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1. Introduction 

1.1 Background of the study 

In the recent decade, aligner therapy gained an increasing significance in the 

orthodontic treatment, especially for treatment of adult patients. These patients 

usually seek invisible treatment options allowing a discrete and efficient therapy 

without hindering their everyday life. Treatment with conventional fixed orthodontic 

appliances does not satisfy these needs; therefore, these patients often reject even 

a necessary orthodontic treatment. Other factors contributing to the increasing use 

of aligners are the advances of aligners in biomechanical respects, allowing a broad 

spectrum of tooth movement. Moreover, the use of improved materials permits the 

utilization of thinner and more comfortable aligners. Since 2004, aligners have been 

recognized as an efficient way for the treatment of malocclusion [22].  

1.2 Development of aligner therapy 

The principle of moving teeth using positioning devices fabricated on setups of 

plaster casts dentition models was first introduced by Kesling in 1945 [32]. He 

described the method of setting the teeth in a certain position and forming an elastic 

polymer device on the changed tooth position. This method was primarily proposed 

for the correction of mild crowding after orthodontic treatment with a fixed appliance. 

The first description about incorporating a specially designed vacuum 

thermoforming machine was published in 1964 by Nahoum [45]. He also introduced 

the use of elastic components and attachments in the aligner therapy, a method 

falsely considered as a revolutionary advancement in present aligner therapy. This 

development laid the foundation for further simplifications in the production of 

thermoplastic appliances. Afterwards, tooth movement with improved aligner 

materials continuously advanced the method, allowing bigger movement ranges 

and other movement types [58]. McNamara reported the use of thin, 1.0 mm, 

Biocryl® sheets for fine detailing of the occlusion at the end of the orthodontic 

treatment with the limitation that only one tooth per quadrant should be repositioned 

[43]. 
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a b c  

Figure 1. Steps used for creating a setup model.  (a) Sawing the malpositioned tooth out of the cast, 

(b) resetting the tooth in the new position, and (c) securing the new position in the corrected position 

before fabricating the appliance on the new position [44].  

 

The common problem at that time was the availability of an appropriate material 

elastic enough to provide both a bigger tooth movement range (i.e. setup) and a 

smaller force application.  Under these conditions, frequent fabrication of a new 

setup model, and accordingly a new appliance for each minimal tooth movement 

was a necessity, therefore, limiting the use of aligners to minor tooth movements. 

To overcome this problem, Yoshii proposed the use of a double-layered material for 

the aligner fabrication, the so-called Osamu retainer [60]. These hard/soft foils were 

used with the soft, i.e. more elastic, layer in the inner side of the aligner and 

accordingly reducing the forces applied over the desired movement range. The main 

problem with using these materials was the discomfort for the patient caused by the 

increased aligner thickness. Through further developments of polymers, new 

materials were introduced to the market and accordingly to the dental world, 

consequently allowing the use of single layered stable materials like 

polyvinylacetate-polyethylene or polyurethane for the fabrication of aligners [47]. 

Afterwards many authors presented different methods for the thermoplastic 

appliance fabrication all based on setup models, but with different procedures and 

material selection. In 1994, Sheridan presented a method called the Essix appliance 

(Raintree Essix, Inc., Louisiana, USA) in 1994 [53,54]. In this approach, the 

appliance fabrication was based on directly applying divots, plastic bumps, and 

windows in the aligner rather than resetting the teeth stepwise in the study model. 

Therefore, the need for laboratory procedures was reduced. In addition, the fit of the 
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appliance was increased, as no portions of the models needed to be blocked out 

[53]. This means, for a “mesial out” movement of a tooth, the mesial labial surface 

of the appliance should be cut out, creating a window. Moreover, a divot is applied 

on the mesial lingual surface of the appliance, pressing the tooth out into the created 

window [53]. For the divot application, two activation methods were proposed: either 

using a so-called divoter®, i.e. a specially designed device with an integrated heating 

element, or using a so-called Hilliard Thermoplier® [28].  Sheridan described a 

second treatment alternative by bonding a small mound of composite to the enamel 

surface of the target tooth rather than altering the Essix appliance by adding 

thermoformed bumps Figure 2. He also stated that, by varying the position and 

dimension of the composite mound; different tooth movements could be achieved. 

For example, if the mound is placed incisally, tipping will be achieved, and if placed 

gingivally, more bodily movement will be produced. If placed distally, a movement 

about the mesial vertical axis will occur, and for reactivating the device, a composite 

layer can be added to the original mound (Figure 2) [55]. To create a space for the 

tooth movement, either a windows is cut in the aligner, or the tooth was blocked out 

before thermoforming the aligners. A drawback of this device was the limited 

movement range of 2 to 3 mm, after which a new appliance based on the achieved 

tooth position must be created [54].  

a        b     

Figure 2. The two Essix® appliance alternatives as described by Sheridan (a) A divot is applied in the 

aligner to move the tooth into the created space (b) Composite layers added to the original (1 mm) 

thick mound for activating the Essix® appliance. In both examples the tooth was blocked out lingually 

to allow a space for the planned tooth movement [55].  
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In the late 1990s, two new aligner systems were simultaneously developed allowing 

a larger tooth movement range with thin aligners: Invisalign® (Align technology, 

Santa Clara, California) and the Clear-Aligner® system (Scheu Dental GmbH, 

Iserlohn, Germany) developed by T-W. Kim [4,34]. The innovative aspect about 

Invisalign® was the possibility of “virtually” producing a whole series of computer-

aided models (Figure 3) using their dental software, ClinCheck®, in this manner the 

need of taking multiple impressions for each treatment step was not necessary any 

more (Figure 4). 

 

 
 

Figure 3. Screen capture of the ClinCheck® web-interface showing the patient’s virtual model used 

for planning an Invisalign case (Source: Invisalign Doctor Site).   

 

In the Invisalign® system, the practitioner controls the treatment plan initially, and 

when needed, requests a modification of the virtual setup. In case the suggested 

setup steps gain the physician’s approval, the 3-D models will be “printed” for each 

step using stereolithography. In this manner, a series of clear, custom-made 

appliances is created. [4]. These aligners are worn sequentially by the patient, each 

for a two-week period. The use of digitally created setups, as well as, the computer 

aided manufacturing (CAM) made it possible to reduce the movement range in each 
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step, reaching a range of 0.1 – 0.25 mm. Align technology also utilized specially 

designed attachments for different types of tooth movement. Studies suggest that 

by using these attachments, the possible movement types with aligners can be 

significantly increased [4,32,36].  

On the other hand, the Clear-Aligner® method was still based on the original setup 

method proposed be Kesling [32], meaning that for each movement sequence a 

new impression was made. The desired tooth movement was applied on the cast 

models and the appliance was fabricated on the models [35]. A relatively large range 

of 0.5 – 1.0 mm was suggested for each treatment step. This was possible by the 

employment of a series of aligners with different thicknesses (i.e. 0.5 mm, 0.625 mm 

and 0.75 mm) for each movement step (Figure 6), making it possible to sequentially 

increase the forces applied on the tooth along the same treatment stage. 

 

 

 

Figure 4. Superimposition of the initial (blue) and final situation in ClinCheck® software.(Source: 

Giancotti et al. 2013) [20]. 

Another improvement of this system was the employment of a computer-aided 

control of the setup steps (Figure 5).  With the Clear-Aligner® software, a prediction 

of the needed number of aligners was easily achieved by overlying a photo of the 

initial model and that of a simulated final setup, and then measuring the distance 

needed for accomplishing this result. 
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a   b   

Figure 5. The Clear-Aligner® method (a) The stand-mounted camera for taking the model pictures; 

the checker box plate is used for calibrating the distance between the focal point and the incisal edge 

of the teeth. (b) A screenshot of a superimposed initial model and setup model, after adjusting the 

tooth position, showing the measurements of the displacement.  

 

Figure 6. The three successive thermoplastic appliances as described in the Clear-Aligner® method 

1.3 Literature review 

1.3.1 Case reports and clinical studies on the effects of aligners 

Since the introduction of aligners as a treatment option, case reports were published 

explaining the treatment with thermoplastic appliances and introducing the different 

treatment methods. The first to publish a case report about the Invisalign® system, 

during a feasibility study sponsored by Align technology were Boyd et al [4]. The 

four cases they described were diagnosed with mild crowding or spacing, and all 
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showed fairly good treatment results. They also discussed the advantages and 

disadvantages of the system: the advantages included esthetics, improved oral 

hygiene and reduced chair time; as possible disadvantages, they mentioned the 

development of a posterior open bite, and as it is with all removable thermoplastic 

appliances, the dependence on patient compliance. Afterwards Bollen et al. [3,12] 

undertook a series of studies, examining the effect of activation time and material 

stiffness based on the treatment results of 51 Patients. They tested two different 

types of aligner materials (i.e. ten times softer than and twice as hard as the 

commercial material), with a 1-week or 2-week schedule for appliance change, and 

measured the degree of dental improvements. According to their findings, a 

combination of a hard appliance with a two-week activation time has been optimal 

for a high degree of success.  They also stated that aligners were more successful 

in improving anterior alignment, transverse relationship and overbites, and least 

successful in improving buccal occlusion. Faltin et al. [16] subsequently compared 

the “virtual treatment”, created with Clincheck®, to the actual treatment outcome. 

They also described the use of attachments, formed by bonding tooth colored 

restorative material in a vertical ‘bar’ to the buccal surface of certain teeth, as a 

method for controlling the undesirable effects and reducing the system limitations. 

Based on their findings they concluded that the comparison between the virtually 

created treatment and the real treatment results was highly satisfactory.  

 

Figure 7. Virtual three-dimensional images of the final stage, as well as the patient’s intra-oral 

photograph at the end of treatment: (A) Right side. (B) Frontal. (C) Left side (Source Faltin et al. 

2005) [16]. 
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In the same year Joffe published an article describing the indications and limitations 

of Invisalign more precisely [30]. The indications included mild crowding or spacing 

of no more than 1-5 mm and correction of deep overbite. 

They observed limitations of aligners in case of crowding and spacing of more than 

5 mm, antero-posterior discrepancies of more than 2 mm, severely rotated teeth, 

with a rotation of more than 20 degrees and in movement of teeth with short clinical 

crowns. These limitations were confirmed by Djeu et al. in 2005 by comparing pre- 

and post-treatment records of patients treated with Invisalign against patients 

treated with a fixed orthodontic appliance [13]. A further study by Kravitz et al., 

assessing the influence of attachment on the accuracy of canine rotation 

substantiated the difficulties in rotating canines and found that canine rotations can 

be achieved with a mean accuracy of 35.8 % of the treatment plan [37]. They also 

found that using attachments or interproximal enamel reduction led to no significant 

improvement of canine derotation.  

