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ABSTRACT 
 

The relationship between applied force and aligner thickness is poorly 

understood.  Accordingly, the aims of the present study were to:  1) Evaluate 

the effect of initial material thickness on force output of clear aligners; and 2) 

Recommend a consistent, repeatable method for measuring aligner cross-

section and distribution. 

 

A total of 40 clear aligners were fabricated over stereolithographic (SLA) 

models with ideal dentition, using proprietary “Rx” material in four different 

thicknesses: (10) Rx15 [0.015”], (10) Rx20 [0.020”], (10) Rx30 [0.030”], (10) 

Rx40 [0.040”].  For measuring initial force output when tipping a tooth, a 

custom-made force measurement apparatus (FMA) was used with the upper 

right central incisor translated facially 0.25 mm.  All six components of force 

and torque were measured (Fx, Fy, Fz, Tx, Ty, Tz) over a 16 second period of 

time upon seating each aligner.  After gathering FMA data, cross-section and 

distribution of aligner material thickness was then measured using three 

methods for comparison: hall effect transduction, computed tomography (CT) 

scanning, and cross-sectional analysis under a stereomicroscope.  All 

measurements were taken along the mid-sagittal plane of the facial surface of 

the upper right central incisor. 
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Force output and variability both generally increased with an increase in 

material thickness.  The range of measured forces were 3.5 to 28 times higher 

than reported ideal tipping forces.  The results for lingual force correlated well 

with those of total force (√(Fx)2 + (Fy)2 + (Fz)2).  As for the thickness 

measurement results, the hall effect transducer (HET) data correlated well with 

that of the CT scan.  The stereomicroscope produced values that were 

relatively elevated.  Mean measurements taken with both HET and CT 

consistently got smaller when moving from occlusal to middle to gingival 

points.  The same trend was noted with the stereomicroscope, but with less 

consistency. 

 

The thinner Rx15 material appeared best suited for lingual tipping of a 

maxillary central incisor in vitro.  The hall effect transducer produced simple 

measurements that were extremely similar to those from the CT scan, and 

appears to be a suitable stand-in for the more expensive and labor intensive CT 

scanning process. 
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CHAPTER 1 
 
 
 

INTRODUCTION 
 
Twenty first century Americans demand esthetics.  In the orthodontic 

marketplace, manufacturers respond to such culture by producing appliances 

that are smaller, lower profile, and more transparent.  The public demand is 

such that whatever is placed in their mouth to be as invisible as possible; and 

they want it to work virtually overnight.  They also expect there to be no 

sacrifice of quality of results with the newer and more esthetic appliances.   

 

Among the many esthetic appliances, Invisalign had instant appeal to patients.  

It became possible to undergo comprehensive orthodontic treatment without 

conventional brackets and wires.  The technology, however, was not without its 

flaws.  Since its introduction, Invisalign, like any new technology on the market, 

had to undergo incremental improvements to become more comfortable, 

efficient, and effective.  The improvements were in elements such as 

attachment design, bodily translation of teeth, and root torque.  Ultimately, the 

novel designs made the aligner a much more useful product.   

 

To most effectively move a tooth optimum forces must be applied.  In the 

Invisalign system, force application is not fully understood.  This is partially 
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because force application is a factor of aligner thickness.  This would be a 

critical element to optimize within the aligner in order to achieve light 

continuous forces on teeth, as the aligner material itself is the only element that 

imparts the force.  Align Technology has nearly always used 0.030 inch-thick 

plastic to fabricate the aligners.  The recent technological advancements within 

the company have recently prompted researchers to develop the ideal aligner 

thickness to achieve sustained force levels for biologically optimum tooth 

movement. 

 

This study was designed to address two questions:  1) What is the effect of 

thickness on force output of clear aligners; 2) What is the optimal technique for 

measuring aligner cross-section and distribution.  The results of this study 

should help to further refine and enhance Invisalign treatment. 
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CHAPTER 2 

 

REVIEW OF THE LITERATURE 

2.1 History of Invisible Removable Appliances 

The fully removable orthodontic appliance is a natural fit for the orthodontic 

adult patient.  Ordinarily, the image of orthodontics associates with 

adolescents.  Naturally, the tin grin appearance creates significant anxiety in the 

adult patient.  They find it embarrassing, fearful, and awkward.  A removable 

appliance would, in theory, serve to dissipate many of these unwanted 

emotions.  When the appliance is removed, a patient’s lip posture, speech, and 

esthetics remain unaffected.  Thus, in social situations when the appliance is 

removed no one will know the patient is receiving orthodontic treatment.  In 

theory then, the removable orthodontic appliance was developed as a patient-

centered endeavor.  Since the first removable appliance, clinicians and 

researchers have strived to create the perfect appliance.  Patients have long 

been asking for Invisalign by name; but Align Technology owes much of its 

success to those who came before them, inventing and improving upon 

removable rubber and thermoplastic appliances.  The advent of these 

appliances dates back to the early twentieth century; a time when modern 

orthodontics was in its infancy.     
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2.1.1 The Flex-O-Tite “Gum Massaging Appliance” 

