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ABSTRACT 

OBJECTIVES: Orthodontic movement is determined by the acting forces and moments exerted 

onto teeth, which are difficult to predict and calculate with continuous archwires. Levelling the 

curve of Spee is a fundamental objective in orthodontic treatment. The forces and moments 

exerted by labial and lingual orthodontic fixed appliances using three archwire forms (labial 

straightwire, lingual straightwire, and lingual mushroom) on mandibular teeth in a curve of 

Spee malposition were compared. An increased understanding may have clinical implications 

pertaining to orthodontic appliance design in preventing adverse effects such as undesirable 

tooth movement and root resorption. 

 

METHODS: The Orthodontic SIMulator (OSIM) measured the three-dimensional forces and 

moments on each tooth of a mandibular arch (excluding third molars) set in a curve of Spee 

malposition with the first premolar intruded 1.5mm and the canine and second premolar 

intruded 0.75mm. Labial and lingual brackets were bonded to the mechanical teeth initially in a 

levelled position. Attached load cells measured the forces and moments as the dental analogs, 

with an archwire engaged, moved to the curve of Spee position. Three treatment groups 

(archwire forms) were assessed: labial straightwire, lingual straightwire, and lingual mushroom. 

The primary forces and moments of interest were occlusal-gingival forces (Fz), labial-lingual 

forces (Fy), and labial-lingual moments (Mx). 

 

RESULTS: Similarities and differences were observed between the archwire forms. All archwire 

forms generally exerted forces in the same direction on the mandibular teeth but at different 
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magnitudes. Teeth positioned below the occlusal plane received occlusal forces relative to their 

displacement, while the lateral incisor received large gingival forces with all groups. The lowest 

force magnitudes were noted with labial straightwires at each tooth position. The first premolar 

and first molar had different directional labial-lingual moments between labial and the two 

lingual archwire forms. The standard deviations of horizontal moments on the first premolar 

were substantially large with lingual archwire forms. 

 

CONCLUSION: The initial forces and moments of interest (Fz, Fy, and Mx) on mandibular 

mechanical teeth in a curve of Spee malposition were different between labial and lingual 

archwire forms. The majority of the recorded forces and moments were above the clinically 

significant threshold for tooth movement. Similar pattern of labial-lingual and occlusal-gingival 

forces were exerted been labial and lingual archwire forms. The lateral incisor received large 

gingival forces and labial crown tipping forces, which has increased concerns of root resorption. 

Labial straightwires exerted the lowest magnitudes at each tooth position and have increased 

transverse effects on the crowns of posterior teeth. With both lingual archwire forms, the first 

premolar resulting labial-lingual incliniation could be highly variable, as it had large standard 

deviation of labial-lingual moments.  
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CHAPTER 1: INTRODUCTION 

1.1 INTRODUCTION 

Orthodontic malocclusions of different etiologies (ie. dental, skeletal or functional) are 

corrected with the goal of aligning teeth in a functional, healthy, and esthetic position. Labial 

brackets are the most used appliance1. The direct line of sight with labial appliances provides 

clinicians with easy insertion and handling that decrease appointment chairtimes2. However, 

being on the labial surface, the cheek-side of teeth, is unsightly.  

With an increase in global demand for treatment, orthodontists and patients are 

continually seeking treatments that are more esthetic and efficient3. Lingual orthodontics was 

introduced in the 1980’s for patients seeking a more concealed appearance4. Placing brackets 

on the lingual surfaces of teeth allows for inconspicuous treatment and reduces risk of white 

spot lesions and decalcification5. The learning curve for clinical use and maintenance is steep 

due to the variability in anatomical morphology of teeth’s lingual surfaces, which leads to issues 

with bracket adaptation and handling3. Bonding lingual brackets is more difficult because of 

having to control the tongue, maintaining a dry environment, and the lack of direct line of sight. 

Recent technological advances in resin bonding and customization of brackets and archwires 

have mitigated many of these concerns3. Development of customized brackets and wires that 

are less bulky have improved bond strength and clinical handling6,7.  

Orthodontic biomechanics of forces and moments is fundamental to tooth movement8. 

Its understanding is critical for the prediction of treatment outcomes and reducing unwanted 

side effects8. Inappropriate application can increase treatment duration, alveolar bone loss, 

root resorption, and patient discomfort9,10. A force is defined as a load applied to an object that 
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will tend to move its spatial position7. Tooth movement depends on the location of the tooth’s 

center of resistance (Cres), conceptually defined in orthodontics as the point through which the 

collective mechanical effect of supporting structures is assumed to act. In this way, a force 

passing directly through the Cres would generate a pure translational, or bodily, tooth 

movement8. A force acting at a distance from Cres generates a moment, the measure of the 

tendency to rotate around that point or axis8. The nature of the applied force and/or moment 

relative to a tooth’s Cres creates different tooth movements, such as translation, tipping, and 

root torque8. In addition, the magnitudes of these forces and moments are ideally above a 

minimum threshold that produces the most efficient tooth movement and not extreme enough 

to cause tissue damage or pain6,11,12. 

Lingual and labial appliances have fundamentally different biomechanics because of 

tooth anatomy, bracket location (Figure 1.1), and archwire forms (Figure 1.2)13. Lingual surfaces 

of teeth are concave with high individual morphological variations6, such as tooth thickness and 

Figure 1.1 Occlusal force (yellow arrows) at the bracket and its equivalent forces and 
moments (white arrows) at the Cres. A, Labial bracket. B, Lingual bracket. Note the size and 
direction of the moments (curved arrow) differences with the same orthodontic force 
because of the bracket position. 

Labial 

Cres 

y 

x 

Lingual 

Cres 

y 

x 

A B 
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marginal ridge prominences. In contrast, labial surfaces are convex with less diversity, allowing 

for more accurate standardized bracket design using mean values6.  

 The bracket location affects the resultant vector in direction and magnitude from the 

same orthodontic load (Figure 1.1). For example, the same intrusive force on the labial and 

lingual surface would theoretically create labial and lingual crown tipping respectively13. 

Because lingual brackets are closer than labial brackets to the center of resistance of a maxillary 

incisor, the moments would also be smaller in magnitude13. 

The shape and size of labial and lingual archwires are also different to adapt to their 

bracket positions (Figure 1.2). Labial surfaces of teeth follow a parabola; lingual surfaces have 

an irregular pattern due to distinct tooth thicknesses seen as steps, primarily between the 

canines and first premolars. Straight (parabolic) archwires are used for both systems, which the 

lingual version compensates with a thicker canine composite bond. Otherwise, a mushroom 

archwire is used where the archwire is straight from canine to canine and first premolar to 

second molars with a labial-lingual step bend in between. Compared to labial archwires, both 

lingual archwire forms have narrower widths and smaller inter-bracket distances that increase 

Figure 1.2 Archwire forms A. Labial (blue) and lingual (orange) straightwires B. Lingual 
mushroom wire 

B A 
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archwire stiffness due to a shorter span between teeth, creating larger forces and 

moments7,14,15.  

Lingual appliance treatment outcomes have been compared to the more established 

labial appliances. Research has shown lingual appliance treatment to be a viable alternative 

with successful results3 and no differences with respect to risk of root resorption and 

temporomandibular disorders16. Clinical accuracy and duration are similar17,18, with minor 

differences on incisal inclination18,19, inter-canine and inter-molar widths2.  

A flat curve of Spee is considered one of six key treatment goals of comprehensive 

orthodontic treatment20. The curve of Spee is the arc of a curved plane tangent to the buccal 

cusps and incisal edges of the mandibular teeth in the sagittal plane (Figure 1.3)21. The severity 

of this curve is measured as the largest distance from the cusp tip of the farthest tooth to the 

reference line of the occlusal plane. Among the many benefits are proper biomechanical 

function, muscular balance, balanced occlusal forces, proper intercuspation, and normal 

functional movement of the mandible22. From an orthodontic treatment perspective, the curve 

of Spee has arch length23,24, incisor inclination23, inter-canine width25, and deepbite21 

considerations. 

 A levelled curve of Spee is considered relatively stable regardless of initial severity26. It is 

clinically achieved by a combination of mandibular molar intrusion, premolar extrusion, and 

incisor proclination and intrusion22,27,28 (Figure 1.3).  There has been limited research comparing 

lingual and labial appliances to level the curve of Spee.   
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It is understandably difficult to complete a high-quality clinical trial comparing labial and 

lingual appliances with low risk of bias due to inherent study design limitations. It is almost 

impossible to expect patient/clinician blinding to the appliance used. Smaller sample sizes are 

common due to the increased length and cost of orthodontic treatment, which makes 

managing confounding factors a challenge. It has been proposed that it may be more beneficial 

to obtain a consensus to match an orthodontic approach to specific characteristics of a 

malocclusion18 and further examine the differences in mechanics3. The analysis of 

contemporary treatment with continuous archwires is also complicated, as it is too complex to 

precisely calculate and predict the numerous forces and moments involved in equilibrium7.  

Because of the difficulty in predicting forces and moments generated during treatment, 

experimental simulations of orthodontic movement are beneficial to provide quantitative data 

to supplement clinical research. Analyzing the stress and strain of the periodontium under 

orthodontic loads has been useful with techniques such as finite element method and photo-

elasticity29–31. The finite element method uses extensive numerical computations to predict 

Figure 1.3 The curve of Spee, indicated by the dashed line following the mandibular buccal 
cusps and incisal edges, and the arrows illustrate the general dental extrusion and intrusion 
during levelling. 
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resultant tooth movement, but the interpretations are heavily dependent on material 

properties, physical geometry, and mechanics assumptions32. With photo-elasticity, the 

periodontal stress and strain is quantified by fringe patterns of teeth embedded within a 

photosensitive medium. It has an added advantage of realistic incorporation of clinical bracket-

archwire interactions33 but is less applicable for complete three-dimensional simulations with 

increased complexity30,34.  

Mechanical apparatuses have been developed to directly measure three-dimensional 

orthodontic force systems, but many measure only a few teeth per simulation35–38. The 

Orthodontic Simulator (OSIM) is an in vitro experimental apparatus that simultaneously 

measures the three-dimensional forces and moments expressed onto individual teeth of a 

whole dental arch by orthodontic appliances with precision and accuracy39. Developed at the 

University of Alberta, it has compared the orthodontic biomechanical effects of factors such as 

ligation methods40, archwire sizes, and anchorage41. This study simulated a curve of Spee 

occlusion with both lingual and labial appliances using the OSIM to increase the understanding 

of the acting forces and moments during orthodontic levelling.  

 

1.2 RESEARCH OBJECTIVES 

 This research study aims to determine the differences in forces and moments of interest 

between archwire forms of labial and lingual orthodontic appliances to level the curve of Spee. 

The results could help understand the potential tooth movement between lingual and labial 

orthodontics. Clinicians can therefore make more informed decisions on appliance design and 

treatment modalities to improve treatment effectiveness and reduce undesirable side effects. 



 

7 
 

1.3 STUDY DESIGN 

 This study was designed to determine the forces and moments generated by different 

archwire forms used by labial and lingual appliances to level a curve of Spee, measured in vitro 

with the OSIM. The study compared three archwire forms using the same archwire material and 

dimensions: 

1. Labial straightwire 

2. Lingual straightwire 

3. Lingual mushroom  

 

1.4 RESEARCH QUESTIONS 

 The research purpose of this study is to compare the forces and moments of interest 

experienced by the mandibular teeth between the three archwire forms. Vertical forces in the 

occlusal-gingival direction (Fz) and both horizontal forces and moments in the labial-lingual 

direction (Fy and Mx, respectively) were chosen to be analyzed. Research has shown curve of 

Spee levelling to be a combination of molar intrusion, premolar extrusion, and incisor intrusion 

and proclination, as mentioned previously. Labial and lingual loads inducing vertical movement 

also impact labial-lingual vectors13. Forces and moments in the mesial-distal direction were not 

a primary objective of this study and thus excluded in the analysis. 

 

Primary research questions 

1. Are there differences in forces and moments between the archwire forms? 
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The bracket locations correspond to each respective archwire form and would be 

different between them. The distance between the load at the bracket-archwire interface 

and Cres is then affected, implicating differences in Fz, Fy, and Mx between the archwire 

forms. 

Ho1: there are no differences in Fz, Fy, or Mx levels between the three archwire forms. 

Ha1: there is a difference in Fz, Fy, or Mx levels between the three archwire forms. 

 

2. Are there differences in forces and moments between tooth position? 

With the expected differences in intrusion, extrusion and proclination between 

mandibular teeth with a curve of Spee, there should be differences in Fz, Fy, and Mx. 

Ho2: there are no differences in Fz, Fy, or Mx levels between each tooth position.  

Ha2: there is a difference in Fz, Fy, or Mx levels between each tooth position. 

 

Secondary research question: 

1. If there are statistically significant differences in the primary research questions, what 

are the magnitudes of these differences? 

It would be beneficial to understand the magnitude of any differences that were 

found in the primary research questions. Quantification aids in understanding the extent of 

the impact teeth position or archwire form would have on Fz, Fy, or Mx. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 INTRODUCTION 

 Orthodontic fixed appliances can be categorized by its bracket location on a tooth, 

where labial appliances, or brackets, are placed on the cheek-side of teeth, while lingual 

appliances are placed on the tongue- or palate-side. Labial appliances are the most common 

appliance in orthodontics due to the clinician ease of use as the brackets are more accessible 

and lower in cost6. Lingual braces addresses the need for an inconspicuous alternative42, 

especially with the rise in esthetic orthodontic treatment demand3,43,44.  

Both appliances are established as viable treatment options for simple and complex 

cases45,46 with similar treatment outcome satisfaction and effectiveness47–49 and no significant 

differences in complications or adverse risks48. However, clinical studies were generally 

assessed as low quality or high risk of bias due to issues such as lack of blinding, small sample 

sizes, and study design, which prevents strong conclusions to be made2,17.  

It is still important to understand the biomechanical considerations stemming from the 

design differences between labial and lingual appliances6,50. The forces and moments would 

differ on the teeth and consequently potentiate different tooth movements seen clinically51. 

Lack of understanding or inappropriate force application could increase treatment duration8. As 

a result, the patient’s satisfaction, quality of life, and self-esteem decreases with increases in 

adverse effects such as caries, root resorption, and gingival inflammation52–55.  

Orthodontic treatment utilizes labial and lingual appliances to correct various 

misalignments (malocclusions). Dental movement depends on the relationship between three 

processes: biological, biomechanical, and clinical56–58. It is a cumulative response of the dental 
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structures to different force loads that are employed clinically. Research is currently limited in 

high quality clinical trials analyzing outcomes between lingual and labial appliances2,17,18 and is 

in need of further biomechanical comparisons3. 

 

2.2 BIOLOGY OF TOOTH MOVEMENT 

The periodontal ligament (PDL) is a collagenous and fluid-filled supporting structure 

attached to root cementum, and it supports the tooth within the surrounding alveolar bone59. 

Teeth can experience heavy intermittent forces of short duration, which the PDL transmits over 

the larger surface area of alveolar bone to prevent displacement under normal masticatory 

function7. However, application of sustained forces can exceed the PDL’s adaptive threshold. 

Tooth movement occurs when sufficient external pressure creates stress and strain within the 

PDL and stimulates the surrounding bone to remodel60,61.   

Understanding the magnitude and direction of orthodontic forces is fundamental to 

achieving clinical outcomes in a timely manner and maintain the health of dental soft and hard 

tissue8. Prolonged forces, even of low magnitude, are recognized by osteocytes62 and initiate a 

cascade of cellular events within the periodontium63–65. Blood flow increases on the tension 

side as the PDL is stretched, and osteoblasts activate to form bone. On the opposite side, 

compression decreases the blood flow in the PDL and stimulates the formation of osteoclasts to 

resorb alveolar bone through the osteocyte mediated mechanism. Lower force magnitudes 

induce faster tooth movement via frontal resorption66,67, where the osteoclastic activity 

initiates within the compressed PDL to resorb surface bone and creates space for a tooth to 

move into7.  
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Excessive forces can overload the periodontium and crush the blood supply60,63. With 

the PDL now hyalinized and necrotic, undermining resorption occurs68. The osteoclasts are 

recruited from adjacent bone instead, and orthodontic movement consequently lags. These 

heavy forces further activate odontoclastic activity that may cause root resorption and possibly 

tooth loss64,69, patient pain69, and instability of orthodontic correction68,70.  

The concept of an optimal force level that produces the most efficient tooth movement 

without tissue damage or pain is discussed extensively in literature6,11,12. Force levels are 

proposed to directly correlate with tooth movement until exceeding a threshold where 

magnitudes adversely affect the periodontium without an increase in rate of tooth 

movement58.  However, it is clinically impossible to measure the stress and strain of the PDL of 

a loaded human tooth in vivo6,66. As a result, literature typically focuses on the measurement of 

forces and moments generated by activated appliances10,71.  

An optimal force is light and continuous in nature, but its quantification is debated58,71. 

While orthodontic literature commonly describes forces in grams (gm), Newtons (N) is the 

technically correct unit measure of force8.  A force as little as 2gm (approximately 2cN) has 

been shown to induce tooth movement72, and orthodontic treatment applying up to 1000gm 

(1000cN) has been advocated73. Clinical tooth movement is also dependent on the desired type 

of movement and variability of an individual’s morphology11,71. Proffit et al. suggested force 

magnitudes for each orthodontic movement based on his own interpretation of literature and 

clinical impressions: 35 - 60gm (35 - 60cN) for tipping, rotation and extrusion, 70 - 120gm (70 - 

120cN) for translation, and 50 - 100gm (50 - 100cN) for root uprighting7. A systematic review 
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concluded 50 - 100gm (50 - 100cN) of force is the optimal range for rate of orthodontic bodily 

movement, patient comfort and reduced side effects from the limited evidence available10.  