1.3.2 Root resorption in aligner therapy 

Until this time there was no accurate examination of apical root resorption induced 

by aligners. This, according to Brezniak et al., gave the false conclusion that this 

type of treatment was immune to root resorption [6].  Brezniak et al. described an 

interrelation between aligner-therapy and root resorption in a case report of a 25-

year-old patient who sustained apical root resorption of the upper incisors during 

treatment with aligners [6]. The observed root shortening varied from 2 mm to one 

third of the root length. Barbagallo et al. compared in a prospective study the effects 

of removable thermoplastic appliances with light (25 g) and heavy (225 g) 

orthodontic forces on premolar cementum with a treatment period of eight weeks 

[2]. They reported that the aligner group had similar but slightly greater root 

resorption than the light-force group and approximately six times greater than the 

untreated control group. Later, Sombuntham et al. performed an animal 

experimental study to examine the relation between aligners and root resorption 

[56]. In this study, the activation range of the aligners was 0.5 mm. The aligners 

were bonded to the residual dentition of the rats for a maximum of 7 days, and the 

results were compared with a control group and a group with an orthodontic fixed 

appliance. They observed histologic changes of the periodontal ligament as well as 
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signs of initial root resorption. In 2013, Krieger et al. carried out the first retrospective 

study to evaluate apical root resorption during the whole orthodontic treatment with 

aligners [39]. They examined pre- and post-treatment radiographic panoramas and 

assessed the crown-to-root ratio before and after the aligner therapy. At the end of 

the treatment, they found that each patient had at least two teeth with a root length 

reduction, and that 54% of the measured teeth showed signs of root resorption.   

1.3.3 Biomechanical studies on aligner therapy 

In light of the studies discussed above, it was clear that a characterization of the 

force-moment application during aligner therapy is needed to minimize the adverse 

effects in form of root resorption. A few authors tried to find an approach to explain 

the mechanical properties of the materials used in the fabrication of thermoplastic 

appliances. Ryokawa et al. examined the mechanical properties of flat thermoplastic 

material specimens in a simulated intraoral condition, as well as the thickness 

change after thermoforming and water absorption [52]. They used eight different 

thermoplastic materials that are commonly used for aligner fabrication, including 

polyurethane (PUR), used e.g. for Invisalign® aligners, and polyethylene 

terephthalate glycol (PET-G), suggested for fabricating the Clear-Aligners®. A a 

thickness reduction due to thermoforming, ranging from 74.9 to 92.6 %, as well as 

a thickness increase after water absorption ranging from 100.3 to 119.9 % was 

observed. It has been concluded that the mechanical properties of the thermoplastic 

materials vary due to external factors, such as the intraoral temperature changes 

and the presence of saliva. It has been also been supported that the intraoral 

hygroscopic expansion might affect the fit of the appliance resulting in a change in 

the applied orthodontic forces. A further study, by Kwon et al., investigated the force 

delivery properties of three different thermoplastic orthodontic materials by using 3-

point-bending tests [42]. They used flat specimens prepared from plastic sheets 

thermoformed on a flat stone model instead of a teeth model, to simulate the 

thermoforming process. They concluded that the optimal tooth deflection, without 

applying excessive forces on the tooth, ranged from 0.20 mm to 0.5 mm, depending 

on the type of material used. These studies were important for understanding the 

structural changes of the aligner materials after thermoforming, as well as their 

behavior in the intraoral application.  
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In-vivo study designs were described in an attempt to measure the actual forces 

applied on the teeth during an aligner wear [1,58].  Barbagallo et al. used pressure-

indicating foils placed between the aligner and the tooth, during a programmed 

buccal movement of an upper first premolar of 0.5 mm, during appliance insertion, 

and after a wear period of two weeks. The results were compared to a calibrated 

force scale, determining the real force delivery during wearing the aligner. The 

measured initial forces were 5.12 N (SD, 0.69), which were reduced radically after 

a two-week wear to -2.67 N (SD, 0.80). This change was explained through the 

deterioration of the thermoplastic material, as well as the achieved tooth position 

after the two-week wear period. A further study described a different method, i.e.  by 

applying strain gauges on different locations of the aligner surface, determining the 

in-vivo von Mises strain during a biweekly aligner wear [58]. The measurements 

were taken four times during a two-week period. A decrease in the aligner strain 

was observed during the first two days of wear, maintaining a plateau on the 

consequent measurements until the end of the two-week wear, these results 

coincide with those observed by Barbagallo et al.. According to these results, they 

proposed that the aligners should be worn for a maximum time, as close as 24 hours 

per day.  

Other studies systematically investigated the in-vivo force delivery properties of 

thermoplastic appliances using experimentally simulated tooth movement. In 

several experiments, thermoplastic foils made of Polyethylene terephthalate glycol 

(PET-G) were examined [23–25,27]. They first investigated the force application of 

three different brands, all with a thickness of 1.0 mm, during a simulated tipping 

movement of an upper central incisor, of 0.151 mm in a vestibular and palatinal 

direction. The mean forces measured ranged from −2.82 N (SD, 0.62) to 5.42 N 

(SD, 0.56). They also quantified the intrusive forces, ranging from −0.14 N (SD, 

0.52) and −2.3 N (SD, 0.43). The highest intrusive forces were measured during the 

vestibular displacement of the tooth. According to their results, they concluded that 

force application of the tested thermoplastic materials exceeds the suggested 

optimal forces for this type of tooth movement. The same authors tested also the 

influence of the thermoplastic material thickness on the magnitude of force 

application during experimental tipping of the tooth. by examining two materials with 

two different thicknesses; these were Erkodur (Erkodent Erich Kopp GmbH, 
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Pfalzgrafenweiler, Germany) 1.0 and 0.8 mm, and Biolon (Dreve Dentamid GmbH, 

Unna, Germany) 1.0 and 0.75 mm. The average horizontal forces measured ranged 

from 1.62 N (SD, 0.41) to 5.35 N (SD, 0.63). Although, the thinner materials with a 

thickness of 0.8 mm or 0.75 mm showed a significantly lower force application than 

the 1.0 mm thick materials, they stated that the forces still exceed the ideal forces 

for tooth movement by 3 to 11 times. They further investigated the forces and 

moments applied during an experimentally simulated mesio-distal rotation of an 

upper central incisor [27]. Using three different PET-G materials, all with the same 

thickness of 1.0 mm. The rotation range was limited to ±7.5 degrees. This was 

equivalent to a displacement of ±0.51 mm of the incisal edge. The test results 

showed an increased vertical force during tooth rotation with a range between 0 N 

and 25.8 N, and a measured moment ranging from  -7.3 Nmm (SD, 60.8) to -71.8 

Nmm (SD, 2.5). According to these results, it became obvious that, even with the 

lowest range of rotation, the  PET-G material is capable of delivering very high forces 

exceeding the suggested forces for intrusion, to a value by up to 25 times. Additional 

study was performed to investigate the delivered forces and moments during a 

simulated labio-palatal torqueing movement of the tooth with three different 

materials with the same thickness of 1.0 mm [26]. During this experiment, the axis 

of rotation was adjusted at the incisal edge of the tooth and the movement was 

performed in 0.416-degree steps from 0 degree to 5 degrees in both directions. The 

force components were analyzed in two particular movement ranges of ±0.15 mm 

and ±0.8 mm. These test results showed a mean horizontal force of -1.89 N (SD, 

0.48) to 0.11 N (SD, 0.1). The average intrusive forces were between -0.97 N (SD, 

0.57) and -0.07 N (SD, 0.22). They also stated that the intrusive forces increase 

according to the movement range which results in changing the contact point 

between the aligner and the tooth. These results concluded that a torqueing 

movement with aligners is not achievable.  

1.3.4 Biomechanics of tooth movement 

The type of orthodontic tooth movement  depends on the location of the force 

application. The center of resistance is defined as the point through which a force 

will produce pure translation of the tooth. The center of resistance of the teeth 

depends, in return, on the root morphology, number of roots, attachment level of the 
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tooth, as well as the thickness and form of the periodontal ligament [31]. It is difficult 

to identify the exact location of the center of resistance. However, according to 

analytical studies the center of resistance of single-rooted teeth in a healthy 

periodontal situation and physiological bone level, is located approximately at a 

point one-fourth to one-third of the distance from the alveolar crest to the root apex 

[10].   

Orthodontic forces are usually applied at the crown of the tooth, and not directly 

through the center of resistance. Therefore, the product of these forces is not a pure 

linear motion, but the moment of this force produces a rotational movement with a 

certain center of rotation. The magnitude of the moment caused by eccentrically 

applied forces is defined as the product of the force applied (F) and the 

perpendicular distance between the line of action of the force and the center of 

resistance (d). [31].  

Eq. 1   M = F x d 

The type of tooth movement is the result of the applied moments and forces (in 

terms of magnitude, direction and point of application. The relationship between the 

applied force system and the type of movement can be described by the moment-

to-force ratio (M/F ratio), which in turn determines the center of rotation [40].  

Generally, the types of tooth movement in orthodontics can be differentiated into 

three categories; crown tipping, translation and root movement. The crown tipping 

movement can be further differentiated into controlled tipping and uncontrolled 

tipping [40].  For instance when a single horizontal force is applied to the crown of 

a tooth, the tooth will rotate around its center of resistance, causing an uncontrolled 

tipping movement [31]. If a force couple is applied to the crown, a counterbalancing 

moment will be created. This will alter the M/F ratio and may displace the center of 

rotation apically further from the center of resistance, producing a controlled tipping 

[57]. To avoid crwon tipping, a high counterbalancing moment should be applied, 

with the same magnitude but in the opposite direction of the tipping moment of the 

force. This would move the center of rotation to infinity and a translation movement 

would be achieved, meaning that the root and the crown of the tooth will be 

displaced equally in the same direction [57]. To achieve a root movement the 
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counterbalancing couple should be further increased, which displaces the center of 

rotation at the crown tip of the tooth. In this manner, the root of the tooth will move 

further than the crown [57].   

For achieving a controlled tipping, a bodily movement or a root movement, a two-

point force application is needed. This can be easily achieved with a fixed 

orthodontic appliance, when an arch wire, with a square cross-section, contacts the 

bracket slot at two points [49].  In contrast to fixed appliances, removable orthodontic 

appliances, can only apply pure forces on the tooth crown, without any counter 

moments, which produces an uncontrolled tipping movement [49]. 

 

Figure 8. The different types of tooth movement. (a) tipping (rotational movement),  

(b) translation, and (c) root movement. (The blue point represents the center of resistance)  

Although aligners are considered a removable orthodontic appliance, predictable 

force/moment system cannot be applied. This is related to the complexity of the 

aligner-tooth interaction. This means, the appliance encloses the whole crown of the 

tooth, making it more difficult to assess the exact location of force application. 

Moreover, the point of force application varies according to the crown morphology, 

as well as the type, direction and extent of the planned movement [26].  

1.3.5 Biology of tooth movement   

There are great familiarities between the tissue reactions observed in physiologic 

tooth migration and orthodontic tooth movement [57]. The most significant difference 

existing is related to the velocity of tooth movement during orthodontic treatment, 

due to the higher forces, making these responses more significant and extensive 

[57]. An orthodontic force results in areas of pressure and tension in the periodontal 

ligament (PDL). Their extent depend on the magnitude and localization of force. If 

a b c 
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this force sustains a certain time and level, a tissue reaction will be initiated. On the 

pressure side, this reaction can be characterized into three phases; (1) an initial 

phase, (2) a lag phase, and (3) post-lag phase [11].  

The initial phase is reflect a rapid movement immediately after the force is applied 

to the tooth [57]. It is attributed to the displacement of the tooth inside the periodontal 

space, until a compression of the periodontal ligament occurred. Afterwards, a lag 

phase starts, with a relatively low rate of tooth movement, or no displacement [57]. 

