces of an opposite di-

rection for reasons already explained above. Slight differences could result from incon-

sistent ligation pressure and unalike wire adjustment. Those differentiations were awaited 

and could not be avoided during the experiment the same way they cannot be controlled 

in vivo.  

Regarding forces and moments generated from the rest of the wires of the sequence, the 

values documented for each wire are significantly affected by the amount of tooth move-

ment achieved from the previous wire. Consequently, larger variations of values and di-

rections of forces and moments on the same axis were awaited. At the canine area, lingual 

bracket appliances generated larger vertical forces when combined with the rectangular 

wire, whereas during the alignment procedure with the previous wires, such big differ-

ences were not observed. Obviously, the force difference results from the amount of re-

sidual misalignment of the slot walls, which was relatively small with 42 and 45 – those 

teeth showed no statistically significant vertical force difference. However, the force differ-

ence also depends on the variable wire orientation: The wire was placed with the higher 
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dimension vertically oriented in the lingual appliances, creating higher vertical forces if the 

teeth were misaligned enough, like 33. In clinical practice, an additional wire could have 

been used between the 0.016” NiTi wire and the rectangular wire to reduce force values. 

Alternatively, a rectangular wire with smaller dimensions could be used as finishing wire. 

At the lateral incisor area, orovestibular forces generated from the lingual appliances were 

higher during the whole simulation. The small interbracket distance and the position of the 

specific tooth were the reasons for these observations.  

The Win appliance produced lower moment values during the rotation of the canine 

around the x-axis. The difference, between the moment value generated from the appli-

ance when combined with the rectangular wire and the labial bracket systems, was not 

statistically significant. Due to the lower moment values, the Win appliance rotated the 

canine less than the labial appliances. However, divergence was observed between the 

two labial appliances too. 

Lingual appliances presented difficulties to rotate the second premolar. This investigation 

was performed with the use of customized archwires with straight lateral segments. As a 

result, the alignment of the premolar was simulated with the use of straight wires for both 

labial and lingual bracket systems. Due to the morphology of the setup as presented in 

Figure 2, side effects normally expected from the combination of straight lateral segments 

with lingual appliances (i.e. oral movement of the premolars) were not observed in this 

study. In clinical practice the use of customized lateral segments in combination with the 

mobility of the adjacent teeth could result to a slightly different position of the premolar. 

Additionally, for the rotation to be achieved in full range, an elastic chain reinforcement 

technique could be used clinically. In the IncognitoTM appliance system clinical guide26, 

the conventional lasso technique is suggested for cases in which a large amount of rota-

tion is needed. This phenomenon and the discrepancies observed during the alignment 

with the Incognito appliance were the only cases in which the differences between the 

registered final positions have clinical significance. In all the other cases, the labial and 

lingual bracket systems guided the teeth under examination to similar final positions. 

The limitations of this study were: 1) the use of an idealized experimental situation (simu-

lation device) without periodontal ligament, mobility of the adjacent teeth, occlusion and 

saliva, 2) the use of steel ligatures. The absence of the above-mentioned biological factors 
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can result to different force/moment levels, as well as different final tooth positions. Thus, 

this experimental protocol aims to compare the efficacy of the selected appliances and 

not to reproduce a realistic orthodontic therapy. Regarding saliva, previous studies 

showed controversial results regarding the influence of lubrication on friction and the con-

sequent orthodontic forces28,29.  The use of steel ligatures results in less friction compared 

to elastic ligatures27 however, the latter are more commonly used in labial and lingual 

multibracket technique, although they generate higher friction. The choice to use them 

and ligate only two adjacent teeth at a time, was mainly driven by the fact that only one 

tooth moves in the test set-up, which would have been impossible with increased friction. 

Also, the fully customized lingual appliances were constructed on a VTO setup model 

while the labial appliances were not customized. This fact results in different treatment 

objectives between the appliances under examination, however, this is more or less stand-

ard clinical procedure in private orthodontic practice and this study aimed to investigate 

this exact situation. The lack of occlusion and mobility of the neighboring teeth should also 

result in different movement and final positions of the simulated teeth.  

 

Conclusions 

1. During the simulated orovestibular movement of the lower lateral incisor, the fully 

customized lingual appliances of this study generated higher forces compared to 

the labial appliances due to higher lingual slot misalignment and smaller lingual 

interbracket distance. 

2. The lingual appliances generated higher vertical force values when combined with 

a rectangular wire, as the latter was – in contrast to the labial brackets – vertically 

oriented. This was the case only for the lower canine, as the residual misalignment 

of the neighboring slots, after correction from the previous wires, was still evident. 

3. The clinician should carefully study the patient teeth with the brackets in situ, 

search for high adjacent slot misalignment and small interbracket distances, and if 

force reduction is desirable, use extended wire sequences with smaller cross sec-

tions. 
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4. Regarding the moment values, no safe conclusion can be extracted from the com-

parison between labial and fully customized lingual appliances. 

5. Final positions were the same in most cases. Lingual appliances presented difficul-

ties in rotating the premolar using the specific wire sequence. In clinical practice a 

wire alternative methods i.e: chain reinforcement could be used. 
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Supplementary Material 

 

Supplemental Tab. 1: Slot widths and interbracket distances of the four appliances. All 
distances were measured on the resin casts with the use of an electronic caliper (Mi-
tutoyo Digimatic 500-120, Mitutoyo Deutschland GmbH, Neuss, Germany). 

  Slot widths 

 
Discovery 
classics 

Discovery 
smart 

Incog-
nito 

WiN 

Lower left 1st bicuspid (#34) 3.3 2.7 2.5 3.1 
Lower left cuspid (#33) 2.9 2.7 2.3 2.5 

Lower left lateral incisor (#32) 2.6 2.3 2.4 2.1 
Lower right central incisor (#41) 2.6 2.3 2.4 2.1 
Lower right lateral incisor (#42) 2.6 2.3 2.4 2.1 

Lower right cuspid (#43) 3.0 2.7 2.4 2.5 
Lower right 1st bicuspid (#44) 3.3 2.8 2.4 3.0 
Lower right 2nd bicuspid (#45) 3.3 2.7 2.4 3.1 

Lower right 1st molar (#46) 3.2 3.2 3.9 3.1 

 Distance between adjacent slots 

 
Discovery 
classics 

Discovery 
smart 

Incog-
nito 

WiN 

#34-#33 2.9 3.6 3.7 3.4 
#33-#32 4.3 5.1 2.0 2.0 
#41-#42 4.1 5.0 1.3 1.2 
#42-#43 4.8 5.1 2.3 2.2 
#44-#45 2.0 2.3 5.7 5.2 
#45-#46 6.7 7.4 4.4 4.4 
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(A) 

 

 

 

 

 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 1: Slot shapes of (A) the fully customized lingual and (B) the labial 
appliances. 
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2.1 Publication no. 2 

 

Vertical and Orovestibular Forces Generated by Beta-Titanium and 

Stainless-Steel Rectangular Wires in Labial and Fully Customized Lin-

gual Bracket Systems 

 

Kyprianou C, Chatzigianni A, Daratsianos N, Bourauel C. 

 

Materials 
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