 

2.3 ORTHODONTIC BIOMECHANICAL PRINCIPLES 

 Translating the biological reaction of orthodontic force to the clinical perspective 

requires a knowledge of orthodontic biomechanics51. A core concept is the center of resistance 

(Cres), a geometric location through which a single force’s line of action would produce pure 

bodily movement51,57,74. The Cres is positioned between one half to one third of the root length 

apical to the alveolar crest and depends on the tooth morphology such as the length and 

number of roots, and amount of alveolar bone support51,75. The location of the Cres can also be 

affected by applied forces at larger magnitudes, as the periodontium undergoes non-linear 

deformation8,76,77.  

 Orthodontic forces are applied at the crown of the tooth because of anatomical 

limitations. Forces at the orthodontic bracket-archwire interface act at a distance away from 

the Cres and generate moments, the tendency to rotate an object7. The center of rotation (Crot) 

is the point an object rotates around during movement. Manipulating forces and moments 

acting on a tooth moves the Crot and create differential tooth movement, such as crown tipping, 

root torque, or bodily translation (Figure 2.1)74. Two equal forces of magnitude in opposite and 

parallel direction generate a couple, positioning the Crot at the Cres for pure rotation. Altering 

the direction or magnitude of forces moves the Crot closer to the root apex or tooth cusp for 

more crown tipping or root movement, respectively. If the Crot is moved to infinity, bodily 

movement (translation) occurs.  
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 As a result, the knowledge of the acting forces and moments help predict the location of 

the Crot relative to the Cres and the corresponding tooth movement7. Orthodontic forces and 

moments are manipulated with combinations of different archwires in size, shape, and material 

within the bracket slot at different positions78. Labial and lingual appliances inherently apply 

forces and moments to the tooth differently due to anatomical factors and appliance design50.  

Disparities between labial and lingual surface morphology change the relationship between 

force application and tooth movement. Labial surfaces generally have a gentle convexity, while 

the lingual surfaces of anterior teeth are concave with large individual variations6,45,50. The 

variance in inclination, curvature, marginal ridges, labial-lingual thickness, and cingulum also 

make orthodontic torque more difficult to control with lingual appliances79–81.  

The bracket location also affects the moments induced by forces applied at the bracket-

archwire interface in relation to the Cres. The lingual bracket is closer labial-lingually than the 

labial bracket to the Cres of a maxillary incisor81 (Figure 2.2), which Geron et al. calculated the 

difference to be 60%50. The same force load would, therefore, produce a smaller moment with 

Figure 2.1 Differential tooth movement. A, Crown tipping. B, Root torque. C, Bodily 
translation 

Cres Cres Cres 

Crot 

Crot 
Crot at ꝏ 

Ꝏ

A B C 
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lingual brackets. Tooth movement in all directions are implicated, and torque control is 

reported to be more difficult with lingual brackets45,50.  

The shape and size of labial and lingual archwire forms are different because of their 

corresponding bracket positions. Labial archwires are parabolic as the brackets follow a 

catenary curve from the occlusal view82. Lingual archwires must accommodate irregular tooth 

thicknesses along the lingual surface, especially between the canine and first premolar. Two 

archwire forms are commonly used with lingual appliances: straightwire (parabolic) or 

mushroom (Figure 2.3)6,83. A lingual straightwire is shorter in width and depth to the labial 

counterpart that is compensated by varying the thickness of the composite bond or bracket 

base30. Mushroom archwires keep the bracket closer to both the tooth surface and the Cres with 

a built-in step bend between the canine and first premolar4,84. The lingual archwires’ inter-

bracket distance is narrower along the lingual surface of anterior teeth thereby decreasing the 

activation range and force constancy and increasing the stiffness and load deflection rate14,50. 

As a result, lingual archwire forms are stiffer than its labial archwires during displacements in 

LingualLabial

Cres

y y

xx

Figure 2.2 Bracket positions relative to the Cres. 
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the labial-lingual and occlusal-gingival directions by a factor of 3.03, and labial-lingual rotations 

by a factor of 1.3914, which translates to higher forces15.  

There is limited literature directly comparing effects between labial and lingual archwire 

forms to date. Lombardo et al. found the archwire stiffness to be similar between the two 

lingual archwire forms for both stainless steel and beta titanium archwires, but it can depend 

on the vertical position of the canine bracket85. Recent research measured statistical significant 

smaller moments on the first premolar when levelling a high canine with the lingual mushroom 

archwire compared to the lingual straightwire84. 

2.4 THE CURVE OF SPEE 

 The curve of Spee is defined as the arc of a curved plane tangent to the incisal edges and 

buccal cusps of the mandibular teeth in the sagittal plane (Figure 2.4)21. It was first described by 

Dr. Ferdinand Graf Spee in 1890 by locating the center and radius of the arc following the 

anterior border of the condyle and the occlusal surfaces of teeth86. In orthodontics, the severity 

is described in millimetres between the furthest cusp tip to the reference line of the mandibular 

occlusal plane21,24. 

Figure 2.3 Archwire forms. A. Labial (blue) and lingual (red) straightwire. B. Lingual 
mushroom. 

A B 
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The understanding of the curve of Spee etiology and morphology is limited21,87. The 

growth of orofacial structures, eruption of teeth, and development of the neuromuscular 

system have been proposed to contribute88. Marshall et al. analyzed dental casts and 

determined the curve of Spee was associated with the eruption of permanent teeth21. Initially, 

the curvature in the mixed dentition is minimal. The greatest increase in curve of Spee occurs 

with eruption of permanent mandibular first molars and central incisors and deepens further 

with mandibular second molars89. As mandibular teeth generally erupt six months prior to 

maxillary teeth, the lack of occlusal stops allows the permanent molars and incisors to over-

erupt.  

The curve of Spee has functional implications. Studies have shown a role in mastication 

with significant correlation between masseter muscle activity and chewing forces88,90. The curve 

of Spee also plays a significant role to establish a healthy and balanced occlusal scheme 

together with posterior cusp height, condylar inclination, and anterior guidance89,91. 

Furthermore, an inappropriate curve of Spee can lead to occlusal wear, premature fracture or 

failure of dental restorations, and temporomandibular joint disorders91. 

Figure 2.4 Severity of the curve of Spee (yellow arrow indicates the linear measurement 
between the further cusp tip and the reference mandibular occlusal plane). 
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On the clinical side, levelling the curve of Spee to establish a flat occlusal plane is one of 

six fundamental orthodontic treatment goals 20. It helps achieve proper intercuspation and is 

also a form of over-correction due to continual deepening of the curve of Spee during growth20. 

The depth of the curve of Spee is similar between left or right sides of the arch and sex21,92. It is 

more prevalent in Class II skeletal patterns (relative maxillary prognathism or mandibular 

retrognathism) primarily by eruption of posterior teeth compared to extrusion of anterior teeth 

exhibited in Class I (normal) and III (relative maxillary retrognathism or mandibular 

prognathism) skeletal patterns with a curve of Spee93,94.  While the curve of Spee is associated 

with flatter mandibular plane angles92, regression analysis showed weak correlation with 

craniofacial morphology overall25. It has the largest standard deviation of all cephalometric 

values95 and is the biggest contributor to deep overbite96,97.  

Because a curved arch has a greater circumference than a flat arch, the relationship 

between arch length and curve of Spee has been investigated24. A popular concept accepted by 

practitioners is that the ratio of arch length needed to level every millimetre of curve of Spee is 

1:1, but it has been disputed in the current literature8. This ratio has also been calculated to be 

to be 0.488 and 0.657 by separate studies98,99. Using more advanced measuring techniques, 

Braun et al. concluded that a curve of Spee depth of 4.5mm per side only increases arch 

circumference by 2mm23. In an in vitro study, Clifford et al. found exaggerating the amount of 

reverse curve of Spee incorporated into an archwire did not further increase the arch length 

either30. The ratio has also been described instead as non-linear and dependent on the archwire 

form used24.  
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Clinical approaches correct the curve of Spee by extruding posterior teeth or intruding 

anterior teeth, depending on the treatment goals and philosophy100,101. Braun et al. suggested 

that the dental movement during levelling is more related to the mechanics used than the 

severity of curve of Spee23. Posterior dental extrusion will concurrently rotate the mandible 

downward and backward and increase the facial vertical dimension, beneficial for 

brachycephalic patients23,96. Another ideal indication is deep overbite since 1mm of posterior 

extrusion reduces overbite by 1.5 - 2.5mm23,101. This can be achieved by disarticulating with an 

anterior bite plate to allow posterior teeth to over-erupt102–104 and may be more stable in a 

child with their growth’s musculo-skeletal adaptation potential105. Segmented archwire 

mechanics can achieve similar posterior dental extrusion in adults or conversely, intrude 

anterior teeth, especially if there are concerns with pre-existing long face height96, bone loss106, 

or orthodontic instability96. 

Continuous archwires are the most common approach to correct the curve of Spee in 

contemporary orthodontic treatment due to its clinical ease of use107. The resultant dental 

movement is predominantly premolar extrusion and incisor flaring92,102 with some contribution 

of incisor intrusion, and molar extrusion and uprighting27,28,108. However, the combination may 

vary based on a relationship between the vertical growth pattern and chewing forces109,110. 

Dolichofacial patients experience more posterior extrusion and uprighting, possibly due to 

decreased occlusal impact, while patients following a brachycephalic pattern has more incisor 

proclination and intrusion attributed to stronger masticatory musculature28.  

Orthodontic research has investigated the magnitude of incisor proclination due to 

associated concerns with gingival recession111,112 and instability101,113,114. Incisor proclination 
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also typically correlates with a decrease in inter-canine width113,115. These effects were 

corroborated in a study assessing levelling with flat and reverse curve of Spee labial 

archwires30. Interestingly, Shannon et al. found inter-canine width actually increased even with 

observed incisor proclination during curve of Spee correction, especially in extraction cases92.  

Curve of Spee levelling is considered stable with minimal relapse for both segmental and 

continuous archwire approaches26,27,92,116. The initial severity of curve of Spee is not correlated 

with the amount of relapse post treatment26,116. However, more relapse occurred with 

increased uprighting of the mandibular second molars92.  

Application of appropriate treatment mechanics requires a clear understanding of the 

forces and moments from an archwire during levelling117. For labial archwires, no statistical 

clinical differences were found based on material (stainless steel, multistranded steel, or nickel 

titanium)117 nor dimension (0.016-inch versus 0.016-inch by 0.022-inch)113. And while archwire 

form is suggested to affect levelling curve of Spee24, research of this relationship is sparse with 

no studies found directly comparing the impact from labial and lingual orthodontic appliances.  

 

2.5 SYSTEMATIC REVIEWS COMPARING LABIAL AND LINGUAL APPLIANCES 

There have been systematic reviews published comparing labial and lingual appliances. 

Ata-Ali et al. compared adverse effects and complications118, and the included studies 

suggested lingual orthodontics is associated with increased pain, speech difficulties, and oral 

hygiene problems over labial systems. A second systematic review by the same group also 

assessed treatment outcomes18. The included clinical studies compared effects based on 

cephalometric records, and no statistically significant differences in final outcomes were found.  
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The systematic review by Papageorgiou et al. reported similar findings of higher speech 

impediment, eating difficulties, and overall oral discomfort with lingual brackets compared to 

labial brackets2. Lingual appliances had a distinct increase in inter-canine width and sagittal 

anchorage control and decreases in inter-molar width and interproximal reduction required. 

Mistakidis et al. (2016)17 published a systematic review that evaluated clinical accuracy 

and effectiveness, treatment duration, bond failures, periodontal health, and caries. Treatment 

accuracy and duration were similar between labial and lingual brackets, and there was less risk 

of decalficification with lingual brackets.  

Every systematic review cautioned against any strong conclusions regarding labial and 

lingual appliance comparisons based on their findings because of the high risk of bias or low-

quality nature of the available literature. The universal stumbling block are the inherent 

limitations in dental clinical trial design119,120. It is near impossible to expect blinding of either 

patient or clinician to the appliance used. Furthermore, obtaining large sample sizes of similar 

malocclusion to control multiple variables is difficult due to the length and cost of orthodontic 

treatment. Systematic reviews all mentioned the need for further research and have proposed 

matching an orthodontic approach to specific characteristics of a malocclusion (eg. levelling and 

alignment, space closure, intrusion) to obtain a stronger consensus121. 

 

2.6 METHODS OF INVESTIGATING ORTHODONTIC BIOMECHANICS 

 Contemporary orthodontics, using continuous archwires attached to multiple teeth, is 

considered an indeterminate system that is too complex to precisely calculate and predict the 

forces and moments involved78. The static equations of motion only allow for the 
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determination of six unknown variables through Newton’s Second Law, when in fact there are 

six unknowns (i.e., forces in all directions and moments in all directions) at each tooth. 

Simulation research helps study areas that would be difficult with in vivo trials such as 

biomechanical forces and moments. Studies have used various methods to analyze and 

measure orthodontic force loads exerted onto teeth and fall into two categories: in silico and in 

vitro. 

Mathematical computer modeling via Finite Element Method (FEM)122,123 has been well 

utilized for in silico orthodontic simulation29. The nodal forces and displacements determined 

from the simulations are used to determine stress and strain values within the structure 

resulting from orthodontically induced forces and moments. Comparisons between labial and 

lingual appliances used FEM to assess torque control80, retraction of anterior teeth124, molar 

mesialization125, and biomechanical responses to incisors126,127. The utilization and 

interpretation is dependent on the model’s assumptions of material properties, physical 

geometry, and load application32,128. For instance, changing the model assumption of PDL 

thickness can substantially affect the predicted tooth movement129. FEM also typically assumes 

orthodontic forces rigidly attached to teeth, when clinically, there is an interaction between 

archwires and brackets that can significantly change the load system130. 

In vitro methods, such as photo-elasticity, can simulate appliance driven 

biomechanics131. Anatomic tooth models bonded with brackets are set into a photo-elastic 

medium with polarized light passing through. Stress patterns appear on photographs as fringes 

or bands of colour that are subsequently analyzed. It has been used, for example, to evaluate 

levelling with reverse curve of Spee archwires30 and space closure with springs31 or retraction 
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archwires132,133. However, comprehensive three-dimensional analysis is limited with photo-

elasticity because of overlap on photographs30,31. 

The Calorific machine system, a typodont simulator developed by Rhee et al36, is a 

similar concept. It comprises of a body housing temperature controls and 

electrothermodynamic teeth immersed in a medium representing alveolar bone, such as sticky 

wax. Heat conducted through the teeth softens the wax for tooth movement and photographs 

are taken of the resulting displacement. It was used to study effects of friction36 and bracket 

size134 during space closure and molar distalization with pendulum appliances135. This design 

was limited by the lack of a recognized standard for a medium to simulate the alveolar bone36. 

Like photo-elasticity, it was similarly unable to study torque of teeth due to visual overlap134. A 

modified version was created by Hung et al., the Heat Induction Typodont System (HITS), and 

again, the difficulty in facilitating lingual root torque was noted38. 

Appliance driven forces can alternatively be measured by load cells directly with 

apparatuses of various complexity. Single bracket-archwire set-ups have compared ligation 

methods136,137, bracket designs138,139, and archwires139,140 for torque expression, friction, and 

force loads. Engaging an archwire between multiple brackets measured the stiffness of 

archwires85 and forces from deflecting nickel titanium (NiTi) wires141 or v-bends142. 

To simulate clinical treatment, load cells can be attached directly to targeted areas of a 

system akin to a dental arch. One method soldered brackets onto an archwire to study a new 

bracket system with sensors at three specific points143. Load cells have also been mounted to 

target teeth on a model to study bracket-archwire combinations144 or effects of coil springs 

with mini-screws145, different archwires146, gable bends147, and loop design148,149 during space 
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closure. Kuo et al. developed an apparatus that incorporated a maxillary dental arch to simulate 

first premolar space closure using tooth root sensors in the form of brass rings37. All these 

systems were limited to measuring forces and moments on a few specific teeth, not the whole 

system simultaneously. 

The Orthodontic Measurement and Simulation System (OMSS), a mechanical in vitro 

simulator developed by Drescher et al., is able to simulate various malocclusions35. Sensors are 

attached to two teeth separated from a dental cast and placed on motor-driven positioning 

tables allowing three-dimensional movement. An integrated heat chamber maintains the 

temperature at 37oC to represent oral conditions, especially important when investigating 

thermal-dependent alloys such as NiTi archwires150.  

Biomechanical comparisons between lingual and labial appliances have used the OMSS. 

Studies found higher forces and lower moments with lingual brackets aligning displaced incisors 

regardless of inter-bracket design or archwire thickness15,151. A follow-up study by a group used 

the OMSS again to study initial alignment efficacy between labial and lingual brackets by 

moving the displaced teeth incrementally in response to force loads152. The higher force loads 

with lingual brackets conversely resulted in decreased alignment. The OMSS also compared the 

forces and moments on a lingually displaced incisor between lingual and labial brackets with 

copper NiTi archwires151. While the OMSS allows for three-dimensional forces and moments 

analysis with simulated malocclusions, it is limited to measuring two teeth at a time because of 

its design. 
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2.7 ORTHODONTIC SIMULATOR (OSIM) 

 The Orthodontic SIMulator (OSIM) is the first apparatus that could simultaneously 

measure three-dimensional forces and moments acting on all the teeth in a dental arch with 

precision, developed at the University of Alberta39,153. The dental arch is comprised of up to 14 

teeth that are attached to multi-axis load cells. Horizontal and vertical micrometers can 

reposition each tooth labial-lingually and gingival-occlusally, allowing for a range of orthodontic 

simulation set-ups. The aluminum teeth, machined according to tooth anatomy and size, are 

bonded to orthodontic brackets. A heat chamber can be placed over the OSIM to replicate the 

oral cavity temperature. Forces and moments acting at each tooth are measured at the load cell 

and then transferred to an anatomical location of interest (e.g., Cres or bracket center) using a 

Jacobian transformation matrix. 

 The OSIM has investigated differences between elastic ligation and passive self ligation. 

With a simulated high canine, Fok et al. found elastic ligation expressed higher propagation of 

undesirable forces and moments throughout the dental arch due to increased resistance to 

sliding154,155. Seru et al. similarly concluded elastic ligation had higher forces and moments 

transmitted to additional to teeth with a lingually positioned maxillary incisor40. 