During this phase, a direct bone resorption by the cells located inside the PDL is not 

possible, due to the obliteration of the blood vessels and necrosis of the periodontal 

cells. The tissue shows a glasslike appearance in light microscopy, which is known 

as “hyalinization” [57]. The hyalinization zone represents a sterile necrotic area, 

characterized by three main stages: degeneration, elimination of destroyed tissue, 

and establishment of a new tooth attachment. In hyalinized zones, the cells cannot 

differentiate into osteoclasts and no bone resorption can take place from the 

periodontal membrane. Therefore, bone resorption can only occur from the adjacent 

bone, until the lamina dura is resorbed. This type of bone resorption is called 

undermining resorption and is responsible for the delayed tooth movement [57]. 

 

Figure 9. Graph showing Tooth movement (mm) versus time (days), illustrating the different phases 

of tooth movement under constant force application (Source: Burstone and Pryputniewicz 1980)  [21].  
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A side effect of the cellular activity during the removal of the necrotic tissue is that 

the cementoid layer of the root and the bone are left with raw unprotected surfaces 

in certain areas, which can readily be attacked, by resorptive cells. Root resorption 

then may occur, starting at the border of the hyalinized zone (Figure 10) [8]. The 

third phase of tooth movement follows the lag period during which the rate of tooth 

movement gradually increases, due to the resorption of the lamina dura, which allow 

for more PDL space and the revascularization of the PDL [46]. The application of 

excessive forces does not only negatively affect tooth movement in form of 

movement delay, but also in form of a more aggressive and in most cases 

irreversible root resorption [2,8,9]. Therefore an optimal force is characterized by a 

cellular response in the form of apposition and resorption of the supporting tissues, 

while maintaining the vitality of the PDL tissue [11,51].  

According to Ren et al. there is no evidence-based force level for the optimal 

efficiency in orthodontic tooth movement. This means that no universal numeric 

values can be applied to all individuals [51]. The magnitude of the optimal force for 

tooth movement differ for each tooth and each individual patient [51]. In the 

literature, there are only recommendations for the optimal range of force application 

for each tooth type and movement. Proffit recommended an average level of force 

application for different tooth movement types. He suggested a force level of 0.35 

to 0.6 N for a tipping movement, 0.7 to 1.2 N for a bodily movement, and a force 

between 0.1 and 0.2 N for intrusion or extrusion [50]. 

This difference in the force level is related to the area of the periodontal ligament 

over which the force is distributed. For example, during intrusion the force will be 

concentrated on a very small area at the root apex, while during bodily movement 

the force is distributed more or less uniformly along one side of the root (Figure 11) 

[50].  
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Figure 10. (a) Resorbed lacunae in the middle third of a root as seen with the scanning electron 

microscope. C, Denuded root surface (Source: Kvam 1972) [41]. (b) Principal pattern of root 

resorption related to a hyalinized zone [8]. Tooth (T); hyalinized zone (H). Root resorption occurs first 

in the circumference of the hyalinized zone (1), later in the central parts (2) (Source: Graber et al. 

2012) [57]. 

 

Figure 11. Diagram showing the loading area of the periodontal ligament during various movement 

types (a) uncontrolled tipping, (b) translation and (c) intrusion (source: Proffit 2005) [50]. 

A further aspect contributing to the rate of tooth movement and extent of tissue 

reaction is the force duration. There are mainly three different types of force 

durations in orthodontics: continuous (i.e. maintaining a certain level between the 

visits), interrupted (i.e. force level decline to zero between the activation visits) and 

intermittent, in which the force levels drop abruptly to zero when the appliance is 

a b 

a                                           b                                        c 
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removed by the patient. Continuous  forces can only be applied by fixed appliances. 

A combination of these two factors, i.e. force magnitude and force duration, seems 

to be significant in regarding the extent of the side effects of tooth movement [50]. 

For example, if a continuous light force is applied, the tooth will progressively keep 

moving to the desired position without any undermining resorption. If excessive 

forces are applied; the tooth will continue moving only when the undermining 

resorption occurs and the lamina cribriformis is completely resorbed. However, if 

these high forces are maintained a further episode of undermining resorption will 

follow, preventing the periodontal repair [50]. On the other hand, during the 

application of intermittently high forces, the tooth will move after the undermining 

resorption is completed and, since the force dropped to zero, will remain in this 

position until the appliance is reactivated. Although in this case the initial forces were 

very high, the periodontal ligament is allowed a period of regeneration and repair 

before a new episode of force application starts [50].   

1.3.6 Problem statement 

The current guidelines for aligner fabrication regarding the correction of 

malocclusion in each setup step, are mainly based on empirical evidence and are 

not fully validated [7]. Primarily case studies were published, describing the clinical 

results, efficiency evaluation or personal observations along the treatment course, 

without a clear description of the biomechanical properties of thermoplastic 

appliances [3,5,7,12,29,30,37,38,59]. The first author addressing this problem  

described the need for both systematic evidence based studies and fundamental 

physical biomechanical laboratory studies, illuminating and explaining the real 

effects and possible movements using aligners [7]. Numerous studies have been 

published trying to identify the mechanical properties of the plastic blanks used for 

aligner fabrication, using three-point bending tests and standardized flat specimens 

[42,52]. The results from these studies gave only a rough comparison of the 

mechanical properties of the different materials used. However the mechanical 

properties is different in the finished appliance, because after thermoforming, the 

thermoplastic appliance attains a new form consisting of multiple complex 

geometrical shapes, which, in turn strengthen the aligner material and alter its 

mechanical properties [24]. Previous studies measured the intraoral force 
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application of thermoplastic appliances by using pressure-indicating foils [1] 

between the tooth and the aligners, or by using strain rosettes [58] built in the 

aligners. Although these methods showed a promising way in estimating the forces 

applied on the teeth throughout the treatment period, they were only able to 

measure the resultant force on one axis, and were not suitable for the determination 

and differentiation of the complex multi-directional forces applied on the tooth during 

clinical aligner therapy [24]. Only a few studies systematically investigated the in-

vitro force and moment delivery properties of the currently available thermoplastic 

appliances [23–25,27]. In these studies Polyethylene terephthalate glycol (PET-G) 

thermoplastic foils with a thickness of 0.75 mm, 0.8 mm and 1.0 mm were 

considered [23]. They all concluded a very high force delivery property of the 

thermoplastic appliance, which by far exceeded the optimal force ranges for tooth 

movement. Therefore, a thermoplastic appliance with less force application is 

needed. According to these aspects, it was necessary to clarify if the use of the 

commercially available, thinner thermoplastic blanks with a thickness of 0.5 mm 

(e.g. as prescribed in the Clear-Aligner® method [33,34]) would cause a reduction 

in these high forces. Another problem addressed was the improper statement that 

thermoplastic appliances, without any modification, are able to achieve a bodily 

tooth movement. In the studies stated before [23–27], a few types of tooth 

movement were investigated, including rotation, tipping, and torqueing a tooth, but 

a translational movement has not been tested. 

1.4 Aim of the study 

The aim of this study was to investigate the force and moment delivery of 

thermoplastic appliances with different thicknesses during a labio-palatal 

translational movement of a central upper incisor. The collected data should 

represent a more objective basis for the setup creation in the aligner therapy. This 

should minimize the risk of applying excessive forces and moments during the 

course of treatment by identifying the forces applied through the currently suggested 

movement range in combination with materials available. Furthermore, the analysis 

of the applied forces and moments should clarify the situation; weather a bodily 

movement is achievable by using aligners without applying any modifications to the 

appliance.  
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2. Materials and Methods 

2.1 Overview 

A specially designed measurement device was constructed, allowing a three-

dimensional experimental movement of a separated upper central incisor in relation 

to an upper dental model. To record the forces and moments applied on the tooth 

during displacement, the tooth was mounted on a 3D force/moment (F/M) Sensor.  

For the fabrication of standardized thermoplastic appliances, an Impression was 

taken with the tooth in a natural position, and then a cast model was fabricated, on 

which were fabricated. For the experiment execution, the thermoplastic appliance 

was seated on the model, and the tooth displaced in the designated direction; 

simultaneously the applied forces and moments, throughout the whole movement 

range, were recorded.  

2.2 Components of the test apparatus 

2.2.1 Movement drives 

The setup consisted of two main components (i.e. the tooth component and the 

model component), each of which aiding for the movement of the tooth or the dental 

model in all three directions, respectively (Figure 12). On the tooth component, a 

Frasaco® upper central incisor (Frasaco GmbH, Tettnang, Deutschland) was 

mounted on a moment and force sensor (Nano 17 Sensor, ATI Industrial 

Automation, Apex, USA) to record all the forces and moments applied on this tooth 

(Figure 13). For experimental tooth movement multiple linear and rotational drives 

(Owis GmbH, Staufen, Deutschland) were fixed on both components, which, 

combined, allowed the simulation of different malpositions of the upper central 

incisor. The drives included a vertical linear stage to accomplish a vertical relative 

movement of the upper central incisor a allowing the simulation of extrusion and 

intrusion movements.  
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Figure 12. Overview of the experimental setup showing the different drives on the model-component 

and tooth-component.  

A rotational drive (Owis GmbH, Staufen, Deutschland) allowed the tooth to be tipped 

in a labio-palatal direction. To simulate a rotational movement, the sensor was fixed 

on a rotation drive (Owis GmbH, Staufen, Deutschland) allowing the tooth to be 

rotated 360° around its axis. This design also allowed the determination of the center 

of rotation of the tooth, in which by moving the drive in an upward direction, the 

center of rotation can be shifted more apically and by moving the drive in a 

downward position the center of rotation could be shifted incisally. On the model-

component, the upper dental model was fixed on a horizontal arm allowing the 

forward or backward tipping of the occlusal plane as well as adjusting the alignment 

of the model to the tooth. Additionally this component could be moved sidweays to 

the right or the left by means of a horizontal drive. The combination of these multiple 

drives allowed (1) variable simulations of tooth movements, as well as (2) an exact 

orientation of the model and the tooth.  

All linear and rotational drives were controlled using a special Labview® (National 

Instruments Corporation, Texas, USA) control algorithm. This program allowed an 
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exact definition of the movement direction and range, as well as recording all the 

forces and moments occuring between the tooth component and the model 

component.  

 

Figure 13. A detailed view showing the measurement tooth adjusted in the neutral position to the 

model. 

2.2.2 Preparation of the experiment model 

For an exact repositioning of the tooth, an alginate impression (Blueprint™ Cremix; 

Dentsply DeTrey-DeDent, Konstanz, Deutschland) was taken from the Frasaco® 

model (Frasaco GmbH, Tettnang, Deutschland) before separating the tooth from 

the model. A type 4 dental stone cast (GC Fujirock® EP, GC Deutschland GmbH, 

München, Germany) was then created from this impression, on which a rigid 

thermoplastic appliance (Duran 1,0 mm, Scheu Dental GmbH, Iserlohn, Germany)   

was fabricated. This thermoplastic appliance was later used as a “positioning 

aligner” to determine the “neutral” position of both components. Then the 

experimental tooth was separated from the model and the model was trimmed 

mesially and distally around the experimental tooth. This allowed enough space for 

the tooth movement, without colliding with the adjacent sides of the model (Figure 

14. ).  
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Figure 14. The Frasaco® model after trimming the base to avoid any collision while conducting the 

experiment. 