On July 21, 1923, Remensnyder introduced a rubber Flex-0-Tite “gum-  

massaging appliance.”  Remensnyder was attempting to capitalize on the 

practice of dental professionals at the time.  They were recommending that 

patients massage their gums in addition to brushing their teeth.  This was done 

to treat pyorrhea (periodontal disease).  Dental casts mounted on an articulator 

were used to fabricate his appliance.  Each appliance was initially created in 

beeswax, then placed into a flask, within which the wax was replaced by 

vulcanite rubber.  After using the Flex-O-Tite gum massager clinically for a 

while, Remensnyder noted a curious side effect:  minor tooth movement 

(Remensnyder, 1926).  He wisely patented his invention on Nov. 13, 1928, 

officially making it the first removable appliance capable of tooth movement.   

 

2.1.2 Kesling’s Tooth Positioner 

Kesling helped popularize vulcanite rubber appliances by introducing what he 

aptly called “The Tooth Positioner” in 1945.  With his appliance, Kesling 

sought to simplify the finishing stages of orthodontic treatment by eliminating 

the months of precision archwire bends required to adequately finish a case.  

Kesling’s finishes were instead achieved with the Tooth Positioner.  To 

fabricate his appliance, he used dental casts, on which the teeth were carefully 

sectioned and reset into ideal alignment and intercuspation using wax.  The 
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rubber positioner was then fabricated using the ideal tooth positions, in a 

method similar to that of his predecessor, Remensnyder.  In the event, 

however, that a case finish required more than very minor tooth movement, 

Kesling brilliantly made several positioners off of consecutive wax setups.  He 

noted that “major tooth movements could be accomplished with a series of 

Positioners by changing the teeth on the setup slightly as treatment progresses” 

(Kesling, 1945).  Kesling raved that his positioners could achieve major tooth 

movement, correct minor rotations, close minor spaces, and achieve proper 

intermaxillary intercuspation.  The Tooth Positioner was integral in the history 

of removable orthodontic appliances, because it introduced a key concept that 

would later be exploited within the Invisalign system:  correcting malocclusion 

through a series of removable appliances.  

 

2.1.3 The Contour Appliance 

In 1964, Nahoum developed a vacuum-formed clear appliance called the 

contour appliance.  The contour appliance was fabricated using a stone model 

or a manually manipulated model of the patient’s dentition set in wax.  It had 

many uses:  it could serve as a retainer, a habit-breaking appliance, or to 

produce minor tooth movements.  Nahoum also suggested the integration of 

elastics to produce more difficult tooth movements (Nahoum, 1964).  

Nahoum’s contour appliance was the first clear Invisalign-like appliance. 
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2.1.4 The Invisible Retainer 

Ponitz published an article entitled Invisible Retainers in the American Journal of 

Orthodontics in 1971.  After giving a brief history of the aforementioned 

appliances, Ponitz goes on to describe his method for fabrication of a vacuum-

formed “invisible” appliance using clear sheets of plastic which are heated, then 

sucked down over a stone model (Ponitz, 1971).  The appliance described was 

extremely similar to the contour appliance; thus Ponitz’s review and guidelines 

may have merely popularized the term “invisible retainer” without actually 

introducing anything novel.  His descriptions, however, did serve as a detailed 

guide to clinicians on how to fabricate an invisible retainer for themselves. 

 

2.1.5 The Essix Appliance 

In 1994, Raintree Essix, Inc. introduced their first commercially available 

thermoforming plastics for orthodontic appliance fabrication.  They were 

indicated for use in retention, producing minor tooth movements, and as 

athletic mouth guards, and bore a striking similarity to the invisible retainers 

described by Ponitz.  The so-called “Essix” appliance gained popularity in the 

1990’s in part due to Sheridan’s publications on a novel approach to active 

tooth movement.  He described various methods to achieve minor tooth 

movement not by fabricating sequential wax setups, but by creating divots, 
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blisters, and windows in the plastic itself, either with specially designed pliers or 

via a thermosealing technique (Sheridan et al., 1995) (Sheridan et al., 2004). 

These new techniques allowed for chairside modification of the appliance after 

its fabrication, saving the clinician and patient valuable time and resources.  

There were limits, however, as to the amount of tooth movement one could 

expect to achieve by activating a single appliance.  Sheridan’s techniques could 

only correct minor alignment discrepancies, moving teeth up to two or three 

millimeters before needing to fabricate a new appliance. 

 

2.1.6 The Invisalign System™  

Align Technology, Inc. revolutionized orthodontics in 1999, by unveiling 

Invisalign:  a system of sequential clear “aligners” used for comprehensive 

orthodontic treatment.  The labor of sectioning stone teeth, creating a series of 

wax setups, and thermoforming each individual tray was essentially eliminated.  