  Interventions such as archwire size and anchorage have been investigated as well. Major 

et al. compared different sizes of copper NiTi archwires with a malpositioned high canine156. 

The study concluded that the diameter of copper NiTi archwires and its applied force had a 

non-linear relationship. Lee et al. found skeletal anchorage transmitted lesser forces on 

posterior teeth and higher vertical forces on anterior teeth compared to dental anchorage41. 

Overall, both anchorage types provided sufficient force to retract anterior teeth. 
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 The OSIM has also been used to study lingual orthodontic mechanics. Owen et al. 

assessed load forces on a dental arch with a vertically displaced canine and a lingually 

positioned lateral incisor using lingual straightwires and mushroom archwires84. Lingual 

straightwires were concluded to have generally higher forces and moments, and the bend in 

the mushroom archwire significantly changed how forces were transmitted to the canine and 

first premolar. Space generation mechanics with lingual archwires were compared between 

crimpable stops and NiTi coil springs157. The study found greater forces and moments when 

using stops compared to coils, and the combination of stops and lingual straightwires exceeded 

optimal force values. 

 

2.8 CLINICALLY SIGNIFICANT FORCES AND MOMENTS 

 It is important to relate quantification of forces and moments for clinical interpretation 

and application. Literature has not yet established a consensus on the minimum forces and 

moments required to cause tooth movement or root resorption. A recent systematic review 

concerning orthodontic force levels included 0.18N as the lowest force magnitude10, and forces 

less than 0.2N did not have an effect on root resorption158. Andreasan et al. concluded only 

loads exceeding 15gm (0.15N) transmitted forces to the PDL139. Moments of 3Nmm have been 

proposed to produce appreciable tooth movement138. As a result, force and moment 

magnitudes above 0.2N and 3Nmm, respectively, will be considered clinically significant in the 

present study. 
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CHAPTER 3: IN VITRO MEASUREMENT OF THE INITIAL FORCES AND MOMENTS 

GENERATED FOR A CURVE OF SPEE MALOCCLUSION WITH LABIAL AND LINGUAL 

ARCHWIRE FORMS 

3.1 INTRODUCTION 

Orthodontic treatment corrects tooth misalignments, or malocclusions, to improve 

patient’s dental health, psychologic well-being, and social perception43. Patients base successful 

treatment on how their teeth fit functionally and esthetically159, but research has also shown 

the appliance’s visual impact to be a primary factor44. Furthermore, a patient’s decision for 

orthodontics is highly correlated with the psychosocial perception related to the influence of 

appearance while in treatment160. As a result, an increased demand for esthetic orthodontic 

treatment has been seen globally3.  

Orthodontic lingual brackets, introduced in the 1980s4, provide a significant esthetic 

advantage by their placement on the lingual surface of teeth (ie., tongue- or palate-side) 

compared to labial brackets on the cheek-side42. It has similar overall patient satisfaction49 and 

treatment outcomes19,45 compared to the more common labial counterpart. Lingual treatment 

also has lower risk of caries5 and decalcifications161 but increased oral discomfort, speaking, and 

chewing dysfunction118,162. 

A fundamental orthodontic goal is to level the curve of Spee20, the sagittal arc 

determined by the mandibular dental cusps and incisal edges21. It has a functional role in 

mastication forces88,90, establishing balanced occlusion21, and temporomandibular joint 

disorders91. A flat occlusal plane helps achieve ideal occlusal interdigitation20, and the curve of 

Spee is the biggest contributor to deep overbites96,97.  
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The curve of Spee’s etiology is hypothesized to be a combination of orofacial structural 

growth and neuromuscular system development88 and is more prevalent in skeletal Class II 

malocclusions (relative maxillary prognathism or mandibular retrognathism)163. The depth of 

the curve is similar across left and right sides of the arch and sex92, worsening with the eruption 

of permanent mandibular molars and incisors21. The severity is classified by the largest distance 

of the farthest tooth to the reference line of the mandibular occlusal plane, defined by the 

distal buccal cusp of the most posterior molar and the incisal edge of the central incisor21,24.  

 The specific dental movements for orthodontic correction are more dependent on 

clinical management96,101 than the initial depth of the curve of Spee23. Orthodontic levelling is 

comprised of a combination of molar extrusion and uprighting, incisor intrusion and flaring, and 

premolar extrusion27,28,92,102,108. In contemporary orthodontics, correction is most commonly 

achieved with continuous archwires101, and these movements are influenced by factors, such as 

the type of orthodontic appliance and archwire form used24,30,50,101. 

Dental alignment is based on orthodontic biomechanical principles164. They explain how 

forces and moments, a measure of the force’s tendency to rotate an object, act on the tooth’s 

center of resistance (Cres), the point through which a linear force produces bodily movement6. 

The relationship between the Cres and applied forces and moments ultimately determines 

whether torque (root movement), crown tipping, or bodily translation occur57,75. The 

magnitude of force loads is also important for optimal tooth movement64,68 and the health of 

oral structures10,64,68,69.  

The biomechanics of orthodontic movement during curve of Spee levelling can impact 

treatment planning decisions. Increased posterior extrusion would be beneficial to increase the 
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face height for brachyfacial patients, but it may be inappropriate for patients with a vertical 

growth pattern23,96,101. In addition, uprighting of mandibular second molars is associated with 

higher relapse potential92. There are conflicting reports on the amount of arch length required 

to level the curve of Spee24,98,165 and the effects on inter-canine width30,92,113. Furthermore, 

incisor proclination is important to understand due to concerns with gingival recession111,112 

and instability101,113,114. Clinical applications of an increased knowledge base ultimately increase 

efficacy and avoid inappropriate forces, leading to lengthier treatment, root resorption, patient 

pain, and temporomandibular joint disorders6,10–12.   

Lingual and labial braces would have different forces and moments with distinct bracket 

locations81 and archwire forms4,6,166. Lingual brackets are generally closer to the tooth’s Cres 

than labial brackets50, and as such, the same force creates a different moment around the Cres. 

Both appliances can use straight (parabolic) archwire forms with the lingual version narrower 

and smaller in size6. Lingual brackets can also use a mushroom archwire that includes a bend to 

accommodate the lingual anatomical step between the canine and first premolar6,83,85. 

Between the anterior teeth, lingual brackets are also closer together, which increases the force 

levels due to a larger archwire stiffness14,15,50.  

Orthodontic literature has assessed some aspects of orthodontic archwire design with 

curve of Spee levelling. The labial archwire form may change the amount of arch length 

required to level the curve of Spee24. A photo-elastic simulation found a minor decrease in 

inter-canine width with labial archwires, and incorporating a reverse curvature increased the 

stress pattern intensity around the molar and incisor apices30. Clinical studies compared labial 

archwires of different dimensions (0.016-inch and 0.016-inch by 0.022-inch)113 and materials 
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(stainless steel, multi-stranded steel, and nickel titanium)117 and found no differences in incisor 

proclination. In a prospective clinical trial, reverse curve of Spee lingual mushroom archwires 

achieved incisor intrusion with minimal side effects100. However, no research to date has 

directly compared labial and lingual archwire forms to level the curve of Spee. 

The purpose of this in vitro study was to understand the differences in initial forces and 

moments generated by labial straightwire, lingual straightwire, and lingual mushroom archwire 

forms engaged in a simulated curve of Spee malocclusion. Results between the different 

treatment options were compared to elucidate biomechanical differences that can be used to 

guide clinical treatment. The primary forces and moments of interest were the vertical 

(occlusal-gingival) forces, and the horizontal (labial-lingual) forces and moments. These were 

selected because teeth are vertically misaligned in a curve of Spee, which labial and lingual 

force applications would theoretically affect labial-lingual vectors50. 

 

3.2 MATERIALS AND METHODS 

3.2.1 ORTHODONTIC SIMULATOR (OSIM) 

The Orthodontic SIMulator (OSIM), developed at the University of Alberta, measures 

three-dimensional forces of individual teeth along an in vitro single dental arch with precision39. 

The experimental set-up consists of 14 teeth represented by additively manufactured stainless-

steel posts with analogous dental crown anatomy and dimensions (Figure 3.1). Forces are 

measured by six-axis load cells (Nano17, ATI Industrial, Apex, NC, USA) rigidly attached to each 

tooth. Since the load cells are located away from the tooth, the measurements are transformed 

relative to the tooth’s bracket location and the theoretical Cres, which are more clinically 



 

30 
 

relevant. Coordinate systems for each tooth was converted using Jacobian transformation 

matrices from the load cell to approximated Cres locations obtained with a FARO arm (Faro 

Technologies, Lake Mary, Fla), as described in earlier research by Owen et al84.  

The measured output is analyzed using the computer programming environment 

MATLAB (MathWorks, Natick, Mass). The software packages developed in-house create a quick 

visual reference of the forces and moments measured for each tooth (Figure 3.2). A numerical 

read-out of the forces and moments in each direction is displayed. Data is exported to 

Microsoft Excel after each experiment for further analysis. 

3.2.2 ORTHODONTIC MATERIALS 

Labial and lingual self-ligating 0.018-inch slot brackets (Carriere SLX, Cerum Ortho 

Organizers, Calgary, AB, Canada and In-Ovation L, Dentsply GAC, York, PA, USA, respectively) 

Figure 3.2 Visual reference of the forces and moments on the OSIM 

Figure 3.1 The Orthodontic SIMulator (OSIM) apparatus 
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were bonded to the stainless-steel teeth using metal primer (Reliance Ortho Prod. Inc.), 

bonding agent (OrthoSolo, Ormco, Orange, CA), and composite resin (3M Unitek Transbond XT). 

To obtain the lingual and labial brackets with the same slot size (0.018-inch) and ligation 

method (self-ligating), they had to be acquired separately from different manufacturers. 

The three mandibular archwire forms comprised of 0.016-inch by 0.022-inch stainless 

steel and were bent to a respective template for each group: labial straightwire, lingual 

straightwire, and lingual mushroom.  

 

3.2.3 EXPERIMENTAL SETUP 

Three treatment groups were compared in this study (Figure 3.3): 

1. Labial straightwire 

2. Lingual straightwire 

3. Lingual mushroom 

The mechanical mandibular arch consisted of all teeth excluding third molars. The 

experiments started from the same initial passive position with the teeth levelled and aligned. 

The brackets were bonded to the approximate middle of the dental crown, using a bonding jig 

Figure 3.3 Experimental treatment groups. A, Labial straightwire. B, Lingual straightwire. C, 
Lingual mushroom. 

A B C 
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to allow passive fit of each archwire group. An archwire form template for each group was first 

established to which the jig and experimental archwires were fabricated.  

When the brackets were bonded to the OSIM accordingly for each study group, the 

respective experimental trials were initiated. The same initial passive bracket position ensured 

consistent engagement of the archwires within each group. A new archwire was randomly 

selected from the same batch for each trial. Once engaged, a zeroing procedure was performed 

before testing to ensure an initial passive fit of the archwire in the brackets. The horizontal and 

vertical micrometers were adjusted for each load cell to measure less than 0.1N of force in all 

directions. This zero position of the teeth was established before initiating each trial. 

The curve of Spee maximum position was established by moving the second premolar 

and canine 0.75mm and the first premolar 1.5mm gingival to the occlusal plane (Figure 3.4). 

While there can be various curve of Spee positions, this setup was chosen to establish a 

symmetric and parabolic curve of Spee from the sagittal view. The original intention was to 

have a 2mm curve of Spee to represent a depth of moderate severity that is typically seen 

clinically92,93.  However, the forces and moments overloaded the load cells limit (25N and 

250Nmm) of the OSIM during the pilot study, and the curve of Spee depth was therefore 

reduced to 1.5mm.  

The OSIM was first bonded with lingual brackets to test the lingual straightwire.  

Subsequently, the labial brackets were bonded for the labial straightwire. The lingual brackets 

were then rebonded to the same teeth position for passive fit of the mushroom archwire. 

Brackets bonded for the mushroom archwires had thinner composite bases due to the 

archwire’s closer adaptation to the lingual surfaces. The OSIM moved the teeth in 0.2mm 
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increments, at which the average of 50 readings on all load cells for approximately one second 

was recorded. 

 

3.2.4 FORCE AND MOMENT MEASUREMENTS 

Force and moment measurements relative to Cres were collected to the x-, y-, and z- 

axes (Figure 3.5): 

1. Forces in the x-direction (Fx): mesial-distal forces 

2. Forces in the y-direction (Fy): labial-lingual forces 

3. Forces in the z-direction (Fz): occlusal-gingival forces 

4. Moments in the x-direction (Mx): rotation causing crown/root movement in the 

labial-lingual direction 

5. Moments in the y-direction (My): rotation causing crown/root movement in the 

mesial-distal direction 

First premolar intruded 1.5mm 

Canine and second premolar intruded 0.75mm 

Figure 3.4 Simulated curve of Spee malocclusion 
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6. Moments in the z-direction (Mz): rotational movement around the long axis of the 

tooth  

The y- and z- axes were in the same direction for each tooth. However, the coordinate 

system of the OSIM orients the x-axis differently as it crosses the dental arch midline: positive 

indicates a distal direction on one side, and a mesial direction on the other side. As a result, 

data values for Fx, My, and Mz were adjusted to the same anatomical orientation of tooth 

movement for each tooth. The adjustments allowed for discussion of forces and moments in 

terms of clinical tooth movement directions. The force and moment values for the same tooth 

on the left and right side on the OSIM were then averaged for each archwire tested.  

Using previous literature as a guide10,138,139, forces above 0.2N and moments above 

3Nmm were considered clinically significant in this study, the minimum threshold to induce 

tooth movement.  While consensus has not yet been established, these thresholds have been 

accepted in orthodontic literature84,157. 

 

  

Mz

My

  

Figure 3.5 The force and moments coordinate system (main 
interests of this study are underlined). 
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3.2.5 SAMPLE SIZE CALCULATION 

A pilot study was completed to determine the necessary sample size by testing ten 

archwires in each group. The labial straightwire was the first group tested, with the first 

premolars intruded 2mm and the canines and second premolars intruded 1mm. However, this 

same set-up exceeded the force and moments limit of the load cells (25N and 250Nmm) with 

lingual archwires. As a result, the curve of Spee set-up was reduced to 1.5mm intrusion of the 

first premolars and 0.75mm of the canines and second premolars. Forces of 0.2N, and moments 

of 3Nmm were used as the minimal detection levels, determined to be relevant forces from 

previous literature10,138,139. As the labial straightwire pilot data had a different set-up, their 

values were not included in the sample size calculation. The forces and moments from the two 

lingual archwire forms were therefore used: Fz, Fy, and Mx on the canines, first and second 

premolars. The sample size (n) was calculated with the following formula, using a power of 1 – 

β = 0.90 and α = 0.05167: 

𝑛 =  
𝜆

∆
                  

𝜆 =  12.66 when 1 –  𝛽 =  0.90 and 𝛼 = 0.05  

∆=
1

𝜎2
∑(𝜇𝑖 −  𝜇 )2
𝑘

𝑖=1

,                𝜇 =
1

𝑘
∑𝜇𝑗                               

𝑘

𝑗=1

           

 The calculated sample size (n) was 61 trials for each of the three experimental groups. 

 

3.2.6 STATISTICAL ANALYSIS 

 Statistical analysis was completed with IBM SPSS version 21 software using a 

significance level of  = 0.05. The full trial data consisted of the forces and moments exerted 
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onto the mandibular first and second molars, first and second premolars, canines, lateral 

incisors, and central incisors at the established experimental curve of Spee position. The 

average values of the right and left sides of the OSIM dental arch were used for each individual 

archwire tested. Prior to averaging, the data values of Mx were adjusted accordingly because of 

the OSIM’s right hand coordinate system as mentioned previously. The main forces and 

moments of interest in this study were forces in the z-direction (Fz), forces in the y-direction 

(Fy), and moments in the x-direction (Mx), as shown in Figure 3.5, and therefore included for 

statistical analysis.  

Two-way mixed multivariate analysis of variance (MANOVA) was selected to determine 

differences in the forces and moments on all teeth between archwire forms. The model 

assumptions of independence, normality, linearity, and equal covariance were assessed. 

Independence was met as each test used a different archwire and thus not related. Assumption 

testing was carried out using box plots for univariate normality, Mahalanobis distances for 

multivariate normality, scatterbox matrices for linearity, and Box’s M test for equal covariance. 

The statistical significance was unaffected with and without the multivariate outliers found, and 

therefore, the reported analysis includes all data values. While linearity and equal covariance 

were violated, MANOVA is robust against these departures because of the study’s larger 

sample sizes that are equal in number between groups. Greenhouse-Geisser correction was 

used for multivariate hypothesis statistical analysis, and Bonferonni correction was used for 

post-hoc pairwise comparisons. 
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3.2.7 STATISTICAL HYPOTHESES 

There were three null statistical hypotheses for this study: 

1. Ho: there are no differences in Fz, Fy, or Mx levels between the archwire forms. 

Ha: there is a difference in Fz, Fy, or Mx levels between the archwire forms. 

2. Ho: there are no differences in Fz, Fy, or Mx levels between mandibular tooth position.  

Ha: there is a difference in Fz, Fy, or Mx levels between mandibular tooth position. 

3. Ho: there are no interactions in Fz, Fy, or Mx levels between mandibular tooth position 

and archwire forms. 

Ha: there is an interaction in Fz, Fy, or Mx levels between mandibular tooth position and 

archwire forms. 

 

3.3 RESULTS 

 Clinically significant Fz, Fy and Mx magnitudes are shown diagrammatically in Figure 3.6. 

The mean values and standard deviations of for each tooth are listed in Tables 3.1 – 3.3 and 

Figures 3.7 – 3.9. The two-way mixed MANOVA with Pillai’s Trace F-test statistic indicated 

convincing evidence that Fz, Fy and Mx are dependent on a statistically significant interaction 

effect (p-value < 0.05) between mandibular tooth position and archwire form. The main effects 

of mandibular tooth position and archwire form were also statistically significant (p-value < 

0.05). While the effects based on tooth position or archwire form alone could not be quantified 

because of the statistically significant interaction, there were overall trends observed between 

different factors. 
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Figure 3.6 Visual depiction of the clinically significant forces and moments. A, Labial 
straightwire. B, Lingual straightwire. C, Lingual mushroom. The size of the vectors reflect 
relative magnitude but may not be exact to scale. 