The separated experimental tooth was then prepared by shortening the root to a 

predefined length creating a plane perpendicular to the long axis of the tooth. This 

procedure was aided by a special device. This device is a modification of the device 

described by Engelke [15]. It consists of two metal shells with a half-cylindrical space 

and two vertical pins.  Both shells had a circular groove with the lower edge marking 

the trimming length of the tooth.  These vertical pins aided for the fixation of the 

tooth inside the hollow form. A small pit was created in the middle of the incisal edge 

of the tooth. This allowed the two pins to be fixed incisally (i.e. in the pit) and apically 

(i.e. in the drill hole of the tooth).  Subsequently, the two shells were closed and 

secured together forming a hollow cylindrical form which was then poured with 

dental cast stone (GC Fujirock® EP, GC Deutschland GmbH, Munich, Germany). 

 

 

Figure 15. Schematic drawing of the tooth fixation device. 
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Figure 16. The tooth positioning device with the 2 pins holding the tooth in its long axis.  

          

Figure 17. The cylindrical stone form with the enclosed tooth. The marked arrows shows the direction 

to which the form will be trimmed. 

After hardening, the cylindrical stone form, including the enclosed tooth was 

removed from the outer metal form. The stone form was then trimmed to the marked 

length using a milling machine (Figure 17). The trimmed tooth was then removed 

from the stone and fixed on an adapter for the connection with the sensor (Figure 

18).  

 

Figure 18. The trimmed experimental tooth (i.e. the upper left central incisor) fixed on the sensor via 

an adapter.  
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After assembling the tooth and the sensor, the tooth was then positioned as near as 

possible to the neutral position and the positioning aligner was seated. The tooth 

was then moved to the neutral position using the different linear and rotational 

drives, until minimal forces and moments were applied on the experimental tooth. 

In this neutral position, a second impression was taken, which allowed a precise 

fabrication of the thermoplastic appliances to be tested and eliminating the effects 

of any errors caused by repositioning the experimental tooth to the dental model.  

2.2.3 Force and moment sensor  

The sensor (Nano 17 Sensor, ATI Industrial Automation, Apex, USA) used was able 

to record and quantify the six force and moment components applied on the tooth 

(Fx, Fy, Fz, Mx, My, and Mz). It is equipped with three internal semi-conductor strain 

gauges measuring the deflection of the sensor plate. The measured data is 

transmitted to an analog-to-digital converter and transferred to a connected 

computer. The calibration range of the sensor used is ±12 N for Fx und Fy, ±17 N 

for Fz und ±120 Nmm for Mx, My and Mz, respectively. The sensor features also a 

hardware temperature compensation which optimizes its accuracy over a range 

approximately ±25º C relative to room temperature.  

2.3 Temperature control chamber 

To simulate the intraoral condition, all measurements were conducted in a controlled 

environment with the temperature kept a constant at 37° C. This was accomplished 

by enclosing the test apparatus in a specially constructed chamber. It consisted of 

Plexiglas walls (to isolate the apparatus from the surrounding temperature) and four 

fan heaters (HG “Vario” Gabläseheizung, RO/SE Blechverarbeitung GmbH & Co. 

KG, Bad Birnbach, Germany). A temperature sensor (Universal-Thermostat „UT 

200“, Conrad electronics, Hirschau, Germany) controlled and maintained the 

internal temperature of the chamber with a precision of ±0.3° C.  

2.4 Aligner selection and fabrication 

The selection of the test aligners was based on the current prescription of the Clear-

Aligner® system. In this approach, three aligners with three different thicknesses are 

used for each treatment step, allowing a sequential increase in the forces applied 
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on the teeth. The thermoplastic foils used for aligner fabricatiob were commercially 

available polyethylene terephthalate glycol (PET-G) foils from three companies: 

Duran® 0.5 mm / 0.625 mm / 0.75 mm (Scheu Dental GmbH, Iserlohn, Germany); 

Erkodur® 0.5 mm / 0.6 mm / 0.8 mm (Erkodent, Pfalzgrafenweiler, Germany) as well 

as Track A® 0.5 mm / 0.63 mm / 0.8 mm (Forestadent, Pforzheim, Germany).  

Three appliances were thermoformed from each thickness and brand. First, an 

alginate impression of the Frasaco® model was taken with the tooth in the “neutral” 

position. This impression was then poured with a type 4 dental stone cast (GC 

Fujirock® EP, GC Deutschland GmbH, Munich, Germany). The reduced volume 

around the measurement tooth of the model was then modelled with wax including 

the gingiva. This master cast model was then duplicated ten times using an addition-

cured two-component silicone duplication system (Hydrosil 1:1, Siladent Dr. Böhme 

& Schöps GmbH, Goslar, Germany) and a type 4 dental stone cast (GC Fujirock® 

EP, GC Deutschland GmbH, München, Germany). On each of these duplicates, two 

reference lines were marked at a distance of 10 mm and 3 mm from the cemento-

enamel junction (Figure 19), marking the embedding depth in the thermoforming 

device and the aligner length respectively.  

 

Figure 19. Reference lines marked on the stone model. The black line aids as orientation for the 

embedding depth in the thermoforming device, and the red line marks the height of the gingival 

border of the aligners (left). The model embedded in the thermoforming device up to the black 

reference line (right). 

After marking the reference lines, the stone mode was embedded in the 

thermoforming device according to the lower reference line (black line). Each model 

was used for the fabrication of no more than three subsequent aligners. All aligners 

were fabricated according to the manufacturers’ prescription. Accordingly, for the 
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fabrication of the Duran® aligners (Scheu Dental GmbH, Iserlohn, Germany) a 

spacer foil (Isofolan®, Scheu Dental GmbH, Iserlohn, Germany) was thermoformed 

on the model and cut at the level of the cast model base prior to thermoforming the 

Duran® foil. All other thermoplastic foils had a spacer foils integrated. For all test 

aligners the thermoforming process was performed using a Biostar®  system (Scheu 

Dental GmbH, Iserlohn, Germany) with standardized cast model position and 

embedding depth. This device is a pressure-molding machine pressing the 

preheated thermoplastic material on the embedded model with a pressure of circa 

six bar (87 psi).  

 

 

Figure 20. The Biostar® pressure-molding device used for the fabrication of all test aligners.  

The heating time, temperature, thermoforming pressure and cooling duration were 

adjusted according the manufacturers’ information. After thermoforming, the 

reference lines on the model were transferred from the model to each aligner 

marking its predetermined length. The aligner was then removed from the model 

and cut to the marked length. All sharp edges were removed using a trimming wheel 

(DIMO® PRO, Scheu dental GmbH, Iserlohn, Germany) at a speed of 5000 RPM. 

Each aligner was then labelled with a serial number in the form CA00XX, to be able 

to identify outliers during the data analysis. This numbering was also used to identify 
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the movement direction sequence with each aligners (i.e. first palatal then labial or 

first labial then palatal). 

Table 1. List of tested aligners. The Serial number is in the format CA00XX, followed by the foil brand, 

thickness, length, direction, and number of repetitions. The (a) and (b) defines which direction was 

performed first.   

Serial No. 
Material 

(Duran …etc) 
Thickness Length 

Repetition (Order) 

Palatinal Labial 

CA0014 Duran 0.5 3.0mm 3 (a) 3 (b) 

CA0015 Duran 0.5 3.0mm 3 (b) 3 (a) 

CA0016 Duran 0.5 3.0mm 3 (a) 3 (b) 

CA0019 Duran 0.625 3.0mm 3 (b) 3 (a) 

CA0020 Duran 0.625 3.0mm 3 (a) 3 (b) 

CA0021 Duran 0.625 3.0mm 3 (b) 3 (a) 

CA0028 Duran 0.75 3.0mm 3 (b) 3 (a) 

CA0029 Duran 0.75 3.0mm 3 (a) 3 (b) 

CA0030 Duran 0.75 3.0mm 3 (a) 3 (b) 

CA0031 Erkodur 0.5 3.0mm 3 (a) 3 (b) 

CA0032 Erkodur 0.5 3.0mm 3 (b) 3 (a) 

CA0033 Erkodur 0.5 3.0mm 3 (a) 3 (b) 

CA0034 Erkodur 0.6 3.0mm 3 (b) 3 (a) 

CA0035 Erkodur 0.6 3.0mm 3 (a) 3 (b) 

CA0036 Erkodur 0.6 3.0mm 3 (b) 3 (a) 

CA0037 Erkodur 0.8 3.0mm 3 (b) 3 (a) 

CA0038 Erkodur 0.8 3.0mm 3 (a) 3 (b) 

CA0039 Erkodur 0.8 3.0mm 3 (b) 3 (a) 

CA0040 Track A 0.5 3.0mm 3 (a) 3 (b) 

CA0041 Track A 0.5 3.0mm 3 (b) 3 (a) 

CA0042 Track A 0.5 3.0mm 3 (b) 3 (a) 

CA0043 Track A 0.63 3.0mm 3 (a) 3 (b) 

CA0044 Track A 0.63 3.0mm 3 (b) 3 (a) 

CA0045 Track A 0.63 3.0mm 3 (a) 3 (b) 

CA0046 Track A 0.8 3.0mm 3 (a) 3 (b) 

CA0047 Track A 0.8 3.0mm 3 (b) 3 (a) 

CA0048 Track A 0.8 3.0mm 3 (b) 3 (a) 
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2.5 Pilot measurements 

The aim of the pilot experiment was to define the extent of the possible movement 

range without exceeding the sensor limits as well as targeting and detecting any 

sources of problems in the experimental procedure. Moreover, the stiffness (S) of 

the experiment apparatus was detected using a non-contact laser distance sensor 

(M5L/4, MEL Mikroelektronik, Eching, Germany) with a measurement range of ±5 

mm and a linearity error of 12 µm. After mounting the distance sensor an aligner 

was placed on the model and the tooth was displaced in both labial and palatal 

directions, simultaneously the forces applied on the tooth (Fy), the motor 

displacement (dmotor), and the actual displacement measured by the laser sensor 

(dlaser) were recorded Figure 21.  

 

Figure 21. Illustration of the deflection of the tooth and the model under the influence of the aligner 

force (Faligner) during a labial displacement of the tooth. The red lines represent the laser 

measurement location. The apparatus deflection was measured with the laser distance sensor and 

the effective displacement range (deff) was calculated according to the following formula deff = 

dmotor– (dloaded tooth + dloaded model). The displacement range as well as the tooth and model 

deflections are exaggerated for illustrating purposes.   

The difference between the motor displacement and the actual displacement was 

determined for both components of the apparatus (i.e. the tooth-component (d11) 

and the model-component (dmodel)) according to Equation 2 and 3.  
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The calculated stiffness parameters were later used during the data analysis to 

determine the actual relative tooth movement during the experiment.  

Eq. 2 (Smodel) = Fy ÷ [(dmotor model) – (dlaser model)] 

Eq. 3 (S11) = Fy ÷ [(dmotor 11) – (dlaser 11)] 

 

2.6 Experimental procedure 

Each aligner was placed at least 30 minutes in the climate chamber at a temperature 

of 37°C prior to its test. The appliances were moistened with artificial saliva 

(Glandosane®, cell pharm, Bad Vilbel, Germany) directly before placing them on 

the acrylic model with the tooth in its natural position. Before starting each 

movement sequence, the neutral tooth position was verified with the criteria that the 

force and moments applied on the measurement tooth maintained a level below  

0.1 N and 0.1 Ncm, respectively. Subsequently the measurement tooth was 

displaced in 0.01-mm steps to maximal displacement of 0.5 mm. This procedure 

was carried out three times in both palatal and in labial direction. This corresponds 

to clinically correcting the position of a labially or palatally positioned tooth into the 

dental arch. The movements were executed in an alternating pattern, i.e. the first 

aligner the tooth was moved labially then palatally and with the second aligner the 

movement was performed in a palatal direction then labially, and so on. The exact 

sequence is illustrated in Figure 22. In this alternating manner, a successive 

deformation of the aligners could be avoided. Each movement step was followed by 

a short break of 30 seconds (allowing the tooth to be properly seated in the aligner) 

and at the end of this period the applied force and moment values were acquired. 

After reaching a displacement of 0.5 mm, the tooth was displaced back to the zero 

position, the test aligner was removed, sprayed with the artificial saliva and seated 

again for the movement in the other direction. After the three repetitions in each 

direction, the aligner was removed and the next aligner was tested.  
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Aligner in climate 
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to zero position

Aligner wetted 
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Aligner wetted 
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Aligner seated on 
model

 

Figure 22. Flow chart showing the steps of the experiment. 

 

This procedure was repeated with all test aligners. After finishing each 

measurement sequence, the aligners were cleaned from the artificial saliva and 

stored in a dry environment to avoid any moisture-induced changes in the material. 

After finishing all measurements, the collected data was verified and prepared for 

its analysis.  

2.7 Data analysis 

The data was analyzed with a special Matlab Algorithm (The Math Works Inc., 

Natick, USA) programmed in our group. The data analysis process was divided into 

data verification, apparatus stiffness compensation, basic statistical analysis, cross-

tabulation and summarization. For the detailed analysis of the biomechanical 

behavior of the aligners, the relevant labio-palatal forces (Fy) and Moment (Mx) 

against the actual tooth displacement were considered. The vertical forces (Fz) were 

only considered as a general indication for the vertical effects of aligners, as the 

stiffness of the measuring device was only evaluated in the movement direction 

(along the y-axis). 
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Figure 23. The coordinates of the measurement tooth, showing all the six axis of the tooth. These 

coordinated were used for the evaluation of the measured data. Mx= moments around the mesio-

distal axis, My= moments around the labio-palatal axis and Mz=moments around the vertical axis. 

2.7.1 Determination of the aligner stiffness 

During the verification of the collected data, an initial play between the aligner and 

the measurement tooth was observed. In this range, the tooth moved a certain 

distance without touching or minimally touching the inner surface of the aligner. This 

so-called “primary offset” was individually defined for each load-deflection curve, 

with the criteria that the measured forces attained a level below 0.1 N; this value 

also corresponded to the maximum value of the sensor noise observed during the 

measurement. Accordingly, each curve was shifted in the x-axis, moving the point 

of the curve directly before the force reached a level above 0.1 N to the zero-point 

of the x-axis. This shift was done separately for each individual curve (Figure 24). 

Then the slope of the individual curves was determined by performing a linear 

regression through a least square fit in the middle and the last portions of the curve. 

This slope characterizes the stiffness of the respective aligner measured. 

Furthermore, the intersection between the fit slope and the x-axis was determined 

and defined as the “secondary offset”; it represented the initial displacement range 

in which the aligners showed only a reduced stiffness and accordingly less force 

application (Figure 24). The stiffness compensation was afterwards performed to 

calculate the actual movement for each movement step of the measurement tooth 
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in relation to the residual model was determined (deff) with the aid of the motor 

displacement range (dmotor), the previously calculated stiffness of the measurement 

tooth (S11) and of the model (Smodel) in both directions, according to the following 

equation: 

Eq. 4.  deff = dmotor – (S11 + Smodel) x Fy 

  

Figure 24. Determination of the curve slope for a 0.5 mm thick Duran® aligner. Additionally, the intial 

shift of the curve (primary offset) and the intersection of the fitted slope line with the x-axis (secondary 

offset) are illustrated. 

2.7.2 Determination of the moment-to-force Ratio  

To characterize the possibility of the aligner to exert a counter-tipping moment, the 

moment-to-force (Mx/Fy) ratio was calculated for each aligner. The M/F Ratio curve 

was determined from the average values of the measured forces and moments ofthe 

three repetitions for each aligner. Examples of the resultant curves are illustrated in 

Figure 25. The F/M values were referred to the center of resistance of the 

measurement tooth, which was located at a distance of 13.8 mm from the incisal  
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(a)    

  

(b)      

Figure 25. Examples for Moment-to-force (Mx/Fy) ratio curves. (a) Values for three different 

thicknesses of the Duran® aligners during a labial displacement. (b) Values for three different 

thicknesses of the Erkodur® aligners during a palatal displacement.  
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edge of the measurement tooth along the longitudinal axis of the root. This location 

was estimated according to a finite-element-study determining the location of the 

center of resistance of human upper central incisors [19]; the crowns of the teeth 

included in the previous finite-element study were scaled to the measurement tooth 

and an average distance from the incisal edge was calculated.  

2.7.3 Calculation of the tipping moments and counter moments 

To calculate the tipping moment of force the measured labio-palatal (Fy) forces were 

multiplied by the vertical distance (d) between the incisal edge of the measurement 

tooth and the estimated center of resistance at a distance of 13.8 mm from the 

incisal edge (s. 2.7.2) and then subtracted from the measured labio-palatal moments 

(Mx) (Eq. 5) . The resulting values indicated the counter moments applied by the 

aligner. 

Eq. 5 Counter moment = (measured Force (Fy) x d) – measured Moment (Mx)  

 

Figure 26. The different labio-palatal moments applied on the measurement tooth during a labial 

displacement in setup. The measured moment corresponds to the moment resulting from the tipping 

moment and the counter moment together. The Force application points F1, F2 and F3 represent 

the different regions of forces applied by the aligner.  
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3. Results 

All three forces (Fx, Fy and Fz) as well as all three moments (Mx, My and Mz) were 

recorded during the tests. An example of the resultant curves for a measurement 

with a 0.75 mm Duran® aligner is shown in Figure 27. The positive and negative 

values represent the effective movements in labial and palatal direction respectively; 

the effective movement means the actual displacement of the measurement tooth 

from its neutral position, i.e. the motor displacement was corrected by the elasticity 

of the tooth and model components of the setup (see also 2.7.1). The highest forces 

applied were the labio-palatal forces (Fy), i.e. the forces in the movement direction, 

followed be the vertical forces (Fz) and the mesio-distal forces (Fx). The relevant 

moments Mx around the mesio-distal axis, reflecting a labial or palatal tipping of the 

measurement tooth, showed a high correlation with the forces Fy. The moments My 

around the labio-palatal axis (mesio-distal tip) showed a slight increase in each 

direction, while the moments Mz (rotation of the upper central incisor around its 

vertical axis) were negligible in the whole displacement range.  

 

Figure 27. Graphs showing an example of the measured 3D forces and moments with a 0.75 mm 

Duran® Aligner. The positive displacement values represent the experimental palatal movement 

upper central incisor and the negative values a labial movement of the same tooth.   
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3.1 Forces in experimental movement direction (Fy) 

The corresponding measurement curves of the Fy forces recorded while a 0.5 mm 

Duran® aligners was seated are represented in Figure 28 for labial (Figure 28a) and 

palatal (Figure 28b) movement direction. Figure 28 also represents the repetitions 

with the same aligner and the measurements with two different aligners with the 

same thickness and fabricated using the same foil brand. In both diagrams the 

curves for the nine (3x3) repetitions showed only small deviations.   

The labio-palatal forces Fy applied on the tooth at an effective labial displacement 

of 0.25 mm were -5.01 N ± 0.22 for the thinnest Duran® aligners, -3.36 N ±0.78 for 

the thinnest Erkodur® aligners, and -2.27 N ±0.25 for the thinnest Track-A® aligners 

(Table 2). In comparison, the corresponding forces for the effective palatal 

displacement of 0.25 mm were; 3.01 N ±0.07 for the Duran® aligners, 5.31 N ±0.89 

for the Erkodur® aligners as well as 3.69 N ±0.81 for the Track-A aligners (Table 2). 

The corresponding forces for the 0.6-mm, 0.75-mm and 0.8-mm thick aligners are 

also represented in Table 2 as well as Figure 29.  

3.2 Labio-palatal moments (Mx) 

The measured moments (Mx) represent the resultant moments measured during 

the labio-labial displacement of the tooth with reference to the estimated center of 

resistance of the measurement tooth (Figure 30). These are the sum of the tipping 

moments of the force in movement direction and the counter moments generated 

by the aligner. The resultant moments ranged between 25.49 Nmm and 87.74 Nmm 

for the labial movement, as well as -30.58 Nmm and -85.63 Nmm for the palatal 

movement. The highest moments for labial movements were measured for the 0.75-

mm thick Duran® aligners and in palatal movement for the 0.8-mm thick Erkodur® 

aligners. The Moments (Mx) usually increased with increasing aligner thickness. 

This pattern did not apply to the Track-A® aligners in palatal direction showing a 

slightly smaller moment for the 0.63-mm thick aligner compared to the 0.5-mm thick 

aligner. The corresponding values are represented in Table 3. 
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(a)  

(b)  

Figure 28.  Comparison of the measurement curves of nine repetitions for the 0.5 mm thick Duran® 

aligners. (a) Labial displacement of the measurement tooth after three repetitions with the same 

aligner (same color), and with three different aligners (different colors), (b) corresponding 

measurement curves for the palatal displacement.  
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Table 2. Labio-palatal forces (Fy) and their standard deviations at an effective displacement of the 

measurement tooth of 0.25 mm in both directions. The standard deviations stand for the variability 

of the measured forces for the repetitions with the same aligner (SD1) as well as the different aligners 

of the same brand and thickness (SD2). 

Brand 
Movement 
direction 

Original foil 
thickness 

[mm] 

Force Fy 
[N] 

SD1 (for 
force) 

[N] 

SD2 (for 
force) 

[N] 

Duran® 

Labial 

0.50 -5.01 0.73 0.22 

0.625 -6,62 0,67 0,83 

0,75 -7,29 0,74 0,43 

Palatal 

0,50 3,01 0,07 0,07 

0,625 4,44 0,21 0,24 

0,75 4,49 0,09 0,16 

Erkodur® 

Labial 

0,50 -3,36 0,38 0,78 

0,60 -3,86 0,28 1,31 

0,80 -6,99 0,73 0,27 

Palatal 

0,50 5,31 0,18 0,89 

0,60 7,02 0,43 0,30 

0,80 7,22 0,23 0,45 

Track-A® 

Labial 

0,50 -2,27 0,29 0,25 

0,63 -3,23 0,17 0,91 

0,80 -6,42 0,43 0,43 

Palatal 

0,50 3,69 0,23 0,81 

0,63 4,00 0,05 0,31 

0,80 5,20 0,30 0,68 
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Figure 29.  The labio-palatal forces (Fy) for all aligner foil brands and thicknesses at an effective 

displacement of the measurement tooth of 0.25 mm in labial and palatal directions. The vertical lines 

represent the standard deviation of the nine measured forces. 
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Table 3. The labio-palatal moments (Mx) and their standard deviations at an effective displacement 

of the measurement tooth of 0.25 mm in labial and palatal direction. The indicated standard deviation 

values stand for the variability of the measured forces for the repetitions with the same aligner (SD1) 

as well as the different aligners of the same brand and thickness (SD2). 