A 

B 

C 
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Table 3.1 Mean values of Fz (x ̄± σ) in N 

Teeth \ Archwire form Labial straightwire Lingual straightwire Lingual mushroom 

Second molar -0.27 ± 0.13 -0.54 ± 0.05 -0.59 ± 0.14 

First molar -3.00 ± 0.46 -3.74 ± 0.14 -3.24 ± 0.20 

Second premolar 0.32 ± 0.17 1.51 ± 0.18 0.48 ± 0.45 

First premolar 4.76 ± 0.69 5.36 ± 0.48 4.74 ± 0.67 

Canine 1.37 ± 0.33 1.54 ± 0.32 2.89 ± 0.64 

Lateral incisor -3.18 ± 0.49 -5.44 ± 0.28 -5.18 ± 0.65 

Central Incisor -0.07 ± 0.08 0.00 ± 0.17 0.02 ± 0.31 

 

Error bars: +/- 1 SD 

Figure 3.7 Mean values and standard deviation of Fz between archwire forms. Positive values 
and negative values indicate labial and lingual directions, respectively, and values between the 
red horizontal lines are clinically insignificant (|Fz| < 0.2N). 
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Table 3.2 Mean values of Fy (x ̄± σ) in N 

Teeth \ Archwire form Labial straightwire Lingual straightwire Lingual mushroom 

Second molar -0.36 ± 0.20 -0.77 ± 0.07 -0.57 ± 0.12 

First molar 1.13 ± 0.25 2.81 ± 0.27 1.94 ± 0.23 

Second premolar 0.22 ± 0.20 -0.63 ± 0.35 0.24 ± 0.80 

First premolar -1.97 ± 0.38 -3.35 ± 0.48 -3.06 ± 1.24 

Canine -0.58 ± 0.37 -0.81 ± 0.53 -2.33 ± 1.04 

Lateral incisor 1.72 ± 0.39 4.81 ± 0.42 5.12 ± 1.10 

Central Incisor -0.75 ± 0.26 -2.03 ± 0.22 -1.94 ± 0.45 

 

Figure 3.8 Mean values and standard deviation of Fy between archwire forms. Positive values 
and negative values indicate labial and lingual directions respectively, and values between the 
red horizontal lines are clinically insignificant (|Fy| < 0.2N). 

Error bars: +/- 1 SD 
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Table 3.3 Mean values of Mx (x ̄± σ) in Nmm 

Teeth \ Archwire form Labial straightwire Lingual straightwire Lingual mushroom 

Second molar -0.09 ± 1.50 7.92 ± 1.75 8.05 ± 1.22 

First molar -32.03 ± 5.23 4.98 ± 1.28 9.45 ± 2.44 

Second premolar -0.21 ± 3.01 -13.09 ± 2.45 -9.83 ± 3.83 

First premolar 42.45 ± 6.94 -20.57 ± 20.87 -39.07 ± 21.88 

Canine 5.07 ± 4.71 0.90 ± 3.14 9.19 ± 8.09 

Lateral incisor -32.63 ± 6.13 -18.52 ± 2.96 -28.50 ± 7.10 

Central Incisor 7.17 ± 2.91 18.06 ± 2.24 17.34 ± 3.96 

 

Error bars: +/- 1 SD 

Figure 3.9 Mean values and standard deviation of Mx between archwire forms. Positive 
values and negative values indicate lingual and labial crown tipping, respectively, and values 
between the red horizontal lines are clinically insignificant (|Mx| < 3Nmm). 
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3.3.1 COMPARISON OF OCCLUSAL-GINGIVAL FORCES (FZ) 

The positive and negative Fz values represent vertical forces in the occlusal and gingival 

directions, respectively (Table 3.1 and Figure 3.7). Listed in order of decreasing magnitude, 

occlusally directed forces were exerted on the first premolar, canine, and second premolar, and 

gingivally directed forces on the lateral incisor, first molar, and second molar for all archwire 

forms. 

 

3.3.2 COMPARING LABIAL-LINGUAL FORCES (Fy)  

The positive and negative Fy values represent horizontal forces in the labial and lingual 

directions, respectively (Table 3.2 and Figure 3.8). For all groups, the lateral incisor received the 

greatest labial forces, followed by the first molar. Fy was different for the second premolar; the 

two straightwires exerted minimal labial forces, and the lingual mushroom archwire exerted a 

slightly larger magnitude in the lingual direction. For the labial and lingual straightwires, the 

first premolar, canine, central incisor, and second molar received lingual forces in order of 

decreasing magnitude. The lingual mushroom archwire differed with the canine receiving 

slightly higher lingual forces than the central incisor.  

 

3.3.3 COMPARING LABIAL-LINGUAL MOMENTS (Mx)  

The positive and negative Mx value represent horizontal moments rotating the crown 

lingually and labially, respectively (Table 3.3 and Figure 3.9). The archwire groups exerted 

similar Mx vectors on each tooth position except the first molar and first premolar. The central 

incisor received lingual crown tipping moments, and the lateral incisor received labial crown 
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tipping moments. The canine experienced lingual crown tipping lingually moments, but the 

magnitude was clinically insignificant with lingual straightwire (moments < 3Nmm). The second 

premolar and second molar recorded labial and lingual crown tipping moments, respectively, 

with both lingual archwires; the labial straightwire values were clinically insignificant on these 

two teeth. The first premolar recorded the largest Mx in both directions: labial crown tipping 

with the lingual straightwire and lingual crown tipping with the labial straightwire. The first 

premolar and first molar’s Mx vectors were opposite between the labial straightwire and the 

two lingual archwire forms; labial straightwire exerted lingual crown tipping on the first 

premolar and labial crown tipping on the first molar, while the lingual straightwire and 

mushroom archwire exerted labial crown tipping on the first premolar and lingual crown 

tipping on the first molar. 

 

3.3.4 COMPARING ARCHWIRE FORMS 

Pairwise comparisons with Bonferonni adjustment between the archwire forms on each 

tooth are listed in Table 3.4, and the majority of the differences were statistically significant (p-

value < 0.05). 

Table 3.4 Pairwise comparisons between archwire forms on each tooth  

Outcome Tooth 
Position 

Archwire 
form A 

Archwire 
form B 

Mean △(A-B) [95% C.I.] p-value* 

Fz (N) 

Second 
molar 

Labial SW Lingual SW 0.27 [0.23, 0.31] < 0.0005 

Labial SW Lingual MW 0.32 [0.28, 0.36] < 0.0005 

Lingual SW Lingual MW 0.06 [0.02, 0.10] 0.007 

First molar 
Labial SW Lingual SW 0.74 [0.64, 0.85] < 0.0005 

Labial SW Lingual MW 0.24 [0.14, 0.35] < 0.0005 
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Lingual SW Lingual MW -0.50 [-0.61, -0.39] < 0.0005 

Second 
premolar  

Labial SW Lingual SW -1.19 [-1.29, -1.08] < 0.0005 

Labial SW Lingual MW -0.16 [-0.27, -0.06] 0.003 

Lingual SW Lingual MW 1.03 [0.92, 1.13] < 0.0005 

First 
premolar 

Labial SW Lingual SW -0.60 [-0.82, -0.38] < 0.0005 

Labial SW Lingual MW 0.02 [-0.21, 0.24] 0.887 

Lingual SW Lingual MW 0.62 [0.40, 0.84] < 0.0005 

Canine 

Labial SW Lingual SW -0.17 [-0.34, -0.009] 0.039 

Labial SW Lingual MW -1.52 [-1.68, -1.36] < 0.0005 

Lingual SW Lingual MW -1.35 [-1.51, -1.19] < 0.0005 

Lateral 
incisor 

Labial SW Lingual SW 2.26 [2.08, 2.44] < 0.0005 

Labial SW Lingual MW 2.00 [1.82, 2.18] < 0.0005 

Lingual SW Lingual MW -0.26 [-0.44, -0.08] 0.004 

Central 
incisor 

Labial SW Lingual SW -0.07 [-0.14, 0.009] 0.086 

Labial SW Lingual MW -0.09 [-0.17, -0.02] 0.015 

Lingual SW Lingual MW -0.03 [-0.10, 0.05] 0.459 

Fy (N) 

Second 
molar  

Labial SW Lingual SW 0.40 [0.35, 0.45] < 0.0005 

Labial SW Lingual MW 0.21 [0.16, 0.26] < 0.0005 

Lingual SW Lingual MW -0.20 [-0.25, -0.15] < 0.0005 

First molar 

Labial SW Lingual SW -1.68 [-1.77, -1.59] < 0.0005 

Labial SW Lingual MW -0.80 [-0.89, -0.71] < 0.0005 

Lingual SW Lingual MW 0.87 [0.78, 0.96] < 0.0005 

Second 
premolar  

Labial SW Lingual SW 0.86 [0.67, 1.04] < 0.0005 

Labial SW Lingual MW -0.01 [-0.20, 0.17] 0.884 

Lingual SW Lingual MW -0.87 [-1.06, -0.69] < 0.0005 

First 
premolar  

Labial SW Lingual SW 1.39 [1.10, 1.67] < 0.0005 

Labial SW Lingual MW 1.10 [0.81, 1.38] < 0.0005 

Lingual SW Lingual MW -0.29 [-0.57, -0.004] 0.047 
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Canine  

Labial SW Lingual SW 0.23 [-0.02, 0.48] 0.073 

Labial SW Lingual MW 1.75 [1.50, 2.01] < 0.0005 

Lingual SW Lingual MW 1.52 [1.27, 1.78] < 0.0005 

Lateral 
incisor 

Labial SW Lingual SW -3.09 [-3.35, -2.83] < 0.0005 

Labial SW Lingual MW -3.40 [-3.66, -3.15] < 0.0005 

Lingual SW Lingual MW -0.31 [-0.57, -0.06] 0.017 

Central 
incisor 

Labial SW Lingual SW 1.28 [1.17, 1.40] < 0.0005 

Labial SW Lingual MW 1.19 [1.08, 1.31] < 0.0005 

Lingual SW Lingual MW -0.09 [-0.21, 0.03] 0.122 

Mx 
(Nmm) Second 

molar 

Labial SW Lingual SW -8.01 [-8.55, -7.47] < 0.0005 

Labial SW Lingual MW -8.14 [-8.67, -7.60] < 0.0005 

Lingual SW Lingual MW -0.13 [-0.67, 0.41] 0.637 

First molar  

Labial SW Lingual SW -37.02 [-38.24, -35.80] < 0.0005 

Labial SW Lingual MW -41.48 [-42.70, -40.26] < 0.0005 

Lingual SW Lingual MW -4.47 [-5.69, -3.25] < 0.0005 

Second 
premolar 

Labial SW Lingual SW 12.88 [11.75, 14.00] < 0.0005 

Labial SW Lingual MW 9.62 [8.49, 10.74] < 0.0005 

Lingual SW Lingual MW -3.26 [-4.39, -2.14] < 0.0005 

First 
premolar  

Labial SW Lingual SW 63.02 [56.62, 69.42] < 0.0005 

Labial SW Lingual MW 81.52 [75.12, 87.92] < 0.0005 

Lingual SW Lingual MW 18.50 [12.10, 24.90] < 0.0005 

Canine 

Labial SW Lingual SW 4.17 [2.13, 6.20] < 0.0005 

Labial SW Lingual MW -4.12 [-6.16, -2.09] < 0.0005 

Lingual SW Lingual MW -8.29 [-10.33, -6.25] < 0.0005 

Lateral 
incisor 

Labial SW Lingual SW -14.10 [-16.13, -12.07] < 0.0005 

Labial SW Lingual MW -4.13 [-6.16, -2.10] < 0.0005 

Lingual SW Lingual MW 9.98 [7.95, 12.01] < 0.0005 

Labial SW Lingual SW -10.89 [-12.01, -9.77] < 0.0005 
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The three archwire form groups exerted Fz and Fy generally similar in direction at 

different magnitudes on each tooth position. For Fz, the canine, first premolar, and second 

premolar received occlusal vectors, and the lateral incisor, first molar, and second molar 

received gingival vectors. For Fy, the archwire forms all exerted labial forces on the lateral 

incisor and first molar and lingual vectors on the central incisor, canine, first premolar, and 

second molar. The second premolar was the only tooth where any force had a different 

direction based on archwire form; labial vectors were recorded with the labial straightwire and 

lingual mushroom archwire, while the lingual straightwire exerted lingual vectors.  

The labial straightwire exerted forces with the lowest magnitude for all tooth positions. 

The lingual straightwire exerted the highest vertical forces except on the canine and central 

incisor and the highest horizontal forces except on the lateral incisor and canine. The order of 

force magnitude between tooth positions was similar across the groups. 

The direction of Mx was similar between the two lingual archwire forms that differed to 

the labial straightwire. The two lingual straightwires exerted lingual crown tipping on the 

central incisor, canine, first molar, and second molar and labial crown tipping on the lateral 

incisor, first premolar, and second premolar. The labial straightwire exerted opposite Mx 

directions on the first premolar and first molar.  

The labial straightwire exerted the largest absolute Mx magnitudes on the lateral incisor, 

first premolar, and first molar. Of the lingual archwire forms, the mushroom variant was larger 

Central 
incisor  

Labial SW Lingual MW -10.17 [-11.28, -9.05] < 0.0005 

Lingual SW Lingual MW 0.72 [-0.39, 1.84] 0.20 

*Bolded values indicate statistically significant values 
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on all tooth positions except the central incisor and second premolar. On the first premolar, the 

labial straightwire exerted the greatest overall lingual crown tipping, and both lingual archwires 

forms exerted labial crown tipping. The standard deviations of the two lingual archwire forms 

on the first premolar were significantly larger than any other measured outcome variable. 

 

3.4 DISCUSSION 

 Initial forces and moments on mandibular teeth in a curve of Spee malocclusion were 

compared between three archwire forms used by labial and lingual orthodontic appliances: 

labial straightwire, lingual straightwire, and lingual mushroom archwire. The primary forces and 

moments of interest were the vertical forces in the occlusal-gingival direction (Fz), horizontal 

forces in the labial-lingual direction (Fy), and horizontal moments in the labial-lingual direction 

(Mx). The OSIM allowed for simultaneous measurement of the acting three-dimensional forces 

and moments of each tooth within a single dental arch (excluding third molars), which are 

otherwise impossible to calculate and predict with continuous archwires7. The statistical 

analysis determined the vertical forces and horizontal forces and moments were dependent on 

the relationship between the archwire form and tooth position, and 

similarities and differences based on archwire form and tooth position were observed.  

 

3.4.1 SIMILARITIES BETWEEN ARCHWIRE FORMS 

The mandibular teeth received the same direction of occlusal-gingival forces regardless 

of archwire form. Teeth below the reference occlusal plane received occlusal forces at 

magnitudes relative to the distance of its displacement; the first premolar, the most intruded, 
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received the greatest extrusive forces, followed by the canine and second premolar. These 

values suggest that each archwire form exerts appropriate forces in the occlusal direction on 

these teeth to achieve the specific clinical goal of levelling the curve of Spee.  

Each archwire form exerted the greatest gingival forces on the lateral incisor, which may 

be representative of the expected intrusive movement during curve of Spee levelling27,28,108. 

Research has indicated larger magnitudes increase the incidence and severity of root resorption 

but not the rate of movement168–172; however, there is no established consensus regarding the 

force threshold that would induce said damage. Based on expert opinion and low level of 

evidence,  10 - 25gm (approximately 10 - 25cN) is proposed to be the optimal range for 

intrusive forces on a mandibular incisor7,96. These suggested thresholds are exceeded by the 

recorded intrusive forces on the lateral incisor. However, it is important to highlight that the 

rigid connectors within the OSIM do not account for biological PDL compliance that would 

reduce this initial loading. Intrusion is the most common tooth movement associated with 

orthodontic root resorption171,173. The lateral incisor also received labial crown tipping (lingual 

root tipping) moments, another strong predictor for root resorption174. Incisors already carry a 

higher risk for root resorption with roots that are smaller in size and conical in shape7. As a 

result, clinicians may need to closely monitor lateral incisors for root resorption during curve of 

Spee levelling for any archwire form.   

Like the first molar, the lateral incisor received gingival and labial force vectors, but at 

larger magnitudes. However, the lateral incisor did not have different labial-lingual moment 

directions between labial and lingual archwire forms, recording labial crown tipping. All 

archwires load brackets that are occlusal to a tooth’s Cres. The significantly larger labial forces 
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were likely the main factor behind the labial crown tipping moments recorded for all groups. A 

horizontal force, compared to a vertical force of the same magnitude, creates larger moments 

since the vector has a greater relative horizontal distance to the Cres (Figure 3.10). As a result, 

the extreme labial forces on the lateral incisor predominantly resulted in the labial crown 

tipping moments for all groups. 

3.4.2 DIFFERENCES BETWEEN ARCHWIRE FORMS 

 Between the archwire forms, the force magnitudes for horizontal and vertical forces at 

each tooth position was the lowest with labial archwires. Lower forces with labial appliances 

were also found in an in vitro study aligning a single incisor15. These lower magnitudes were 

likely because of the decreased archwire stiffness associated with larger inter-bracket distances 

in labial appliances compared to lingual appliances14 and may reduce the risk of root 

resorption67,171,175.  As a result, labial archwires may be more indicated in cases where root 

resorption is more debilitating, such as patients with poor periodontal support7, or treatment 

with higher risk of root resorption, such as longer treatment durations or involving orthodontic 

space closure6.  

Figure 3.10 Comparison of the distances from horizontal forces (y) and vertical 
forces (z) to the tooth’s Cres. A, Labial load position. B, Lingual load position. 

 

A B 
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 The directions of horizontal moments on the teeth were the same between the two 

lingual archwire forms. Labial archwires exerted opposite directions of labial-lingual moments 

on the first premolar and first molar. The contrasts are likely due to the large vertical forces and 

the different load positions with labial and lingual appliances relative to the Cres. Occlusally 

directed forces would naturally generate lingual crown tipping with labial brackets and labial 

crown tipping with lingual brackets. Similarly, gingival forces would create labial crown tipping 

with labial brackets and lingual crown tipping with lingual brackets. The magnitudes of labial-

lingual moments on the first molar from the lingual archwires were not as large compared to 

the labial straightwire. The moments associated with labial forces observed with lingual 

archwire forms diminished the overall lingual crown tipping moments from the larger gingival 

forces.  

 The archwire form may have implications in the transverse dimension if the assumption 

that the recorded forces and moments vectors will correspond directly to the clinical tooth 

movement is made. Of the posterior teeth, the first premolar received the largest lingual and 

occlusal forces, and the first molar received the largest labial and gingival forces regardless of 

archwire form. With a labial bracket position, the horizontal moment vectors associated with 

those forces were lingual crown tipping on the first premolar and labial crown tipping on the 

first molar. As a result, the directions of these horizontal moments were additive to the lingual 

forces on the first premolar and labial forces on the first molar with labial archwires, moving 

the dental crowns in the same direction. Lingual archwire forms, in contrast, had antagonistic 

labial-lingual force and moment directions on the crowns of the first premolar and first molar; 

the first premolar experienced lingual forces with labial crown tipping, and the first molar 
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experienced labial forces with lingual crown tipping. The larger net directional loads on the 

crown portion of the first premolar and first molar with a labial archwire form may result in 

more apparent transverse changes on posterior teeth when compared to both lingual archwire 

forms (Figures 3.11 and 3.12). Clinicians using labial archwires may need to closely monitor for 

narrowing at the first premolars and widening of the first molars when levelling the curve of 

Spee and adjust the archwire accordingly.  

 With respect to the first premolar, the standard deviations of labial-lingual moments 

were considerably larger with the two lingual archwire forms than the labial archwires. This 

may signify better predictability of the labial-lingual inclination of the first premolar with labial 

archwire and decreased control with lingual archwires. Previous research similarly suggested 

Cres
Cres Cres

Figure 3.11 Forces and moments acting on the first premolar’s Cres.  A, Labial straightwire. B, 
Lingual straightwire. C, Lingual mushroom. 

A B C

0 

CresCresCres

Figure 3.12 Forces and moments acting on the first molar’s Cres. A, Labial straightwire. B, 
Lingual straightwire. C, Lingual mushroom. 

A B C 
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decreased torque control during vertical movements with lingual appliances50. The root 

inclination of the first premolars may require close attention during lingual orthodontic 

treatment to be managed clinically such as a third order bend in the lingual archwire.

 Assessment of the labial-lingual moments exerted on the teeth requires consideration 

of the potential bracket-archwire interaction. In this study, the 0.016-inch by 0.022-inch 

archwire could theoretically rotate up to 6.7o before engaging the walls within the 0.018-inch 

bracket slot to generate a torsional moment176. The magnitude would increase with larger 

archwires relative to the bracket slot size177. However, the labial-lingual moments recorded in 

this study seem to primarily derive from the acting horizontal and vertical forces that originate 

away from the Cres at the bracket-archwire interface. While archwire dimensions certainly 

impact torque expression at the individual bracket-archwire interface177, a clinical study found 

no differences between round and rectangular labial archwires on incisor proclination during 

levelling113.  Future simulation studies comparing different archwire sizes to further investigate 

its effect at the bracket-archwire interactions of a dental arch with a curve of Spee malocclusion 

are recommended. 

  

3.4.3 CLINICAL SIGNIFICANCE 

 This study determined statistically significant differences in the forces and moments 

between labial and lingual archwire forms on mandibular teeth in a curve of Spee malocclusion. 

The forces and moments recorded may have clinical implications as the values observed were 

generally above the clinically relevant magnitudes chosen (forces > 0.2N, moments > 3Nmm). 

These findings may facilitate clinical understanding and treatment applications. 
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 The three archwire forms commonly used with labial and lingual orthodontics exerted a 

similar pattern of initial vertical and horizontal forces on the mandibular teeth with a curve of 

Spee. The vertical force vectors were appropriate to level the curve of Spee; teeth positioned 

below the occlusal plane received occlusal forces at magnitudes relative to their displacement.  

 With respect to labial-lingual moments, differences between archwire forms may have 

clinical considerations. The labial straightwire exerted crown tipping moments that would 

exacerbate the horizontal forces on the crown portion of the first premolar and first molar, 

while lingual archwire forms exerted horizontal moments that would tip these crowns opposite 

to the labial-lingual forces. As a result, the crowns of posterior teeth may have increased 

transverse effects with labial archwires, seen clinically as narrowing sbetween the first 

premolars and widening between the first molars. On the other hand, lingual archwire forms 

may have unpredictable torque control on the first premolars; the standard deviations of their 

horizontal moments recorded with lingual straightwires and mushroom archwires were 

substantially large. 

 With forces above the clinically relevant threshold, it is equally important to discuss 

potential excessive magnitudes that could cause harm. Research has shown root resorption to 

be positively correlated to force magnitudes171,172,178. Labial archwire forms exerted the lowest 

force magnitudes on all teeth and therefore, may be more biologically acceptable. Lingual 

archwire forms may warrant treatment considerations during the levelling phase to prevent 

adverse side effects, such as using smaller dimensional or more flexible archwires. Special 

attention to the lateral incisors with any archwire form during levelling may be required since 

significant labial and gingival forces were recorded in this study. Lateral incisors are already at 
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high risk for root resorption with conical roots that are smaller in size7. Furthermore, the 

gingival forces and horizontal moments seen on the lateral incisor may represent intrusion and 

lingual root tipping, respectively, tooth movements most commonly associated with root 

resorption171,173,174.  

 However, orthodontic literature has yet to establish a consensus on the upper limit of 

applied forces without adverse effects. A recent systematic review suggested forces above 

100gm (100cN) increase the risks of patient discomfort and root resorption10. Proffit et al. 

proposed 120gm (120 cN) forces to be the upper bound of optimal force levels7. While many of 

the forces recorded were above these suggested optimal force levels, clinical PDL compliance, 

not replicated by the rigid connectors used in this simulation, would likely reduce these 

magnitudes. This should be considered with any interpretation of the values in this study. 

 

3.5 CONCLUSION 

 The present study indicated statistically significant differences in the initial forces and 

moments of interest (Fz, Fy and Mx) dependent on the three labial and lingual archwire forms 

and the mandibular tooth position (central incisor, lateral incisor, canine, first premolar, second 

premolar, first molar and second molar) with a curve of Spee malposition. Many of the forces 

and moments exerted were clinically relevant (forces > 0.2N, moments > 3Nmm). As a result, 

these findings improve orthodontic biomechanical understanding and may provide clinical 

treatment applications. 
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CHAPTER 4: FINAL DISCUSSION 

4.1 GENERAL DISCUSSION 

 Orthodontic treatment applies biomechanical principles of forces and moments at the 

bracket-archwire interface to create differential tooth movement to align teeth. An increased 

understanding would benefit treatment by improving predictability of tooth movement and 

reducing undesirable side effects with improved force systems and prevent adverse effects, 

such as root resorption and patient pain from excessive forces8.  

This present study aimed to compare the initial forces and moments generated on 

mandibular teeth between three labial and lingual archwire forms (labial straightwire, lingual 

straightwire and lingual mushroom) in a simulated curve of Spee malocclusion. Labial and 

lingual appliances inherently have biomechanical implications due to the different appliance 

locations and corresponding arch forms used6. No literature to date has directly compared the 

effects of labial and lingual archwire forms to achieve a flat curve of Spee, a key orthodontic 

treatment goal20.  

The Orthodontic SIMulator (OSIM), an in-vitro apparatus, was used to measure the 

three-dimensional forces and moments of each mandibular tooth with the first premolar 

intruded 0.75mm, and the canine and second premolars intruded 1.5mm for the study’s 

established curve of Spee malposition. The results determined that the vertical (occlusal-

gingival) forces and horizontal (labial-lingual) forces and moments had statistically significant 

differences dependent on the archwire form and tooth position. General similarities and 

differences were observed between the archwire forms. 
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Horizontal and vertical forces exerted onto individual teeth were similar in direction 

between archwire forms. The archwire forms exerted initial occlusally-directed forces on to 

teeth that were appropriate for curve of Spee levelling and at magnitudes that were relative to 

the tooth’s vertical displacement; the first premolar, more intruded than the second premolar 

and canine, received greater loads. The lateral incisor received the largest reciprocal gingival 

forces with labial crown tipping moments from each archwire form as well. These vectors are 

representative of intrusion and lingual root torque, dental movements associated with 

increased risk of resorption especially at larger magnitudes. The lateral incisor is already at 

higher risk of root resorption due to its smaller and conical roots, and as a result, close 

monitoring of these teeth during curve of Spee levelling may be warranted, regardless of the 

archwire form used. 

This study also found differences between labial and lingual archwire forms. The 

standard deviation of the labial-lingual moments on the first premolar was much larger with 

both lingual archwires. This observation would correlate with previous research that cited 

decreased torque control during vertical movements with lingual appliances13. The first 

premolar and first molar’s horizontal forces and moments directions were additive with labial 

archwires but opposite in direction with lingual archwires. If the initial forces and moments are 

indicative of the resulting tooth movement, increased transverse changes may result with labial 

archwires during levelling. Labial archwires consistently exerted the lowest force magnitude at 

each tooth position, lowering the risk of root resorption compared to lingual archwires.  
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4.2 STUDY LIMITATIONS 

 Limitations of this study is due to the in-vitro nature of this study. The methodology did 

not replicate biological considerations such as saliva, periodontal ligament (PDL), pressure from 

soft tissues, masticatory forces, and interproximal contacts. The role of saliva is debated, shown 

to both increase and decrease friction, and furthermore, lubrication may not be a factor with 

heavier forces179–181. The rigid connectors of the OSIM does not replicate PDL compliance, 

which likely decrease the initial force magnitudes recorded in a clinical scenario. A study found 

inclusion of a PDL model simulation had a statistically significant decrease of 1.6Nmm on 

torquing moments but only at lower angles182; however, this difference was deemed not as 

clinically significant at magnitudes greater than 5Nmm, relevant to the moments seen in this 

study. Abnormal pressure from the tongue or lips (such as a tumor or functional habit) can 

influence tooth movement, but the normal intermittent short duration pressure from soft 

tissues are unlikely to influence tooth position7. Masticatory forces are related to craniofacial 

morphology, and studies have suggested it can influence the vertical position of teeth28,109. 

Perturbations from masticatory forces may also play a role with respect to friction, but its effect 

is still debated183,184. Friction and pressure from interproximal contacts would potentially 

impact force propagation and resulting force loads to other teeth or the periodontium. The 

OSIM did not include interproximal tooth contacts to allow an initial zero position of the 

mechanical teeth prior to archwire insertion. This zero position was necessary to establish the 

same reference set-up for the experimental groups to allow for direct comparisons.  

The purpose of this study was to investigate the initial forces and moments exerted 

onto teeth in a curve of Spee malposition between labial and lingual archwire forms. The 
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recorded magnitudes represent the force systems at this initial curve of Spee position and not 

the resultant tooth movement. Application and interpretation of the results should certainly 

consider the limitations given the in vitro observational nature of this study, which may impact 

the reported magnitudes. As the same methodology was applied strictly to each experimental 

group, however, the comparisons are still relevant and provide insight into orthodontic 

biomechanical systems.  

 

4.3 FUTURE RECOMMENDATIONS 

 There is currently minimal research on labial and lingual biomechanical comparisons. 

This study compared labial and lingual archwire forms with 0.016-inch by 0.022-inch stainless 

steel to level the curve of Spee. It may be interesting to study archwire forms made of different 

materials and dimensions. Future studies can also compare effects with a reverse curve of Spee 

incorporated into an archwire. The curve of Spee model was arbitrarily set with the first 

premolar, canine and second premolar intruded 1.5mm, 0.75mm, and 0.75mm, respectively. 

There would be value in assessing different curve of Spee positions and severities. Future 

research simulating other malocclusions to compare labial and lingual appliances would 

additionally be beneficial that may yield relevant clinical applications.  

  



 

59 
 

REFERENCES 

(1)  Banks, P.; Elton, V.; Jones, Y.; Rice, P.; Derwent, S.; Odondi, L. The Use of Fixed Appliances in the 
UK: A Survey of Specialist Orthodontists. J. Orthod. 2010, 37 (1), 43–55. 
https://doi.org/10.1179/14653121042867. 

(2)  Papageorgiou, S. N.; Gölz, L.; Jäger, A.; Eliades, T.; Bourauel, C. Lingual vs. Labial Fixed 
Orthodontic Appliances: Systematic Review and Meta-Analysis of Treatment Effects. Eur. J. Oral 
Sci. 2016, 124 (2), 105–118. https://doi.org/10.1111/eos.12250. 

(3)  Auluck, A. Lingual Orthodontic Treatment: What Is the Current Evidence Base? J. Orthod. 2013, 
40 Suppl 1, S27-33. https://doi.org/10.1179/1465313313Y.0000000073. 

(4)  Fujita, K. New Orthodontic Treatment with Lingual Bracket Mushroom Arch Wire Appliance. Am. 
J. Orthod. 1979, 76 (6), 657–675. https://doi.org/10.1016/0002-9416(79)90211-2. 

(5)  Van Der Veen, M. H.; Attin, R.; Schwestka-Polly, R.; Wiechmann, D. Caries Outcomes after 
Orthodontic Treatment with Fixed Appliances: Do Lingual Brackets Make a Difference?: Lingual 
Brackets and Caries Prevention. Eur. J. Oral Sci. 2010, 118 (3), 298–303. 
https://doi.org/10.1111/j.1600-0722.2010.00733.x. 

(6)  Orthodontics: Current Principles and Techniques, Sixth edition.; Graber, L. W., Vanarsdall, R. L., 
Vig, K. W. L., Huang, G. J., Eds.; Elsevier: St. Louis, Missouri, 2017. 

(7)  Proffit, W. R. Contemporary Orthodontics, 6th edition.; Elsevier: Philadelphia, IL, 2018. 
(8)  Burstone, C. J.; Choy, K. The Biomechanical Foundation of Clinical Orthodontics; Quintessence 

books; Quintessence Publishing Co, Inc: Chicago, 2015. 
(9)  Segal, G.; Schiffman, P.; Tuncay, O. Meta Analysis of the Treatment-Related Factors of External 

Apical Root Resorption. Orthod. Craniofac. Res. 2004, 7 (2), 71–78. 
https://doi.org/10.1111/j.1601-6343.2004.00286.x. 

(10)  Theodorou, C. I.; Kuijpers-Jagtman, A. M.; Bronkhorst, E. M.; Wagener, F. A. D. T. G. Optimal 
Force Magnitude for Bodily Orthodontic Tooth Movement with Fixed Appliances: A Systematic 
Review. Am. J. Orthod. Dentofacial Orthop. 2019, 156 (5), 582–592. 
https://doi.org/10.1016/j.ajodo.2019.05.011. 

(11)  Hixon, E. H.; Atikian, H.; Callow, G. E.; McDonald, H. W.; Tacy, R. J. Optimal Force, Differential 
Force, and Anchorage. Am. J. Orthod. 1969, 55 (5), 437–457. https://doi.org/10.1016/0002-
9416(69)90083-9. 

(12)  Begg, P. R.; Kesling, P. C. The Differential Force Method of Orthodontic Treatment. Am. J. 
Orthod. 1977, 71 (1), 1–39. https://doi.org/10.1016/0002-9416(77)90175-0. 

(13)  Geron, S.; Romano, R.; Brosh, T. Vertical Forces in Labial and Lingual Orthodontics Applied on 
Maxillary Incisors--a Theoretical Approach. Angle Orthod. 2004, 74 (2), 195–201. 
https://doi.org/10.1043/0003-3219(2004)074<0195:VFILAL>2.0.CO;2. 

(14)  Moran, K. I. Relative Wire Stiffness Due to Lingual versus Labial Interbracket Distance. Am. J. 
Orthod. Dentofacial Orthop. 1987, 92 (1), 24–32. https://doi.org/10.1016/0889-5406(87)90292-
7. 

(15)  Alobeid, A.; El-Bialy, T.; Khawatmi, S.; Dirk, C.; Jäger, A.; Bourauel, C. Comparison of the Force 
Levels among Labial and Lingual Self-Ligating and Conventional Brackets in Simulated Misaligned 
Teeth. Eur. J. Orthod. 2017, 39 (4), 419–425. https://doi.org/10.1093/ejo/cjw082. 

(16)  Deguchi, T.; Terao, F.; Aonuma, T.; Kataoka, T.; Sugawara, Y.; Yamashiro, T.; Takano-Yamamoto, 
T. Outcome Assessment of Lingual and Labial Appliances Compared with Cephalometric 
Analysis, Peer Assessment Rating, and Objective Grading System in Angle Class II Extraction 
Cases. Angle Orthod. 2015, 85 (3), 400–407. https://doi.org/10.2319/031014-173.1. 



 

60 
 

(17)  Mistakidis, I.; Katib, H.; Vasilakos, G.; Kloukos, D.; Gkantidis, N. Clinical Outcomes of Lingual 
Orthodontic Treatment: A Systematic Review. Eur. J. Orthod. 2016, 38 (5), 447–458. 
https://doi.org/10.1093/ejo/cjv061. 

(18)  Ata-Ali, F.; Cobo, T.; De Carlos, F.; Cobo, J.; Ata-Ali, J. Are There Differences in Treatment Effects 
between Labial and Lingual Fixed Orthodontic Appliances? A Systematic Review and Meta-
Analysis. BMC Oral Health 2017, 17 (1), 133. https://doi.org/10.1186/s12903-017-0424-z. 

(19)  Gorman, J. C.; Smith, R. J. Comparison of Treatment Effects with Labial and Lingual Fixed 
Appliances. Am. J. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. 
Board Orthod. 1991, 99 (3), 202–209. https://doi.org/10.1016/0889-5406(91)70002-E. 