Brand 
Movement 
direction 

Original foil 
thickness 

[mm] 

Moment Mx 
[Nmm] 

SD1 (for 
moment) 

[N] 

SD2 (for 
moment) 

[N] 

Duran® 

Labial 

0,50 61,19 8,94 2,70 

0,625 78,40 8,55 9,41 

0,75 87,74 9,43 5,03 

Palatal 

0,50 -30,58 0,86 1,15 

0,625 -44,06 1,34 2,39 

0,75 -47,63 0,96 1,88 

Erkodur® 

Labial 

0,50 36,40 4,73 9,94 

0,60 40,70 3,41 14,76 

0,80 75,01 8,11 2,25 

Palatal 

0,50 -57,70 2,19 7,84 

0,60 -69,42 4,17 2,91 

0,80 -85,63 1,94 6,25 

Track-A® 

Labial 

0,50 25,49 3,75 3,02 

0,63 38,38 2,27 11,52 

0,80 76,64 5,22 4,21 

Palatal 

0,50 -44,79 2,46 9,80 

0,63 -43,86 0,46 4,98 

0,80 -57,81 2,90 7,85 
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Figure 30.  The labio-palatal moments (Mx) for all aligner foil brands and thicknesses at an effective 

displacement of the measurement tooth of 0.25 mm in labial and palatal directions. The vertical lines 

represent the standard deviation of the nine averaged forces. 

The calculated Tipping moments and counter moments were compared to the 

measured moments around the mesio-distal axis of the measurement tooth. The 

detailed results of the measured moment, counter moments and tipping moment are 

illustrated in Table 4 and Figure 31.  

 

 

Figure 31. Tipping moments and counter moments applied by the different aligners tested.  
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Table 4. Comparison between the calculated tipping moment, the measured moment, and the 

resultant tipping moment. The Percentage values represent the relation between the tipping moment 

of force to the counter moment.   

Brand Direction 
Original 

thickness 
[mm] 

Tipping 
moment1 
[Nmm] 

Measured 
moment 

(Mx) 
[Nmm] 

Counter 
moment2 
[Nmm] 

Relation 
counter 

moment to 
Tipping 
moment  

(%) 

Duran® 

Labial 

0,5 69,11 61,19 -7,92 -11,46 

0,625 91,32 78,40 -12,93 -14,16 

0,75 100,61 87,74 -12,87 -12,80 

Palatinal 

0,5 -41,59 -30,58 11,00 -26,46 

0,625 -61,29 -44,06 17,23 -28,11 

0,75 -61,93 -47,63 14,29 -23,08 

Erkodur® 

Labial 

0,5 46,36 36,40 -9,97 -21,49 

0,6 53,33 40,70 -12,63 -23,69 

0,8 96,41 75,01 -21,40 -22,19 

Palatinal 

0,5 -73,22 -57,70 15,51 -21,19 

0,6 -96,91 -69,42 27,49 -28,37 

0,8 -99,69 -85,63 14,06 -14,10 

Track-A® 

Labial 

0,5 31,27 25,49 -5,77 -18,47 

0,63 44,53 38,38 -6,15 -13,80 

0,8 88,58 76,64 -11,94 -13,48 

Palatinal 

0,5 -50,87 -44,79 6,08 -11,95 

0,63 -55,21 -43,86 11,36 -20,57 

0,8 -71,82 -57,81 14,01 -19,51 
1 Tipping moment is calculated by multiplying the measured force by the distance between the incisal edge and the estimated 
center of resistance (Tipping moment of force = force * 13,.8 mm) 
2 Counter moment is measured by subtracting the tipping moment of force from the measured moment of force (Counter 
moment = measured moment – tipping moment) 

 

The calculated counter moments applied by the aligners ranged between 5.77 and 

28.37 Nmm. These values corresponded to a value between 11,46 and 28.37% of 

the calculated tipping moments. A direction- or thickness-dependent pattern could 

not be observed for the calculated counter moments.   



 

43 

 

3.3 Vertical forces (Fz) 

The intrusive forces (Fz) measured during the tooth displacements are represented 

in Figure 32 with their corresponding values in Table 5.  According to their negative 

sign, the vertical forces resulting from the labial movement, ranging from -0.34 N 

±0.06 to -1.62 N ±0.36, would cause an intrusion of the tooth. In the palatal 

movement of the central incisor, the forces ranged from 0.00 N ±0.21 to 0.52 N 

±0.02, showed a positive sign, meaning that during palatal movement the 

measurement tooth was rather extruded.  In addition to the opposite direction of the 

vertical forces, their extent was also considerably lower compared to those during 

labial movement.  

Table 5. Vertical forces (Fz) and their standard deviations at an effective displacement of the 

measurement tooth of 0.25 mm in both directions. The indicated standard deviations reflect the 

variability of the measured forces for the repetitions with the same aligner (SD1) as well as the 

different aligners of the same foil brand and thickness (SD2).  

Brand 
Movement 
direction 

Original foil 
thickness 

[mm] 

Force Fz 
[N] 

SD1 (for 
force Fz) 

[N] 

SD2 (for 
force Fz) 

[N] 

Duran® 

Labial 

0,50 -1,08 0,04 0,03 

0,625 -1,21 0,06 0,19 

0,75 -1,05 0,05 0,04 

Palatal 

0,50 0,39 0,03 0,03 

0,625 0,40 0,03 0,09 

0,75 0,52 0,03 0,02 

Erkodur® 

Labial 

0,50 -0,58 0,12 0,23 

0,60 -0,34 0,07 0,06 

0,80 -0,91 0,13 0,26 

Palatal 

0,50 0,15 0,09 0,12 

0,60 0,48 0,02 0,18 

0,80 0,45 0,04 0,10 

Track-A® 

Labial 

0,50 -0,97 0,07 0,14 

0,63 -1,21 0,04 0,25 

0,80 -1,62 0,09 0,36 

Palatal 

0,50 0,10 0,06 0,03 

0,63 0,06 0,03 0,21 

0,80 0,00 0,06 0,21 
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According to the vertical force values given in Table 5, there was no consistent 

increase in the force with increasing aligner thickness. Exceptional were the  

increasing intrusive forces with increasing aligner thickness with the Track-A® 

aligners in the labial movement direction as well as with the Duran® aligners in the 

palatal movement.  

 

Figure 32. The vertical forces (Fz) for all aligner brands and thicknesses at an effective labial and 

palatal displacement of 0.25 mm of the measurement tooth. The vertical lines represent the standard 

deviations of the measured forces. 

3.4 Offsets of the load deflection curves 

The offsets of the curves are represented in Table 6. The primary offset 

(representing the initial play between the measurement tooth and the aligner) and 

the secondary offset (representing the initial variable stiffness) were extracted from 

the curves and their standard deviations were calculated (Figure 33). The sum of 

the primary and secondary offsets ranged from 0.009 mm and 0.152 mm. The offset 

values for the Erkodur® and the Track-A® aligners in labial direction were greater 

than the values observed in the palatal direction, whereas their offset values for the 

palatal direction showed only negligible values. On the other hand, the Duran® 

aligners, fabricated using a placeholder foil, showed comparable offset values in 

both directions. In the labial movement direction, all the tested aligners showed a 

tendency for a decrease in the secondary offset values with increasing thickness. 
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Table 6. The calculated offset values for all aligner brands and thicknesses for the labial and palatal 

movements of the measurement tooth. 

Brand 
Movement 
direction 

Original foil 
thickness [mm] 

Prim. Offset 
 [mm] 

Sec. Offset 
[mm] 

Duran® 

Labial 

0,50 -0,008 -0,085 

0,63 -0,011 -0,053 

0,75 -0,009 -0,049 

Palatal 

0,50 0,006 0,088 

0,63 0,008 0,031 

0,75 0,010 0,061 

Erkodur® 

Labial 

0,50 -0,031 -0,121 

0,60 -0,011 -0,120 

0,80 -0,004 -0,088 

Palatal 

0,50 0,010 0,003 

0,60 0,014 -0,006 

0,80 0,003 -0,021 

Track-A® 

Labial 

0,50 -0,022 -0,118 

0,63 -0,029 -0,077 

0,80 -0,019 -0,037 

Palatal 

0,50 0,006 0,033 

0,63 0,028 0,038 

0,80 0,019 0,023 

 

Figure 33. Offset values for all aligner brands and thicknesses for the labial and palatal movements 

of the measurement tooth. The primary offset represents the initial play between the measurement 

tooth and the aligner. The secondary offset represents the initial variable stiffness. The vertical lines 

represent the standard deviations of the primary and the secondary offsets.  
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3.5 Aligner stiffness 

The aligner stiffnesses determined for the middle as well as the terminal parts of the 

measurement curves are shown in Table 7. A general finding was that, thick aligners 

were stiffer than thin aligners, although this trend was relatively small for the Duran® 

aligners during labial movement of the measurement tooth. All aligners showed a 

generally higher stiffness for the labial direction compared to that for the palatal 

direction; this difference ranged from 5 to 56% depending on the aligner brand and 

thickness. When comparing the different aligner brands the following was observed: 

Track-A® aligners showed a relatively low stiffness in both directions. The highest 

stiffness values observed in the palatal direction were those for the Erkodur® 

aligners, and in the labial direction those for the Duran® aligners.  

 

 

Figure 34. The stiffness values for all tested aligner brands and thicknesses including their standard 

deviations for labial and palatal movement.  
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Table 7. Aligner stiffnesses and their standard deviations reflecting the variability of the measured 

forces for the repetitions with the same aligner (SD1) as well as the different aligners of the same 

brand and thickness (SD2). 

Brand 
Movement 
direction 

Original foil 
thickness 

[mm] 

Stiffness 
(SD1/SD2) 
[N/mm] 

SD1 (for 
stiffness) 
[N/mm] 

SD2 (for 
stiffness) 
[N/mm] 

Duran® 

Labial 

0.50 29.22 1.59 1.28 

0.63 30.27 0.63 0.80 

0.75 30.81 1.44 1.10 

Palatal 

0.50 18.67 0.58 0.26 

0.63 20.78 1.07 1.47 

0.75 24.50 0.44 0.89 

Erkodur® 

Labial 

0.50 26.30 0.81 1.61 

0.60 29.22 1.39 2.71 

0.80 41.43 1.25 0.33 

Palatal 

0.50 21.45 1.25 2.91 

0.60 25.72 1.31 2.00 

0.80 27.70 1.07 0.57 

Track-A® 

Labial 

0.50 18.18 0.81 1.26 

0.63 19.66 0.78 0.12 

0.80 28.93 1.12 0.42 

Palatal 

0.50 17.18 1.29 0.85 

0.63 18.74 0.52 0.96 

0.80 23.24 0.50 1.95 

 

3.6 Moment-to-force ratio (M/F-Ratio) 

The moment-to-force ratios (Mx/Fy) at the effective displacement of 0.25 mm of the 

measurement tooth ranged between -9.93 mm and -12.22 mm (Table 8 and Figure 

35); these values were related to the estimated center of resistance of the tooth (see 

part 2.7.2). A ratio of zero at this reference point would represent a pure translation 

of the measurement tooth, and a value of -13.80 mm would result in an uncontrolled 

tipping. The resulting values indicated that mainly an uncontrolled tipping could be 

achieved using the tested aligners.  
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Table 8. Moment-to-force ratio (Mx/Fy) for all aligners including their standard deviations for the 

repetitions with the same aligner (SD1) as well as the different aligners of the same brand and 

thickness (SD2). 