(20)  Andrews, L. F. The Six Keys to Normal Occlusion. Am. J. Orthod. 1972, 62 (3), 296–309. 
(21)  Marshall, S. D.; Caspersen, M.; Hardinger, R. R.; Franciscus, R. G.; Aquilino, S. A.; Southard, T. E. 

Development of the Curve of Spee. Am. J. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. 
Orthod. Its Const. Soc. Am. Board Orthod. 2008, 134 (3), 344–352. 
https://doi.org/10.1016/j.ajodo.2006.10.037. 

(22)  Dhiman, S. Curve of Spee - from Orthodontic Perspective. Indian J. Dent. 2015, 6 (4), 199–202. 
https://doi.org/10.4103/0975-962X.170392. 

(23)  Braun, S.; Hnat, W. P.; Johnson, B. E. The Curve of Spee Revisited. Am. J. Orthod. Dentofacial 
Orthop. 1996, 110 (2), 206–210. https://doi.org/10.1016/S0889-5406(96)70110-5. 

(24)  Germane, N.; Staggers, J. A.; Rubenstein, L.; Revere, J. T. Arch Length Considerations Due to the 
Curve of Spee: A Mathematical Model. Am. J. Orthod. Dentofacial Orthop. 1992, 102 (3), 251–
255. https://doi.org/10.1016/S0889-5406(05)81060-1. 

(25)  Farella, M.; Michelotti, A.; van Eijden, T. M. G. J.; Martina, R. The Curve of Spee and Craniofacial 
Morphology: A Multiple Regression Analysis. Eur. J. Oral Sci. 2002, 110 (4), 277–281. 
https://doi.org/10.1034/j.1600-0722.2002.21255.x. 

(26)  De Praeter, J.; Dermaut, L.; Martens, G.; Kuijpers-Jagtman, A.-M. Long-Term Stability of the 
Leveling of the Curve of Spee. Am. J. Orthod. Dentofacial Orthop. 2002, 121 (3), 266–272. 
https://doi.org/10.1067/mod.2002.121009. 

(27)  Bernstein, R. L.; Preston, C. B.; Lampasso, J. Leveling the Curve of Spee with a Continuous 
Archwire Technique: A Long Term Cephalometric Study. Am. J. Orthod. Dentofacial Orthop. 
2007, 131 (3), 363–371. https://doi.org/10.1016/j.ajodo.2005.05.056. 

(28)  Rozzi, M.; Mucedero, M.; Pezzuto, C.; Cozza, P. Leveling the Curve of Spee with Continuous 
Archwire Appliances in Different Vertical Skeletal Patterns: A Retrospective Study. Am. J. 
Orthod. Dentofacial Orthop. 2017, 151 (4), 758–766. 
https://doi.org/10.1016/j.ajodo.2016.09.023. 

(29)  Ammar, H. H.; Ngan, P.; Crout, R. J.; Mucino, V. H.; Mukdadi, O. M. Three-Dimensional Modeling 
and Finite Element Analysis in Treatment Planning for Orthodontic Tooth Movement. Am. J. 
Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2011, 
139 (1), e59-71. https://doi.org/10.1016/j.ajodo.2010.09.020. 

(30)  Clifford, P. The Effects of Increasing the Reverse Curve of Spee in a Lower Archwire Examined 
Using a Dynamic Photo-Elastic Gelatine Model. Eur. J. Orthod. 1999, 21 (3), 213–222. 
https://doi.org/10.1093/ejo/21.3.213. 

(31)  Caputo, A. A.; Chaconas, S. J.; Hayashi, R. K. Photoelastic Visualization of Orthodontic Forces 
during Canine Retraction. Am. J. Orthod. 1974, 65 (3), 250–259. https://doi.org/10.1016/S0002-
9416(74)90330-3. 

(32)  Romanyk, D. L.; Vafaeian, B.; Addison, O.; Adeeb, S. The Use of Finite Element Analysis in 
Dentistry and Orthodontics: Critical Points for Model Development and Interpreting Results. 
Semin. Orthod. 2020, 26 (3), 162–173. https://doi.org/10.1053/j.sodo.2020.06.014. 



 

61 
 

(33)  Badran, S. A. Photo-Elastic Stress Analysis of Initial Alignment Archwires. Eur. J. Orthod. 2003, 25 
(2), 117–125. https://doi.org/10.1093/ejo/25.2.117. 

(34)  Vree, J. H. P.; Peters, M. C. R. B.; Plasschaert, A. J. M. A Comparison of Photoelastic and Finite 
Element Stress Analysis in Restored Tooth Structures. J. Oral Rehabil. 1983, 10 (6), 505–517. 
https://doi.org/10.1111/j.1365-2842.1983.tb01474.x. 

(35)  Drescher, D.; Bourauel, C.; Thier, M. Application of the Orthodontic Measurement and 
Simulation System (OMSS) in Orthodontics. Eur. J. Orthod. 1991, 13 (3), 169–178. 
https://doi.org/10.1093/ejo/13.3.169. 

(36)  Rhee, J.-N.; Chun, Y.-S.; Row, J. A Comparison between Friction and Frictionless Mechanics with 
a New Typodont Simulation System. Am. J. Orthod. Dentofacial Orthop. 2001, 119 (3), 292–299. 
https://doi.org/10.1067/mod.2001.112452. 

(37)  Kuo, B.; Takakuda, K.; Miyairi, H. Development of an Orthodontic Simulator for Measurement of 
Orthodontic Forces. J. Med. Dent. Sci. 2001, 48 (1), 15–21. 

(38)  Hung, B. Q.; Hong, M.; Yu, W.; Kyung, H.-M. Comparison of Inclination and Vertical Changes 
between Single-Wire and Double-Wire Retraction Techniques in Lingual Orthodontics. Korean J. 
Orthod. 2020, 50 (1), 26. https://doi.org/10.4041/kjod.2020.50.1.26. 

(39)  Badawi, H.; Major, P. Three-Dimensional Orthodontic Force Measurements. Am. J. Orthod. 
Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2010, 137 (3), 
299–300; author reply 300. https://doi.org/10.1016/j.ajodo.2010.01.006. 

(40)  Seru, S.; Romanyk, D. L.; Toogood, R. W.; Carey, J. P.; Major, P. W. Effect of Ligation Method on 
Maxillary Arch Force/Moment Systems for a Simulated Lingual Incisor Malalignment. Open 
Biomed. Eng. J. 2014, 8 (1), 106–113. https://doi.org/10.2174/1874120701408010106. 

(41)  Lee, D.; Heo, G.; El-Bialy, T.; Carey, J. P.; Major, P. W.; Romanyk, D. L. Initial Forces Experienced 
by the Anterior and Posterior Teeth during Dental-Anchored or Skeletal-Anchored En Masse 
Retraction in Vitro. Angle Orthod. 2017, 87 (4), 549–555. https://doi.org/10.2319/080916-616.1. 

(42)  Ziuchkovski, J. P.; Fields, H. W.; Johnston, W. M.; Lindsey, D. T. Assessment of Perceived 
Orthodontic Appliance Attractiveness. Am. J. Orthod. Dentofacial Orthop. 2008, 133 (4), S68–
S78. https://doi.org/10.1016/j.ajodo.2006.07.025. 

(43)  Benson, P. E.; Javidi, H.; DiBiase, A. T. What Is the Value of Orthodontic Treatment? Br. Dent. J. 
2015, 218 (3), 185–190. https://doi.org/10.1038/sj.bdj.2015.43. 

(44)  Lee, R.; Hwang, S.; Lim, H.; Cha, J.-Y.; Kim, K.-H.; Chung, C. J. Treatment Satisfaction and Its 
Influencing Factors among Adult Orthodontic Patients. Am. J. Orthod. Dentofacial Orthop. 2018, 
153 (6), 808–817. https://doi.org/10.1016/j.ajodo.2017.09.015. 

(45)  Fulmer, D. T.; Kuftinec, M. M. Cephalometric Appraisal of Patients Treated with Fixed Lingual 
Orthodontic Appliances: Historic Review and Analysis of Cases. Am. J. Orthod. Dentofacial 
Orthop. 1989, 95 (6), 514–520. https://doi.org/10.1016/0889-5406(89)90415-0. 

(46)  Hugo, A.; Reyneke, J. P.; Weber, Z. J. Lingual Orthodontics and Orthognathic Surgery. Int. J. Adult 
Orthodon. Orthognath. Surg. 2000, 15 (2), 153–162. 

(47)  Gorman, J. C.; Smith, R. J. Comparison of Treatment Effects with Labial and Lingual Fixed 
Appliances. Am. J. Orthod. Dentofacial Orthop. 1991, 99 (3), 202–209. 
https://doi.org/10.1016/0889-5406(91)70002-E. 

(48)  Deguchi, T.; Terao, F.; Aonuma, T.; Kataoka, T.; Sugawara, Y.; Yamashiro, T.; Takano-Yamamoto, 
T. Outcome Assessment of Lingual and Labial Appliances Compared with Cephalometric 
Analysis, Peer Assessment Rating, and Objective Grading System in Angle Class II Extraction 
Cases. Angle Orthod. 2015, 85 (3), 400–407. https://doi.org/10.2319/031014-173.1. 

(49)  Wu, A.; McGrath, C.; Wong, R. W. K.; Wiechmann, D.; Rabie, A. B. M. Comparison of Oral 
Impacts Experienced by Patients Treated with Labial or Customized Lingual Fixed Orthodontic 



 

62 
 

Appliances. Am. J. Orthod. Dentofacial Orthop. 2011, 139 (6), 784–790. 
https://doi.org/10.1016/j.ajodo.2009.07.027. 

(50)  Geron, S.; Romano, R.; Brosh, T. Vertical Forces in Labial and Lingual Orthodontics Applied on 
Maxillary Incisors—A Theoretical Approach. Angle Orthod. 2004, 74 (2), 7. 

(51)  Smith, R. J. Mechanics of Tooth Movement. 1984, 85 (4), 14. 
(52)  Moresca, R. Orthodontic Treatment Time: Can It Be Shortened? Dent. Press J. Orthod. 2018, 23 

(6), 90–105. https://doi.org/10.1590/2177-6709.23.6.090-105.sar. 
(53)  Pinto, A. S.; Alves, L. S.; Maltz, M.; Susin, C.; Zenkner, J. E. A. Does the Duration of Fixed 

Orthodontic Treatment Affect Caries Activity among Adolescents and Young Adults? Caries Res. 
2018, 52 (6), 463–467. https://doi.org/10.1159/000488209. 

(54)  Pachêco-Pereira, C.; Pereira, J. R.; Dick, B. D.; Perez, A.; Flores-Mir, C. Factors Associated with 
Patient and Parent Satisfaction after Orthodontic Treatment: A Systematic Review. Am. J. 
Orthod. Dentofacial Orthop. 2015, 148 (4), 652–659. 
https://doi.org/10.1016/j.ajodo.2015.04.039. 

(55)  Maués, C. P. R.; do Nascimento, R. R.; Vilella, O. de V. Severe Root Resorption Resulting from 
Orthodontic Treatment: Prevalence and Risk Factors. Dent. Press J. Orthod. 2015, 20 (1), 52–58. 
https://doi.org/10.1590/2176-9451.20.1.052-058.oar. 

(56)  Schwarz, A. M. Tissue Changes Incidental to Orthodontic Tooth Movement. Int. J. Orthod. Oral 
Surg. Radiogr. 1932, 18 (4), 331–352. https://doi.org/10.1016/S0099-6963(32)80074-8. 

(57)  Hocevar, R. A. Understanding, Planning, and Managing Tooth Movement: Orthodontic Force 
System Theory. Am. J. Orthod. 1981, 80 (5), 457–477. https://doi.org/10.1016/0002-
9416(81)90243-8. 

(58)  Quinn, R. S.; Ken Yoshikawa, D. A Reassessment of Force Magnitude in Orthodontics. Am. J. 
Orthod. 1985, 88 (3), 252–260. https://doi.org/10.1016/S0002-9416(85)90220-9. 

(59)  Nanci, A.; Bosshardt, D. D. Structure of Periodontal Tissues in Health and Disease*. Periodontol. 
2000 2006, 40 (1), 11–28. https://doi.org/10.1111/j.1600-0757.2005.00141.x. 

(60)  Vandevska-Radunovic, V. Neural Modulation of Inflammatory Reactions in Dental Tissues 
Incident to Orthodontic Tooth Movement. A Review of the Literature. Eur. J. Orthod. 1999, 21 
(3), 231–247. https://doi.org/10.1093/ejo/21.3.231. 

(61)  Masella, R. S.; Meister, M. Current Concepts in the Biology of Orthodontic Tooth Movement. 
Am. J. Orthod. Dentofacial Orthop. 2006, 129 (4), 458–468. 
https://doi.org/10.1016/j.ajodo.2005.12.013. 

(62)  Nicolella, D. P.; Moravits, D. E.; Gale, A. M.; Bonewald, L. F.; Lankford, J. Osteocyte Lacunae 
Tissue Strain in Cortical Bone. J. Biomech. 2006, 39 (9), 1735–1743. 
https://doi.org/10.1016/j.jbiomech.2005.04.032. 

(63)  Krishnan, V.; Davidovitch, Z. Cellular, Molecular, and Tissue-Level Reactions to Orthodontic 
Force. Am. J. Orthod. Dentofacial Orthop. 2006, 129 (4), 469.e1-469.e32. 
https://doi.org/10.1016/j.ajodo.2005.10.007. 

(64)  Kitaura, H.; Kimura, K.; Ishida, M.; Sugisawa, H.; Kohara, H.; Yoshimatsu, M.; Takano-Yamamoto, 
T. Effect of Cytokines on Osteoclast Formation and Bone Resorption during Mechanical Force 
Loading of the Periodontal Membrane. Sci. World J. 2014, 2014, 1–7. 
https://doi.org/10.1155/2014/617032. 

(65)  Meeran, N. Biological Response at the Cellular Level within the Periodontal Ligament on 
Application of Orthodontic Force - An Update. J. Orthod. Sci. 2012, 1 (1), 2. 
https://doi.org/10.4103/2278-0203.94769. 

(66)  Ren, Y.; Maltha, J. C.; Kuijpers-Jagtman, A. M. Optimum Force Magnitude for Orthodontic Tooth 
Movement: A Systematic Literature Review. Angle Orthod. 2003, 73 (1), 7. 



 

63 
 

(67)  King, G. J.; Fischlschweiger, W. The Effect of Force Magnitude on Extractable Bone Resorptive 
Activity and Cemental Cratering in Orthodontic Tooth Movement. J. Dent. Res. 1982, 61 (6), 
775–779. https://doi.org/10.1177/00220345820610062501. 

(68)  Reitan, K. Clinical and Histologic Observations on Tooth Movement during and after Orthodontic 
Treatment. Am. J. Orthod. 1967, 53 (10), 721–745. https://doi.org/10.1016/0002-
9416(67)90118-2. 

(69)  Tomizuka, R.; Shimizu, Y.; Kanetaka, H.; Suzuki, A.; Urayama, S.; Kikuchi, M.; Mitani, H.; Igarashi, 
K. Histological Evaluation of the Effects of Initially Light and Gradually Increasing Force on 
Orthodontic Tooth Movement. Angle Orthod. 2007, 77 (3), 410–416. 
https://doi.org/10.2319/0003-3219(2007)077[0410:HEOTEO]2.0.CO;2. 

(70)  Storey, E. The Nature of Tooth Movement. Am. J. Orthod. 1973, 63 (3), 292–314. 
https://doi.org/10.1016/0002-9416(73)90353-9. 

(71)  Ren, Y.; Maltha, J. C.; Kuijpers-Jagtman, A. M. Optimum Force Magnitude for Orthodontic Tooth 
Movement: A Systematic Literature Review. Angle Orthod. 2003, 73 (1), 7. 

(72)  Weinstein, S. Minimal Forces in Tooth Movement. Am. J. Orthod. 1967, 53 (12), 881–903. 
https://doi.org/10.1016/0002-9416(67)90163-7. 

(73)  Hixon, E. H.; Aasen, T. O.; Arango, J.; Clark, R. A.; Klosterman, R.; Miller, S. S.; Odom, W. M. On 
Force and Tooth Movement. Am. J. Orthod. 1970, 57 (5), 476–489. 
https://doi.org/10.1016/0002-9416(70)90166-1. 

(74)  Kusy, R. P.; Camilla Tulloch, J. F. Analysis of Moment/Force Ratios in the Mechanics of Tooth 
Movement. Am. J. Orthod. Dentofacial Orthop. 1986, 90 (2), 127–131. 
https://doi.org/10.1016/0889-5406(86)90044-2. 

(75)  Burstone, C. J.; Pryputniewicz, R. J. Holographic Determination of Centers of Rotation Produced 
by Orthodontic Forces. Am. J. Orthod. 1980, 77 (4), 396–409. https://doi.org/10.1016/0002-
9416(80)90105-0. 

(76)  Nägerl, H.; Burstone, C. J.; Becker, B.; Kubein-Messenburg, D. Centers of Rotation with 
Transverse Forces: An Experimental Study. Am. J. Orthod. Dentofacial Orthop. 1991, 99 (4), 337–
345. https://doi.org/10.1016/0889-5406(91)70016-P. 

(77)  Viecilli, R. F.; Budiman, A.; Burstone, C. J. Axes of Resistance for Tooth Movement: Does the 
Center of Resistance Exist in 3-Dimensional Space? Am. J. Orthod. Dentofacial Orthop. 2013, 143 
(2), 163–172. https://doi.org/10.1016/j.ajodo.2012.09.010. 

(78)  Contemporary Orthodontics, 5. ed.; Proffit, W. R., Fields, H. W., Sarver, D. M., Ackerman, J. L., 
Eds.; Elsevier/Mosby: St. Louis, Mo, 2013. 

(79)  Diamond, M. Critical Aspects of Lingual Bracket Placement. 1983, No. 10, 4. 
(80)  Liang, W.; Rong, Q.; Lin, J.; Xu, B. Torque Control of the Maxillary Incisors in Lingual and Labial 

Orthodontics: A 3-Dimensional Finite Element Analysis. Am. J. Orthod. Dentofac. Orthop. Off. 
Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2009, 135 (3), 316–322. 
https://doi.org/10.1016/j.ajodo.2007.03.039. 