Brand 
Movement 
direction 

Original foil 
thickness 

[mm] 

M/F Ratio 
(SD1/SD2)  

[mm] 

SD1 (for 
M/F Ratio) 

[mm] 

SD2 (for 
M/F Ratio) 

[mm] 

Duran® 

Labial 

0,50 -12,22 0,07 0,01 

0,625 -11,85 0,19 0,16 

0,75 -12,03 0,11 0,12 

Palatal 

0,50 -10,15 0,07 0,19 

0,625 -9,93 0,21 0,18 

0,75 -10,61 0,06 0,04 

Erkodur® 

Labial 

0,50 -10,75 0,17 0,46 

0,60 -10,39 0,10 0,46 

0,80 -10,74 0,16 0,15 

Palatal 

0,50 -10,95 0,09 0,97 

0,60 -9,91 0,08 0,82 

0,80 -11,85 0,22 0,13 

Track-A® 

Labial 

0,50 -11,23 0,26 0,21 

0,63 -11,85 0,10 0,25 

0,80 -11,95 0,04 0,21 

Palatal 

0,50 -12,16 0,14 0,04 

0,63 -10,95 0,08 0,46 

0,80 -11,11 0,13 0,06 
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Figure 35. The averaged M/F-ratios for the test aligners and their standard deviations for the labial 

und palatal displacement of the upper left central incisor. 
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4. Discussion 

Currently, there is a dominance of two basic aligner principles. The main difference 

between these systems is the type of material used and the reactivation method. 

The first principle is based on minimal setup changes up to a maximum of 0.1 mm 

in subsequent activation steps while using a single aligner thickness; these aligners 

have a thickness of .030 inches corresponding to approximately 0.75 mm. The 

second aligner basic principle is based on larger displacement steps, between the 

setups for the subsequent aligners, of up to 1.0 mm; for each step a set of three 

aligners are used with an increasing thickness to achieve a gradual increase in the 

forces applied on the teeth. The two commercially available main systems based on 

the first treatment principle are Invisalign® and Orthocaps®. Due to the relatively 

small displacement steps, a large number of aligners is needed. For realizing this 

principle, the models are fabricated using the rapid prototyping process. The main 

advantage of this principle is the better aligner fit during insertion (due to the minimal 

form difference between the aligner and the actual tooth position), resulting in more 

reliable and consistent application of forces and moments. In the second principle 

the aligners used are made with two different materials; either polyethylene foils 

[53,54] or, as in the Clear-Aligner® system, polyethylene terephthalate glycol (PET-

G) foils [33–35]. The essential advantage of using this principle is the reduction of 

the setup models due to the larger movement steps. This makes it possible to 

“manually” fabricate the setup models in a dental laboratory avoiding the need to 

submit the case to an external provider. A further benefit of this method is the ability 

of the orthodontist to intervene at any time during the treatment course and 

immediately apply any changes needed. A problem with the Clear-Aligner® method 

is that the forces and moments applied to the teeth are not sufficiently evaluated. 

Currently there are only a few number of published studies dealing with the force 

and moment application of aligners [1,23–27]. A recent study examined the forces 

and moments applied on the teeth by using the Invisalign® method, but due to the 

differences in the correction steps, as well as in the materials used, the results 

cannot be applied to the Clear-Aligner® method. Kwon et al., investigated the force 

delivery properties of thermoplastic materials by using 3-point-bending tests [42]. 

They used flat specimens prepared from plastic sheets thermoformed on a flat stone 
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model instead of a teeth model, to simulate the thermoforming process. They 

concluded that the optimal tooth deflection, without applying excessive forces on the 

tooth, ranged from 0.20 mm to 0.5 mm, depending on the type of material used. 

They set the length between the bending pins at a distance of 24 mm to simulate 

the movement of a central incisor. The problem with this type of material testing was 

that the flat probes could not really simulate the clinical situation and dental 

geometries. For instance, the thermoformed appliance gains more stiffness due to 

the creation of a complex negative replica of the dentition. This tends to strengthen 

the aligner material locally increasing the stiffness of the aligner. This explains the 

small force values compared to the values measured in the current study.  

The second approach to characterize forces and moments application by aligners 

is through experimental tooth movement in laboratory setups. This approach is 

closer to the real clinical situation as the aligners attain a form similar to the clinically 

used aligners. Hahn et al. examined the force application of 1.0-mm thick aligners, 

fabricated from PET-G foils during a labio-palatal movement of an upper central 

incisor [24]. In this study, the incisal edge of the tooth was displaced in a range of 

±0.15 mm. They measured forces ranging from 2.82 N to 5.42 N. Due to the high 

forces applied by the 1.0-mm aligner a second study was executed using thinner 

aligner materials with reduced thicknesses of 0.7mm as well as 0.8 mm [23]. In this 

subsequent study, the forces ranged for the same displacement range from 1.62 N 

to 5.35 N. Both studies concluded that even during the use of thinner PET-G foils 

the applied forces exceed the optimal forces suggested for tipping an incisor, which 

are between 0.35–0.6 N [50]. Similar conclusions can be drawn from the results of 

the current study. Although in our study thinner aligner materials were tested, the 

measured forces with an effective displacement of 0.15 mm were nearly as high as 

or even higher than those measured by Hahn et al. for the 0.75-mm as well as 0.8-

mm aligners. This observation might be explained by the compensation of the test 

apparatus stiffness in our study, which causes a reduction of the actual 

displacement range leading to an increase in the aligner stiffness and in the forces 

measured per 0.1 mm displacement, respectively. The high forces observed in our 

study with the commercially available PET-G foils for a displacement range of 0.25 

mm applied even to the thinnest aligner materials with a thickness of only 0.5 mm. 

The forces measured with these thin aligner foils at an effective displacement range 
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of 0.25 mm, ranged from -2,27 N to -7,29 N in the labial displacement direction, 

depending on the foil brand. The corresponding forces in the palatal displacement 

direction ranged between 3.01 N and 7.22 N. The measured force values for the 

different brands are shown Table 2.  These values seem to be directly related to the 

very high material stiffness of PET-G materials ranging between 18.18 N/mm and 

21.45 N/mm. The labio-palatal forces measured with the Duran® aligners in the 

labial direction were generally higher than those measured with aligner made with 

the other foil brands. This finding may be related to the different offset values, which 

were for the Duran® aligners in both directions comparably high.  

A factor influencing the aligner stiffness and the applied forces, respectively, in the 

intraoral environment is the presence of saliva. Saliva leads to a change in the 

mechanical properties of the aligner, due to the water absorption and the resulting 

hygroscopic expansion of the polymer as verified by Ryokawa et al. [52]. In their 

study, a hygroscopic expansion between 100.3 to 119.9 % was observed which 

might affect the fit of the appliance leading to a change in the resultant orthodontic 

forces. Their measurements were carried out one hour after full immersion of the 

probes in distilled water. In the current study, the aligners were only sprayed once 

with artificial salvia prior to the test, which does not simulate the real intraoral 

environment (as in the patients’ mouth, the aligners are subjected to the saliva over 

a longer period). Due to this fact, the aligner material changes, due to a single and 

short application of artificial saliva, were not realistically simulated in the current 

study. To evaluate such clinical influences further studies are needed.    

Generally, an important anatomical factor must be considered for interpreting the 

forces and moments applied to single teeth during the aligner wear. If the teeth 

would be rigidly fixed in the bone, as in case of an ankyloses, the forces applied by 

a fully seated aligner would be directly related the stiffness of the aligner. For 

example, the forces applied by a 0.5-mm resetting of the tooth in labial direction (to 

correct a palatally misaligned central incisor) and an aligner fabricated from the 

thinnest and least stiff material, e.g. Track-A® 0.5 mm thick, would have a value of 

ca. 9 N. However, there exists in reality an elastic fixation of the teeth in the alveolar 

bone, through the periodontal ligament (PDL) [21] as well as a certain play (Offset) 

between the aligner an the teeth. These factors concern both the moved tooth as 
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well as the anchorage teeth. As a result, there is a certain reduction of the predefined 

displacement range of the treatment setup used to thermoform the aligner.  

This means concretely that the net forces applied on the tooth (Fnet) are not only 

defined through the aligner stiffness (SAligner), the setup displacement range (dSetup), 

but also through the initial mobility of the treated tooth and the “aligner supporting” 

teeth (dPDL), the aligner play (Offsetprim) and the initial reduced stiffness range 

(offsetsec). This can be mathematically expressed by 

Eq. 6  𝐹𝑛𝑒𝑡 = 𝑆𝐴𝑙𝑖𝑔𝑛𝑒𝑟  ×  (𝑑𝑆𝑒𝑡𝑢𝑝 − 𝑑𝑃𝐷𝐿 − 𝑜𝑓𝑓𝑠𝑒𝑡𝑝𝑟𝑖𝑚 − 𝑜𝑓𝑓𝑠𝑒𝑡sek ). 

The aligner play (Offsetprim) and the extent of the initial low aligner stiffness 

(Offsetsec) can be influenced by the fabrication process, by either using or omitting 

a place spacer foil. Based on the data of the current study, the sum of both, primary 

and secondary offsets, ranged between 0.05 mm and 0.15 mm. In two aligners (0.6-

mm and 0.8-mm Erkodur® aligners), a negative secondary offset was observed, 

which was influenced by the slope of the force-displacement curve. This was due to 

the relatively small primary offset values, as well as a less steep rise in the stiffness 

curves, which caused an intersection of the slope with the x-axis in the negative 

range.  

Although the initial movement of the teeth in the periodontal space directly after 

intraoral application of the aligner depends on the mechanical properties of the 

periodontal ligament as well as the width of the periodontal space, an exact 

prediction of this elastic behavior is very difficult and confronted with a large 

individual variation [23,24,26]. In the literature, the mechanical properties of the 

periodontal ligament are controversially described and have a great discrepancy, 

some to the extent of six orders of magnitude, i.e. x106 [17]. Most of the studies 

have described a bilinear behavior and used this behavior as a basis for the finite 

element modelling of the periodontal ligament [18,48].  This means that the initial 

stiffness of the periodontal ligament with a displacement within the periodontal 

space, i.e. 0.1 mm – 0.2 mm, is relatively low, corresponding to the mechanical 

properties of the connective tissue fibers. This can be related to the helical form and 

the wavy course of the of the collagen fibers, which allow approximately a 5% 

elongation of the original fiber length [21]. After the exhaustion of these 
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mechanisms, the stiffness increases rapidly. The latter can be explained by the 

extremely stretched fibers on the tension side, as well as the total compression of 

the compression of the tissue, in the movement direction, i.e. on the pressure side. 

Due to this compression, the periodontal fluid is squeezed out.  Accordingly, a 

further movement of the tooth will be resisted by the high stiffness of the alveolar 

bone, as well as the extremely compressed tissue. This means that, when applying 

this reaction to the aligner therapy, the treated tooth, as well as the “aligner 

supporting” teeth will locate themselves in an equilibrium position. In this position, 

the forces applied through the aligner, as well as the reacting forces of the 

periodontal ligament, in the opposite direction, are balanced.  In this regard, the 

locations where the forces are applied to the crown through the aligner, as well as 

the location where the reactive forces of the periodontal ligament are applied to the 

root of the tooth play a significant role in determining the rotational and translational 

components of the initial tooth movement. As a result of these forces the tooth will 

experience an uncontrolled tipping after seating the aligner. For this type of 

movement, the center of rotation will coincide with the center of resistance of the 

tooth, located approximately in the middle of the root [19]. This creates two areas, 

each with a range 0.1 mm – 0.2 mm, in which a maximum compression of the 

periodontal ligament occurs. The first area is located in the region of the limbus 

alveolaris, in the movement direction, and the second area is in the apical region of 

the tooth on the opposite side [19]. In comparison, the incisal edge of the tooth has 

a higher range of motion. This is due to the fact that the distance between the incisal 

edge to the center of resistance is larger (by approximately a factor of two to three) 

than the distance between the limbus alveolaris and the center of resistance. This 

allows a movement range of up to 0.5 mm until a maximum compression of the 

periodontal ligament occurs. Under this assumption, after fully seating the aligner, 

the movement range of the incisal edge of 0.5 mm applies to the treated tooth as 

well as the “aligner supporting” teeth, and allows a total movement range of 1.0 mm. 

This means that, with a relative setup displacement of, for example, 0.9 mm, the 

periodontal ligament of the affected teeth will be compressed to a value of 10 % of 

its original thickness, i.e. from 0.1 – 0.2 mm to 0.05 – 0.1 mm. Because these 

exaggerated compressions lead to an extreme pressure build-up in the periodontal 

ligament, it can be concluded that the suggested setup displacement of up to 1 mm 

is very high. Especially combined with the extreme stiffness of the commercially 
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available aligner foils. This combination will cause a force application exceeding the 

ideal force limits for tipping a central incisor of 0.35 – 0.6 N as stated by Proffit [50]. 

According to histological studies of tooth movement, exaggerated forces lead to the 

occurrence of the period of hyalinization, which is accompanied by a delayed tooth 

movement, which in some cases can reach a delay of up to two weeks [2,6,21]. 

Another side effect of this type of biological inflammatory reaction is that it is always 

accompanied with an increased incidence as well as a higher degree of root 

resorption [21]. A few studies discussed this problem in the context of aligner 

treatment and in comparison to other types of fixed orthodontic appliances. In one 

of these studies, a split-mouth study was carried out examining the degree of root 

resorption with aligners. They stated that during a buccal tipping of premolars with 

aligners, with a setup change of 0.5 mm pro treatment step, a higher rate of root 

resorption was observed in comparison to light, constant forces from a fixed 

orthodontic appliance [2]. A further study evaluated the amount of root resorption 

after an orthodontic treatment with aligners. It stated that, the observed root 

shortening varied from 2 mm to one third of the root length [6]. This statement was 

further verified through a recent study, although the amount of root resorption 

measured had an average value of 4%. They examined pre- and post-treatment 

panoramic radiographs of 100 patients treated with aligners and found that each 

patient showed a minimum of two resorbed teeth following the aligner treatment 

[39].  

In the current experiment, the measurement tooth was displaced in labial direction 

(corresponding to therapeutic movement of a labially displaced tooth to its correct 

position in the dental arch) as well as in palatal direction (corresponding to treating 

a palatally displaced tooth) in an alternating pattern. This means that for each 

aligner, the tooth was moved first in labial direction, and then secondly in palatal 

direction. This order was changed for subsequent aligners.  According to the low 

variability between the consequent measurement curves, it was concluded that 

during the test there was no significant deformation of the aligner. This may be 

different in the intraoral situation due to the frequent exposure of aligners to 

masticatory forces, increasing the load on the aligner material [14]. Further 
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biomechanical studies under frequent loading of the test aligners are required to 

evaluate this effect.  

The applied forces as well as the calculated aligner stiffness showed a direction-

dependent pattern, with generally higher values during the labial direction 

(compared to the palatal direction). This direction-dependent patter could be related 

to different factors. These include the different labial and palatal tooth morphology, 

the inclination of the tooth axis to the occlusal plane, the locally differential aligner 

resistance as well as the type of tooth movement. More specifically, during an 

experimental palatal displacement of a (physiologically) labially inclined incisor, the 

aligner gets dislodged from its place. The inclination of the palatal surface in relation 

to the occlusal plane will favor this dislodgment and will shift the contact points 

between the aligner and the tooth to a more cervical position, i.e. away from the 

incisal part of the aligner. This will lead to a reduction of the forces applied on the 

tooth. This in contrast, during an experimental labial displacement of the tooth, the 

tooth will be wedged into the aligner and the dislodging of the aligner is prevented. 

This situation can be totally inverted if the tooth is originally palatally inclined. A 

further explanation for the direction-dependent stiffness of aligners is the location of 

the contact point between the aligner and the tooth. In case of a palatal movement 

of the measurement tooth, the contact point is located in its cervical region creating 

a longer lever arm causing more aligner deflection and less force application. The 

opposite can be observed during labial movement of the measurement tooth, as in 

this case, the main contact is located in the incisal region. Due to the higher 

resistance of the aligner near its incisal region, the labio-palatal forces seem to be 

also higher in this movement direction. A direction-dependent pattern was also 

observed in the vertical forces (Fz), as the intrusive forces were generally higher in 

the labial direction than the extrusive forces in the palatal movement (Table 5). This 

can be related to the (physiological) labial inclination of the tooth relative to the 

occlusal plane. Meaning that the force will act on the tooth in a more vertical 

direction. During the palatal displacement of the tooth the opposite can applied as 

the tooth was tipped more labially, moving the point of force application to a more 

cervical position, and the tooth will be rather vertically pulled away from the aligner.  

This explains the inverted vertical force pattern during this type of movement, i.e. 

the extrusive forces (Fz). 



 

57 

 

 

 

Figure 36. The direction-dependent forces applied on the measurement tooth. The green color 

represents the original position of the tooth and the blue color the position of the tooth after the 

corresponding displacement. The black arrows shows the direction of the acting forces and the 

dashed line represent the vertical and horizontal components of this force.   

Due to the fact that during the current study the stiffness of the measuring apparatus 

was only determined in the labio-palatal direction, further studies should be 

performed for a precise estimation of the vertical collateral forces as well as the 

vertical stiffness of the aligner during a vertical movement. As the vertical deflection 

of the tooth-holding adapter, and in return the measurement tooth, as well as the 

model fixation, could magnify the shift of the contact point between the aligner and 

the tooth, and in return the resulting vertical forces.  

In addition to determining the labio-palatal forces, a further aspect of this study was 

to clarify, if a bodily movement of an upper central incisor in labio-palatal direction 

could be induced by using a removable thermoplastic appliance. Generally, in order 

to achieve a bodily movement, a counter moment is needed to neutralize the tipping 

moment of the labio-palatal forces acting on the tooth crown. If all the forces and 

moments are referenced to the center of resistance, and the counter moment is 

equal but of an opposite direction to the tipping moment, applied through the aligner, 

the resultant moment will be zero. According to the calculated Mx/Fy Ratios, the 

value of zero was by far not reached. The values determined ranged between -9.93 
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mm and 12.22 mm. As stated before, the center of resistance of the measurement 

tooth was estimated at a distance of 13.8 mm from the incisal edge. This means a 

value of -13.80 indicates an uncontrolled tipping of the measurement tooth. This 

lead to the conclusion that, with aligners, only a tipping movement, with minimal 

translatory component, can be achieved. The explanation for this is that during a 

labial movement of the measurement tooth (coincides to moving a labially 

malpositioned tooth into the dental arch) a fore couple will be created.  

 

Figure 37. The forces applied on the tooth during a palatal displacement. The resulting labial tipping 

of the tooth (blue) causes a shift of the initial contact point between the tooth and the aligner to a 

more cervical position. Additionally the incisal edge of the tooth touches the aligner on the labial side, 

creating a force couple inducing a counter moment.  

This couple consist of a labial force acting on the incisal part of the tooth, and a 

palatal force in the cervical part of the crown (Figure 37). According to the calculated 

tipping moments (s. 2.7.3), the counter moment created by the force couple ranged 

between 11.46 – 28.37 %. These counter moments are not sufficient to counteract 

the tipping of the tooth. This is possibly due to the larger distance from the more 

resistant part of the aligner near its incisal part, which creates a longer lever arm 

(Figure 31). In this manner, during the successive movement if the tooth and the 

further cervical displacement of the tooth, the lever arm will be longer, and the 

aligner will be more deflected. The exact situation can be applied during the palatal 

movement of the measurement tooth, as the second force needed for creating the 

counter moment is always located in the cervical region of the aligner. To increase 

the counter moment and successfully induce a bodily movement, the aligner 

resistance in its cervical part should be increased. The influence of these 
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modifications for the Invisalign therapy were tested in a recent study. It was 

concluded that the application of pressure points in the cervical region of the tooth, 

would lead to reinforcing the aligner in this region and consequently increase the 

counter moment applied. However, further biomechanical studies have to be carried 

out to examine the extent of the influence of this aligner modification with the Clear-

Aligner® method.  
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5. Summary  

The aim of the study was to quantify the forces and moments applied from 

thermoplastic appliances on an upper central incisor during a labio-palatal 

movement, as well the ability to achieve a bodily movement of a central incisor only 

by using the tested aligners. The experiments were performed using an upper 

central incisor, separated from a Frasaco® upper dental model. The separated tooth 

was mounted on a 3D force and moment sensor to record the 3D force and moment 

components applied during a labio-palatal movement of the measurement tooth. 

After resetting the tooth in its natural (original) position, an impression was taken 

and a corresponding plaster model was fabricated. This model was then used to 

thermoform a set of standardized aligner in different thicknesses according to the 

respective manufacturer instructions. After seating the thermoformed aligner on the 

tooth, the tooth was displaced in a labio-palatal direction in 0.01-mm steps to a 

maximum of 0.5 mm. During the displacements, all 3D forces and moments were 

recorded. The tested aligners were Duran® (Scheu Dental), Erkodur® (Erkodent), 

und Track-A® (Forestadent), all of them was made of polyethylene terephthalate 

glycol-modified (PET-G) with a thickness ranging from 0.5 mm to 0.8 mm. From 

each thickness and brand, a set of three aligners was thermoformed and with each 

aligner, the measurement was repeated three times in each direction. The forces 

determined for an effective palatal displacement of 0.25 mm with the 0.5 mm thick 

aligners were  3.01 N ±0.07 (Duran®), 5.31 N ±0.89 (Erkodur®) as well as 3.69 N 

±0.81 (Track-A®). The forces applied from the 0.75- as well as the 0.8-mm-thick 

aligners were 4.49 N ±0.16 (Duran®), 7.22 ±0.45 N (Erkodur®) as well as 5.20 ±0.68 

N (Track-A®). The forces determined for the Erkodur®- and Track-A®-aligners were 

generally smaller than those measured in the labial displacement direction. This 

pattern was reversed with the Duran® aligners. The high forces found during labial 

displacement compared to the palatal displacement were supposed to be related to 

the different labial and palatal crown morphology, the location of the tooth-aligner 

contact point, as well as the resulting direction-related aligner stiffness. According 

to the measured forces and the calculated aligner stiffness, it was clear that the 

recommended guidelines for the aligner treatment would induce a very high force 

application. Accordingly, the forces should be reduced, by either reducing the 

displacement range in each treatment step or using thinner aligner materials while 
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keeping the current displacement range. The calculated moment-to-force ratio 

ranging between -9.93 mm and -12.22 mm reflected the fact that, aligners without 

any modification can only induce a labio-palatal tipping movement.  
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Parts of this thesis are published in the following article: 

Elkholy F, Thanapon P, Klilic F, Schmidt F, Lapatki B.G. Kraft- und 

Drehmomentübertragung von PET-G Alignern bei labio-palatinalen 

Schneidezahnbewegungen. J Orofac Orthop. 2015 Oct 9. [Epub ahead of print] 
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