(81)  Romano, R. Concepts on Control of the Anterior Teeth Using the Lingual Appliance. Semin. 
Orthod. 2006, 12 (3), 178–185. https://doi.org/10.1053/j.sodo.2006.05.005. 

(82)  Brader, A. C. Dental Arch Form Related with Intraoral Forces: PR = C. Am. J. Orthod. 1972, 61 (6), 
541–561. https://doi.org/10.1016/0002-9416(72)90106-6. 

(83)  Lombardo, L.; Saba, L.; Scuzzo, G.; Takemoto, K.; Oteo, L.; Palma, J. C.; Siciliani, G. A New 
Concept of Anatomic Lingual Arch Form. Am. J. Orthod. Dentofacial Orthop. 2010, 138 (3), 
260.e1-260.e13. https://doi.org/10.1016/j.ajodo.2010.04.022. 

(84)  Owen, B.; Gullion, G.; Heo, G.; Carey, J. P.; Major, P. W.; Romanyk, D. L. Measurement of Forces 
and Moments around the Maxillary Arch for Treatment of a Simulated Lingual Incisor and High 



 

64 
 

Canine Malocclusion Using Straight and Mushroom Archwires in Fixed Lingual Appliances. Eur. J. 
Orthod. 2017, 39 (6), 665–672. https://doi.org/10.1093/ejo/cjx028. 

(85)  Lombardo, L.; Carlucci, A.; Palone, M.; Mollica, F.; Siciliani, G. Stiffness Comparison of 
Mushroom and Straight SS and TMA Lingual Archwires. Prog. Orthod. 2016, 17 (1), 27. 
https://doi.org/10.1186/s40510-016-0140-2. 

(86)  Spee, F. G.; Biedenbach, M. A.; Hotz, M.; Hitchcock, H. P. The Gliding Path of the Mandible along 
the Skull. J. Am. Dent. Assoc. 1980, 100 (5), 670–675. 
https://doi.org/10.14219/jada.archive.1980.0239. 

(87)  Tamizharasi, S.; Senthil Kumar, K. Significance of Curve of Spee: An Orthodontic Review. J. 
Pharm. Bioallied Sci. 2012, 4 (6), 323. https://doi.org/10.4103/0975-7406.100287. 

(88)  Osborn, J. W. Orientation of the Masseter Muscle and the Curve of Spee in Relation to Crushing 
Forces on the Molar Teeth of Primates. Am. J. Phys. Anthropol. 1993, 92 (1), 99–106. 
https://doi.org/10.1002/ajpa.1330920108. 

(89)  Nelson, S. J.; Ash, M. M.; Ash, M. M. Wheeler’s Dental Anatomy, Physiology, and Occlusion; 
Saunders/Elsevier: St. Louis, Mo., 2010. 

(90)  Baragar, F. A.; Osborn, J. W. Efficiency as a Predictor of Human Jaw Design in the Sagittal Plane. 
J. Biomech. 1987, 20 (5), 447–457. https://doi.org/10.1016/0021-9290(87)90246-6. 

(91)  Okeson, J. Management of Temporomandibular Disorders and Occlusion, 7 ED.; Mosby: St. 
Louis, Missouri, 2013. 

(92)  Shannon, K. R.; Nanda, R. S. Changes in the Curve of Spee with Treatment and at 2 Years 
Posttreatment. Am. J. Orthod. Dentofacial Orthop. 2004, 125 (5), 589–596. 
https://doi.org/10.1016/j.ajodo.2003.09.027. 

(93)  Sayar, G.; Oktay, H. Assessment of Curve of Spee in Different Malocclusions. Eur. Oral Res. 2018, 
52 (3), 127–130. https://doi.org/10.26650/eor.2018.475. 

(94)  Veli, I.; Ozturk, M. A.; Uysal, T. Curve of Spee and Its Relationship to Vertical Eruption of Teeth 
among Different Malocclusion Groups. Am. J. Orthod. Dentofacial Orthop. 2015, 147 (3), 305–
312. https://doi.org/10.1016/j.ajodo.2014.10.031. 

(95)  Orthlieb, J.-D. The Curve of Spee: Understanding the Sagittal Organization of Mandibular Teeth. 
CRANIO® 1997, 15 (4), 333–340. https://doi.org/10.1080/08869634.1997.11746028. 

(96)  Burstone, C. R. Deep Overbite Correction by Intrusion. Am. J. Orthod. 1977, 72 (1), 1–22. 
https://doi.org/10.1016/0002-9416(77)90121-X. 

(97)  El-Dawlatly, M. M.; Fayed, M. M. S.; Mostafa, Y. A. Deep Overbite Malocclusion: Analysis of the 
Underlying Components. Am. J. Orthod. Dentofacial Orthop. 2012, 142 (4), 473–480. 
https://doi.org/10.1016/j.ajodo.2012.04.020. 

(98)  Baldridge, D. W. Leveling the Curve of Spee: Its Effect on Mandibular Arch Length. JPO J. Pract. 
Orthod. 1969, 3 (1), 26–41. 

(99)  Garcia, R. Leveling the Curve of Spee: A New Prediction Formula. J. Charles H. Tweed Int. Found. 
1985, 13, 65–72. 

(100)  Hong, R.-K.; Hong, H.-P.; Koh, H.-S. Effect of Reverse Curve Mushroom Archwire on Lower 
Incisors in Adult Patients: A Prospective Study. Angle Orthod. 2001, 71 (6), 8. 

(101)  Nanda, R.; Kuhlberg, A. Management of Deep Overbite Malocclusion. In Biomechanics and 
Esthetic Strategies in Clinical Orthodontics; Elsevier, 2005; pp 131–155. 
https://doi.org/10.1016/B978-0-7216-0196-0.50012-6. 

(102)  Mitchell, D. L.; Stewart, W. L. Documented Leveling of the Lower Arch Using Metallic Implants 
for Reference. Am. J. Orthod. 1973, 63 (5), 526–532. https://doi.org/10.1016/0002-
9416(73)90165-6. 

(103)  Hemley, S. Bite Plates, Their Application and Action. Am. J. Orthod. Oral Surg. 1938, 24 (8), 721–
736. https://doi.org/10.1016/S0096-6347(38)90280-7. 



 

65 
 

(104)  Deregibus, A.; Debernardi, C. L.; Persin, L.; Tugarin, V.; Markova, M. Effectiveness of a Fixed 
Anterior Bite Plane in Class II Deep-Bite Patients. Int. J. Orthod. Milwaukee Wis 2014, 25 (1), 15–
20. 

(105)  McDowell, E. H.; Baker, I. M. The Skeletodental Adaptations in Deep Bite Correction. Am. J. 
Orthod. Dentofacial Orthop. 1991, 100 (4), 370–375. https://doi.org/10.1016/0889-
5406(91)70076-9. 

(106)  Melsen, B.; Agerbæk, N.; Markenstam, G. Intrusion of Incisors in Adult Patients with Marginal 
Bone Loss. Am. J. Orthod. Dentofacial Orthop. 1989, 96 (3), 232–241. 
https://doi.org/10.1016/0889-5406(89)90460-5. 

(107)  Biomechanics and Esthetic Strategies in Clinical Orthodontics; Elsevier, 2005. 
https://doi.org/10.1016/C2009-0-54720-4. 

(108)  Weiland, F. J.; Bantleon, H.-P.; Droschl, H. Evaluation of Continuous Arch and Segmented Arch 
Leveling Techniques in Adult Patients—a Clinical Study. Am. J. Orthod. Dentofacial Orthop. 1996, 
110 (6), 647–652. https://doi.org/10.1016/S0889-5406(96)80042-4. 

(109)  Proffit, W. R.; Fields, H. W.; Nixon, W. L. Occlusal Forces in Normal- and Long-Face Adults. J. 
Dent. Res. 1983, 62 (5), 566–570. https://doi.org/10.1177/00220345830620051201. 

(110)  Chan, H. J.; Woods, M.; Stella, D. Mandibular Muscle Morphology in Children with Different 
Vertical Facial Patterns: A 3-Dimensional Computed Tomography Study. Am. J. Orthod. 
Dentofacial Orthop. 2008, 133 (1), 10.e1-10.e13. https://doi.org/10.1016/j.ajodo.2007.05.013. 

(111)  Dorfman, H. S. Mucogingival Changes Resulting from Mandibular Incisor Tooth Movement. Am. 
J. Orthod. 1978, 74 (3), 286–297. https://doi.org/10.1016/0002-9416(78)90204-X. 

(112)  Wennström, J. L. Mucogingival Considerations in Orthodontic Treatment. Semin. Orthod. 1996, 
2 (1), 46–54. https://doi.org/10.1016/S1073-8746(96)80039-9. 

(113)  AlQabandi, A. Kh.; Sadowsky, C.; BeGole, E. A. A Comparison of the Effects of Rectangular and 
Round Arch Wires in Leveling the Curve of Spee. Am. J. Orthod. Dentofacial Orthop. 1999, 116 
(5), 522–529. https://doi.org/10.1016/S0889-5406(99)70183-6. 

(114)  Simons, M. E.; Joondeph, D. R. Change in Overbite: A Ten-Year Postretention Study. Am. J. 
Orthod. 1973, 64 (4), 349–367. https://doi.org/10.1016/0002-9416(73)90243-1. 

(115)  Braun, S.; Hnat, W. P. Dynamic Relationships of the Mandibular Anterior Segment. Am. J. 
Orthod. Dentofacial Orthop. 1997, 111 (5), 518–524. https://doi.org/10.1016/S0889-
5406(97)70289-0. 

(116)  Ahammed, A. R. Y.; Ganiger, C. C.; Shetty, V.; Sunny, S.; Shetty, S.; Pawar, R.; Suresh, K. V. Post-
Retention Development of Curve of Spee in Pre-Adjusted Edgewise Appliance Cases, Its 
Correlation to Dentoskeletal Parameters: An In Vitro Study. J. Int. Oral Health JIOH 2014, 6 (5), 
31–35. 

(117)  Gravina, M. A.; Brunharo, I. H. V. P.; Fraga, M. R.; Artese, F.; Campos, M. J. da S.; Vitral, R. W. F.; 
Quintão, C. C. A. Clinical Evaluation of Dental Alignment and Leveling with Three Different Types 
of Orthodontic Wires. Dent. Press J. Orthod. 2013, 18 (6), 31–37. 
https://doi.org/10.1590/S2176-94512013000600006. 

(118)  Ata-Ali, F.; Ata-Ali, J.; Ferrer-Molina, M.; Cobo, T.; De Carlos, F.; Cobo, J. Adverse Effects of 
Lingual and Buccal Orthodontic Techniques: A Systematic Review and Meta-Analysis. Am. J. 
Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2016, 
149 (6), 820–829. https://doi.org/10.1016/j.ajodo.2015.11.031. 

(119)  Pannuti, C. M.; Romito, G. A.; Paiva, S. M. Challenges of Clinical Research in Dentistry. Braz. Oral 
Res. 2020, 34 (suppl 2), e092. https://doi.org/10.1590/1807-3107bor-2020.vol34.0092. 

(120)  Saltaji, H.; Armijo-Olivo, S.; Cummings, G. G.; Amin, M.; Flores-Mir, C. Randomized Clinical Trials 
in Dentistry: Risks of Bias, Risks of Random Errors, Reporting Quality, and Methodologic Quality 



 

66 
 

over the Years 1955-2013. PloS One 2017, 12 (12), e0190089. 
https://doi.org/10.1371/journal.pone.0190089. 

(121)  Ata-Ali, F.; Cobo, T.; De Carlos, F.; Cobo, J.; Ata-Ali, J. Are There Differences in Treatment Effects 
between Labial and Lingual Fixed Orthodontic Appliances? A Systematic Review and Meta-
Analysis. BMC Oral Health 2017, 17 (1), 133. https://doi.org/10.1186/s12903-017-0424-z. 

(122)  Jones, M. L.; Hickman, J.; Middleton, J.; Knox, J.; Volp, C. A Validated Finite Element Method 
Study of Orthodontic Tooth Movement in the Human Subject. J. Orthod. 2001, 28 (1), 29–38. 
https://doi.org/10.1093/ortho/28.1.29. 

(123)  Tanne, K.; Sakuda, M.; Burstone, C. J. Three-Dimensional Finite Element Analysis for Stress in 
the Periodontal Tissue by Orthodontic Forces. Am. J. Orthod. Dentofacial Orthop. 1987, 92 (6), 
499–505. https://doi.org/10.1016/0889-5406(87)90232-0. 

(124)  Lombardo, L.; Scuzzo, G.; Arreghini, A.; Gorgun, O.; Ortan, Y. O.; Siciliani, G. 3D FEM Comparison 
of Lingual and Labial Orthodontics in En Masse Retraction. Prog. Orthod. 2014, 15 (1), 38. 
https://doi.org/10.1186/s40510-014-0038-9. 

(125)  Wang, X.-L.; Xu, B.-H.; Liang, W.; Wang, S.-Y.; Liu, C. [A 3-dimensional finite element analysis of 
displacement of maxillary first molar on mesial movement in lingual orthodontics]. Shanghai 
Kou Qiang Yi Xue Shanghai J. Stomatol. 2008, 17 (2), 175–179. 

(126)  Jost-Brinkmann, P. G.; Tanne, K.; Sakuda, M.; Miethke, R. R. [A FEM study for the biomechanical 
comparison of labial and palatal force application on the upper incisors. Finite element 
method]. Fortschr. Kieferorthop. 1993, 54 (2), 76–82. 

(127)  Tanne, K.; Lu, Y. C.; Sakuda, M. Biomechanical Responses of Tooth to Orthodontic Forces 
Applied at the Lingual Bracket Positions. J. Osaka Univ. Dent. Sch. 1992, 32, 6–13. 

(128)  Cattaneo, P. M.; Dalstra, M.; Melsen, B. The Finite Element Method: A Tool to Study 
Orthodontic Tooth Movement. J. Dent. Res. 2005, 84 (5), 428–433. 
https://doi.org/10.1177/154405910508400506. 

(129)  Hohmann, A.; Kober, C.; Young, P.; Dorow, C.; Geiger, M.; Boryor, A.; Sander, F. M.; Sander, C.; 
Sander, F. G. Influence of Different Modeling Strategies for the Periodontal Ligament on Finite 
Element Simulation Results. Am. J. Orthod. Dentofacial Orthop. 2011, 139 (6), 775–783. 
https://doi.org/10.1016/j.ajodo.2009.11.014. 

(130)  Bednar, J. R.; Gruendeman, G. W. The Influence of Bracket Design on Moment Production 
during Axial Rotation. Am. J. Orthod. Dentofacial Orthop. 1993, 104 (3), 254–261. 
https://doi.org/10.1016/S0889-5406(05)81727-5. 

(131)  Nikolai, R. J.; Schweiker, J. W. Investigation of Root-Periodontium Interface Stresses and 
Displacements for Orthodontic Application: Two-Dimensional Theoretical and Experimental 
Studies of the Stress and Displacement Component Patterns on the Boundary between Tooth 
Root and Periodontal Ligament Are Presented. Exp. Mech. 1972, 12 (9), 406–413. 
https://doi.org/10.1007/BF02318551. 

(132)  Chaconas, S. J.; Caupto, A. A.; Miyashita, K. Force Distribution Comparisons of Various 
Retraction Archwires. Angle Orthod. 1989, 59 (1), 25–30. https://doi.org/10.1043/0003-
3219(1989)059<0025:FDCOVR>2.0.CO;2. 

(133)  Baeten, L. R. Canine Retraction: A Photoelastic Study. Am. J. Orthod. 1975, 67 (1), 11–23. 
https://doi.org/10.1016/0002-9416(75)90125-6. 

(134)  Kim, J.-Y.; Yu, W.-J.; Koteswaracc, P. N. K.; Kyung, H.-M. Effects of Bracket Slot Size during En-
Masse Retraction of the Six Maxillary Anterior Teeth Using an Induction-Heating Typodont 
Simulation System. Korean J. Orthod. 2017, 47 (3), 158. 
https://doi.org/10.4041/kjod.2017.47.3.158. 

(135)  Kinzinger, G.; Syrée, C.; Fritz, U.; Diedrich, P. Molar Distalization with Different Pendulum 
Appliances: In Vitro Registration of Orthodontic Forces and Moments in the Initial Phase. J. 



 

67 
 

Orofac. Orthop. Fortschritte Kieferorthopädie 2004, 65 (5). https://doi.org/10.1007/s00056-004-
0406-z. 

(136)  Shivapuja, P. K.; Berger, J. A Comparative Study of Conventional Ligation and Self-Ligation 
Bracket Systems. Am. J. Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. 
Am. Board Orthod. 1994, 106 (5), 472–480. https://doi.org/10.1016/S0889-5406(94)70069-9. 

(137)  Kasuya, S.; Nagasaka, S.; Hanyuda, A.; Ishimura, S.; Hirashita, A. The Effect of Ligation on the 
Load Deflection Characteristics of Nickel Titanium Orthodontic Wire. Eur. J. Orthod. 2007, 29 (6), 
578–582. https://doi.org/10.1093/ejo/cjm068. 

(138)  Gmyrek, H.; Bourauel, C.; Richter, G.; Harzer, W. Torque Capacity of Metal and Plastic Brackets 
with Reference to Materials, Application, Technology and Biomechanics. J. Orofac. Orthop. 
Fortschritte Kieferorthopädie 2002, 63 (2), 113–128. https://doi.org/10.1007/s00056-002-0065-
x. 

(139)  Andreasen, G. F.; Quevedo, F. R. Evaluation of Friction Forces in the 0·022 × 0·028 Edgewise 
Bracket in Vitro. J. Biomech. 1970, 3 (2), 151–160. https://doi.org/10.1016/0021-
9290(70)90002-3. 

(140)  Archambault, A.; Major, T. W.; Carey, J. P.; Heo, G.; Badawi, H.; Major, P. W. A Comparison of 
Torque Expression between Stainless Steel, Titanium Molybdenum Alloy, and Copper Nickel 
Titanium Wires in Metallic Self-Ligating Brackets. Angle Orthod. 2010, 80 (5), 884–889. 
https://doi.org/10.2319/102809-604.1. 

(141)  Naziris, K.; Piro, N. E.; Jäger, R.; Schmidt, F.; Elkholy, F.; Lapatki, B. G. Experimental Friction and 
Deflection Forces of Orthodontic Leveling Archwires in Three-Bracket Model Experiments. J. 
Orofac. Orthop. Fortschritte Kieferorthopadie OrganOfficial J. Dtsch. Ges. Kieferorthopadie 2019, 
80 (5), 223–235. https://doi.org/10.1007/s00056-019-00187-5. 

(142)  Quick, A. N.; Lim, Y.; Loke, C.; Juan, J.; Swain, M.; Herbison, P. Moments Generated by Simple V-
Bends in Nickel Titanium Wires. Eur. J. Orthod. 2011, 33 (4), 457–460. 
https://doi.org/10.1093/ejo/cjq103. 

(143)  Lisniewska-Machorowska, B.; Cannon, J.; Williams, S.; Bantleon, H.-P. Evaluation of Force 
Systems from a “Free-End” Force System. Am. J. Orthod. Dentofacial Orthop. 2008, 133 (6), 
791.e1-791.e10. https://doi.org/10.1016/j.ajodo.2007.11.022. 

(144)  Mittal, N.; Xia, Z.; Chen, J.; Stewart, K. T.; Liu, S. S.-Y. Three-Dimensional Quantification of 
Pretorqued Nickel-Titanium Wires in Edgewise and Prescription Brackets. Angle Orthod. 2013, 
83 (3), 484–490. https://doi.org/10.2319/062812-532.1. 

(145)  Mencattelli, M.; Donati, E.; Spinelli, P.; Cultrone, M.; Luzi, C.; Cantarella, D.; Stefanini, C. 
Measuring 3D-Orthodontic Actions to Guide Clinical Treatments Involving Coil Springs and 
Miniscrews. Biomed. Microdevices 2017, 19 (1), 14. https://doi.org/10.1007/s10544-017-0153-
8. 

(146)  Chen, J.; Isikbay, S. C.; Brizendine, E. J. Quantification of Three-Dimensional Orthodontic Force 
Systems of T-Loop Archwires. Angle Orthod. 2010, 80 (4), 754–758. 
https://doi.org/10.2319/082509-484.1. 

(147)  Katona, T. R.; Isikbay, S. C.; Chen, J. Effects of First- and Second-Order Gable Bends on the 
Orthodontic Load Systems Produced by T-Loop Archwires. Angle Orthod. 2014, 84 (2), 350–357. 
https://doi.org/10.2319/031413-219.1. 

(148)  Chen, J.; Bulucea, I.; Katona, T. R.; Ofner, S. Complete Orthodontic Load Systems on Teeth in a 
Continuous Full Archwire: The Role of Triangular Loop Position. Am. J. Orthod. Dentofacial 
Orthop. 2007, 132 (2), 143.e1-143.e8. https://doi.org/10.1016/j.ajodo.2006.10.016. 

(149)  Xia, Z.; Chen, J.; Jiangc, F.; Li, S.; Viecilli, R. F.; Liu, S. Y. Load System of Segmental T-Loops for 
Canine Retraction. Am. J. Orthod. Dentofacial Orthop. 2013, 144 (4), 548–556. 
https://doi.org/10.1016/j.ajodo.2013.05.007. 



 

68 
 

(150)  Bourauel, C.; Drescher, D.; Thier, M. An Experimental Apparatus for the Simulation of Three-
Dimensional Movements in Orthodontics. J. Biomed. Eng. 1992, 14 (5), 371–378. 
https://doi.org/10.1016/0141-5425(92)90081-U. 

(151)  Sifakakis, I.; Pandis, N.; Makou, M.; Katsaros, C.; Eliades, T.; Bourauel, C. A Comparative 
Assessment of Forces and Moments Generated by Lingual and Conventional Brackets. Eur. J. 
Orthod. 2013, 35 (1), 82–86. https://doi.org/10.1093/ejo/cjr048. 

(152)  Alobeid, A.; El-Bialy, T.; Reimann, S.; Keilig, L.; Cornelius, D.; Jäger, A.; Bourauel, C. Comparison 
of the Efficacy of Tooth Alignment among Lingual and Labial Brackets: An in Vitro Study. Eur. J. 
Orthod. 2018, 40 (6), 660–665. https://doi.org/10.1093/ejo/cjy005. 

(153)  Badawi, H. The Use of Multi-Axis Force Transducers for Orthodontic Force and Moment 
Identification. 2009. https://doi.org/10.7939/R3M04Z. 

(154)  Fok, J.; Toogood, R. W.; Badawi, H.; Carey, J. P.; Major, P. W. Analysis of Maxillary Arch 
Force/Couple Systems for a Simulated High Canine Malocclusion: Part 1. Passive Ligation. Angle 
Orthod. 2011, 81 (6), 953–959. https://doi.org/10.2319/012011-40.1. 

(155)  Fok, J.; Toogood, R. W.; Badawi, H.; Carey, J. P.; Major, P. W. Analysis of Maxillary Arch 
Force/Couple Systems for a Simulated High Canine Malocclusion:: Part 2. Elastic Ligation. Angle 
Orthod. 2011, 81 (6), 960–965. https://doi.org/10.2319/012011-41.1. 

(156)  Major, P. W.; Toogood, R. W.; Badawi, H. M.; Carey, J. P.; Seru, S. Effect of Wire Size on 
Maxillary Arch Force/Couple Systems for a Simulated High Canine Malocclusion. J. Orthod. 2014, 
41 (4), 285–291. https://doi.org/10.1179/1465313314Y.0000000099. 

(157)  Robertson, L. Orthodontic Simulation of Forces and Moments Using Space Generation 
Mechanics with a Lingual Bracket System. 2019. https://doi.org/10.7939/R3-2CZC-TS60. 

(158)  Weiland, F. External Root Resorptions and Orthodontic Forces: Correlations and Clinical 
Consequences. Prog. Orthod. 2006, 7 (2), 156–163. 

(159)  Espeland, L. V.; odont, C.; Stenvik, A.; odont, L. Perception of Personal Dental Appearance in 
Young Adults: Relationship between Occlusion, Awareness, and Satisfaction. Am. J. Orthod. 
Dentofacial Orthop. 1991, 100 (3), 234–241. https://doi.org/10.1016/0889-5406(91)70060-A. 

(160)  Lin, F.; Ren, M.; Yao, L.; He, Y.; Guo, J.; Ye, Q. Psychosocial Impact of Dental Esthetics Regulates 
Motivation to Seek Orthodontic Treatment. Am. J. Orthod. Dentofacial Orthop. 2016, 150 (3), 
476–482. https://doi.org/10.1016/j.ajodo.2016.02.024. 

(161)  Wiechmann, D.; Klang, E.; Helms, H.-J.; Knösel, M. Lingual Appliances Reduce the Incidence of 
White Spot Lesions during Orthodontic Multibracket Treatment. Am. J. Orthod. Dentofacial 
Orthop. 2015, 148 (3), 414–422. https://doi.org/10.1016/j.ajodo.2015.05.015. 

(162)  Long, H.; Zhou, Y.; Pyakurel, U.; Liao, L.; Jian, F.; Xue, J.; Ye, N.; Yang, X.; Wang, Y.; Lai, W. 
Comparison of Adverse Effects between Lingual and Labial Orthodontic Treatment: A Systematic 
Review. Angle Orthod. 2013, 83 (6), 1066–1073. https://doi.org/10.2319/010113-2.1. 

(163)  Department of Orthodontics, Istanbul Medipol University, School of Dentistry, Istanbul, Turkey; 
Sayar, G.; Oktay, H.; Department of Orthodontics, Istanbul Medipol University, School of 
Dentistry, Istanbul, Turkey. Assessment of Curve of Spee in Different Malocclusions. Eur. Oral 
Res. 2019, 52 (3), 127–130. https://doi.org/10.26650/eor.2018.475. 

(164)  Burstone, C. Orthodontics as a Science: The Role of Biomechanics. Am. J. Orthod. Dentofacial 
Orthop. 2000, 117 (5), 598–600. https://doi.org/10.1016/S0889-5406(00)70213-7. 

(165)  Wallis, C.; McNamara, C.; Cunningham, S. J.; Sherriff, M.; Sandy, J. R.; Ireland, A. J. How Good 
Are We at Estimating Crowding and How Does It Affect Our Treatment Decisions? Eur. J. Orthod. 
2014, 36 (4), 465–470. https://doi.org/10.1093/ejo/cjt080. 

(166)  George, R. D.; Hirani, S. Fully-Customized Lingual Appliances: How Lingual Orthodontics Became 
a Viable Treatment Option. J. Orthod. 2013, 40 (sup1), s8–s13. 
https://doi.org/10.1179/1465313313Y.0000000058. 



 

69 
 

(167)  Shao, J.; Chow, S.-C.; Wang, H. Sample Size Calculations in Clinical Research, Second Edition; 
Chapman & Hall/CRC Biostatistics Series; CRC Press, 2003; Vol. 11. 
https://doi.org/10.1201/9780203911341. 

(168)  Dellinger, E. L. A Histologic and Cephalometric Investigation of Premolar Intrusion in the Macaca 
Speciosa Monkey. Am. J. Orthod. 1967, 53 (5), 325–355. https://doi.org/10.1016/0002-
9416(67)90100-5. 

(169)  Gonzales, C.; Hotokezaka, H.; Yoshimatsu, M.; Yozgatian, J. H.; Darendeliler, M. A.; Yoshida, N. 
Force Magnitude and Duration Effects on Amount of Tooth Movement and Root Resorption in 
the Rat Molar. Angle Orthod. 2008, 78 (3), 502–509. https://doi.org/10.2319/052007-240.1. 

(170)  Stenvik, A.; Mjo¨r, I. A. Pulp and Dentine Reactions to Experimental Tooth Intrusion. Am. J. 
Orthod. 1970, 57 (4), 370–385. https://doi.org/10.1016/S0002-9416(70)90219-8. 

(171)  Weltman, B.; Vig, K. W. L.; Fields, H. W.; Shanker, S.; Kaizar, E. E. Root Resorption Associated 
with Orthodontic Tooth Movement: A Systematic Review. Am. J. Orthod. Dentofacial Orthop. 
2010, 137 (4), 462–476. https://doi.org/10.1016/j.ajodo.2009.06.021. 

(172)  Harris, D. A.; Jones, A. S.; Darendeliler, M. A. Physical Properties of Root Cementum: Part 8. 
Volumetric Analysis of Root Resorption Craters after Application of Controlled Intrusive Light 
and Heavy Orthodontic Forces: A Microcomputed Tomography Scan Study. Am. J. Orthod. 
Dentofacial Orthop. 2006, 130 (5), 639–647. https://doi.org/10.1016/j.ajodo.2005.01.029. 

(173)  Beck, B. W.; Harris, E. F. Apical Root Resorption in Orthodontically Treated Subjects: Analysis of 
Edgewise and Light Wire Mechanics. Am. J. Orthod. Dentofacial Orthop. 1994, 105 (4), 350–361. 
https://doi.org/10.1016/S0889-5406(94)70129-6. 

(174)  Parker, R. J.; Harris, E. F. Directions of Orthodontic Tooth Movements Associated with External 
Apical Root Resorption of the Maxillary Central Incisor. Am. J. Orthod. Dentofacial Orthop. 1998, 
114 (6), 677–683. https://doi.org/10.1016/S0889-5406(98)70200-8. 

(175)  Darendeliler, M.; Kharbanda, O.; Chan, E.; Srivicharnkul, P.; Rex, T.; Swain, M.; Jones, A.; Petocz, 
P. Root Resorption and Its Association with Alterations in Physical Properties, Mineral Contents 
and Resorption Craters in Human Premolars Following Application of Light and Heavy Controlled 
Orthodontic Forces. Orthod. Craniofac. Res. 2004, 7 (2), 79–97. https://doi.org/10.1111/j.1601-
6343.2004.00281.x. 

(176)  Dellinger, E. L. A Scientific Assessment of the Straight-Wire Appliance. Am. J. Orthod. 1978, 73 
(3), 290–299. https://doi.org/10.1016/0002-9416(78)90135-5. 

(177)  Archambault, A.; Lacoursiere, R.; Badawi, H.; Major, P. W.; Carey, J.; Flores-Mir, C. Torque 
Expression in Stainless Steel Orthodontic Brackets. Angle Orthod. 2010, 80 (1), 201–210. 
https://doi.org/10.2319/080508-352.1. 

(178)  Roscoe, M. G.; Meira, J. B. C.; Cattaneo, P. M. Association of Orthodontic Force System and Root 
Resorption: A Systematic Review. Am. J. Orthod. Dentofacial Orthop. 2015, 147 (5), 610–626. 
https://doi.org/10.1016/j.ajodo.2014.12.026. 

(179)  Tselepis, M.; Brockhurst, P.; West, V. C. The Dynamnic Frictional Resistance between 
Orthodontic Brackets and Arch Wires. Am. J. Orthod. Dentofacial Orthop. 1994, 106 (2), 131–
138. https://doi.org/10.1016/S0889-5406(94)70030-3. 

(180)  Andreasen, G.; Quevedo, F. Evaluation of Friction Forces in the .022 by .028 by Edgewise Bracket 
in Vitro. Am. J. Orthod. 1969, 55 (2), 201. https://doi.org/10.1016/0002-9416(69)90137-7. 

(181)  Stannard, J. G.; Gau, J. M.; Hanna, M. A. Comparative Friction of Orthodontic Wires under Dry 
and Wet Conditions. Am. J. Orthod. 1986, 89 (6), 485–491. https://doi.org/10.1016/0002-
9416(86)90006-0. 

(182)  George, M. G.; Romanyk, D. L.; George, A.; Li, Y.; Heo, G.; Major, P. W.; Carey, J. P. Comparison 
of Third-Order Torque Simulation with and without a Periodontal Ligament Simulant. Am. J. 



 

70 
 

Orthod. Dentofac. Orthop. Off. Publ. Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2015, 
148 (3), 431–439. https://doi.org/10.1016/j.ajodo.2015.04.029. 

(183)  Iwasaki, L. R.; Beatty, M. W.; Randall, C. J.; Nickel, J. C. Clinical Ligation Forces and Intraoral 
Friction during Sliding on a Stainless Steel Archwire. Am. J. Orthod. Dentofac. Orthop. Off. Publ. 
Am. Assoc. Orthod. Its Const. Soc. Am. Board Orthod. 2003, 123 (4), 408–415. 
https://doi.org/10.1067/mod.2003.61. 

(184)  O’Reilly, D.; Dowling, P. A.; Lagerstrom, L.; Swartz, M. L. An Ex-Vivo Investigation into the Effect 
of Bracket Displacement on the Resistance to Sliding. Br. J. Orthod. 1999, 26 (3), 219–227. 
https://doi.org/10.1093/ortho/26.3.219. 

 

  



 

71 
 

APPENDIX 

A.1 INTERACTION BETWEEN TOOTH POSITION AND ARCH FORM 

Profile plots were used to assess the relationship between tooth position and arch form 

groups regarding Fz, Fy, and Mx (Figures A.1 – A.3). The observed non-parallelism suggests that 

there is convincing evidence there is a significant interaction between the tooth position and 

arch form used, rejecting the null hypothesis Ho3. This is corroborated by Pillai’s Trace F-test 

statistic: F(36, 328) = 341.85, p < 0.0005, Pillai’s trace = 1.95, partial η2 = .97 (Appendix, Table 

B.1). 

 

 

Figure A.1 Fz profile plot between tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Fz| < 0.2N). 
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 Figure A.3 Mx profile plot between tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Mx| < 3Nmm). 

 

Figure A.2 Fy profile plot between tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Fy| < 0.2N). 
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B.1 ADDITIONAL STATISTICAL ANALYSES FIGURES AND TABLES 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1 Boxplot of Fz levels of each tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Fz| < 0.2N). 

Figure B.2 Boxplot of Fy levels of each tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Fy| < 0.2N). 
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Table B.1 Two-way mixed MANOVA test results with Pillai’s Trace Statistic 

Effect Value F Hypothesis df Error df p-value Partial η2 

Archwire form 1.29 108.41 6 358 < 0.0005 .645 

Tooth 1.00 4525.02 18 163 < 0.0005 .998 

Archwire 
form*Tooth 

1.95 341.85 36 328 < 0.0005 .974 

 

 

Table B.2 Box’s Test of Equality of Covariance Matrices 

Box’s M F df1 df2 p-value 

5039.21 8.61 462 51963.11 < 0.00005 

 

 

Figure B.3 Boxplot of Mx levels of each tooth position and archwire form. Values 
between the red horizontal lines are clinically insignificant (|Mx| < 3Nmm). 
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Table B.3 Mauchly’s Test of Sphericity 

Within Subjects 
Effect 

Measure Mauchly's W Approx. 
Chi-Square 

df P-value Epsilon 
(Greenhouse-
Geisser) 

Tooth 

Fy .002 1110.16 20 < 0.0005 .42 

Fz .02 689.75 20 < 0.0005 .50 

Mx < 0.0005 1391.03 20 < 0.0005 .27 

 

 

Table B.4 Tests of Within Subjects Effects with Greenhouse-Geisser Correction 

Source Measure ε* df Mean Square F P-value Partial η2 

Tooth* 
Archwire 
form 

Fz 10.69 2 5.35 130.64 < 0.0005 0.59 

Fy 0.73 2 0.36 19.77 < 0.0005 0.18 

Mx 3281.64 2 1640.82 648.73 < 0.0005 0.88 

Error 
(Tooth) 

Fz 3.31 180 0.02    

Fy 111.32 334.59 0.33    

Mx 455.267 180 2.53    

*Epsilon = sum of squares 

 

 
 

 