Invisalign relies on rapid prototyping technologies to create a progressive series 

of thermoformed appliances based on a single pre-treatment polyvinylsiloxane 

impression, and a bite registration taken in centric occlusion.  Also submitted 

by the clinician are a panoramic radiograph, and both intraoral and extraoral 

photographs.  Based on these materials, Align Technology is able to create a 

three-dimensional computer image of the patient’s dentition, then correct the 

malocclusion virtually using their proprietary Treat® software.  The clinician 
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may then view the virtual treatment using ClinCheck® software, a web-based 

application that allows three-dimensional visualization of the dentition at each 

stage of treatment.  Upon viewing the virtual treatment, the clinician may then 

either accept or amend the treatment progression via online messaging with 

Align Technology.  Once a virtual treatment is accepted, stereolithographic 

models of the sequential stages are created.  These models are used to 

thermoform a series of aligners on Biostar pressure molding machines.  The 

aligners are trimmed, individually packaged, and sent to the clinician for 

treatment (Wong, 2002).     

 

2.2 History of Align Technology, Inc. 

Zia Chishti and Kelsey Wirth, two students at Stanford University’s Graduate 

School of Business, founded Align Technology, Inc. in 1997.  Chishti’s 

observations of his own adult orthodontic treatment and retention with a clear 

plastic retainer grew into the concept for Invisalign.  He noticed that when he 

neglected to wear his retainer for a few days his teeth would shift, but upon 

reinsertion his teeth would then shift back to their straightened state.  Chishti’s 

background in computer science gave him the insight that it was possible to 

design and manufacture an entire series of clear orthodontic devices using 3-D 

computer graphics technology. 
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Clinical feasibility studies were conducted at the University of the Pacific 

School of Dentistry, in San Francisco.  Boyd treated 10 patients with minor 

malocclusions, consisting of three to six millimeters of spacing or crowding, 

with Invisalign (Boyd et al., 2000).  The treatments were generally successful, 

and a second phase of clinical trials was undergone.  Thirty patients with more 

complex malocclusions were treated, this time with more variable outcomes.  

Boyd noted, during the second phase of trials, that patients would develop 

iatrogenic posterior open bites from the thickness of the aligner material (Boyd 

et al., 2001).  From these two preliminary studies, along with the input of 25 

private practitioners recruited by Align Technology, came initial Invisalign 

treatment recommendations with respect to aligner thickness, attachment use, 

overcorrection, and duration of aligner wear.     

 

Align Technology began its first commercial sales of Invisalign to orthodontists 

in 1999.  Those clinicians who were interested in providing Invisalign treatment 

for their patients were required to take a brief certification course.  The 

system’s use was exclusive to orthodontists until 2002, when Align Technology 

also made it available to general dentists, providing that they completed the 

certification course.  Align has also expanded the line of Invisalign products to 

include Invisalign Teen, Invisalign Assist, Invisalign Express, and Vivera 
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Retainers.  To date, Align Technology has started over 1 million Invisalign 

cases, and reached over $1.5 billion in cumulative net revenues. 

 

2.3 Invisalign Aligner Materials 

Since its inception in 1997, Align Technology has produced aligners using 

several different types of thermoplastic material.  As the Invisalign product 

expanded across the marketplace, the increasing clinical feedback helped define 

the ideal aligner properties, as well as demonstrate the current materials’ 

strengths and shortcomings.  This evolution of aligner materials will continue 

as new thermoplastic innovations and improvements in technology render the 

current state-of-the-art material obsolete. 

 

2.3.1 Invisalign Aligner Material History 

The first Invisalign aligners were fabricated from Essix A+, a commercially 

available copolyester that has excellent clarity and exhibits enough stiffness for 

tooth movement.  Align Technology, however, was quick to replace the original 

material with PC-30, a thinner material (0.030 inch) with superior durability and 

equivalent elasticity.  Align also introduced Exceed-30 (EX-30), a polyurethane 

material, for treatments requiring four or more bonded attachments.  When 

compared to PC-30, EX-30 offers one and a half times greater elasticity, four 

times greater adaptation to attachments and teeth, and is twice as durable.  
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Detracting from its desirability as an intraoral appliance was the fact that EX-

30 had reduced clarity compared to Essix A+ or PC-30.  Critics had, in fact, 

described EX-30 as having an undesirable yellow tint, which led Align Tech to 

reformulate it, reducing the yellowness index by 90%.  The reformulated 

version of EX-30 had equal clarity to that of PC-30, yet it maintained all of its 

superior mechanical properties.  Align Tech has continued to fabricate all of its 

aligners from the EX-30 material.  In 2008, the company introduced Vivera 

Retainers, which are made of an EX-40 material.  Since it is meant simply to 

retain, Vivera’s EX-40 material has similar properties to the EX-30 material, 

but is thicker (0.040 inch) and more rigid in comparison.   

 

2.4 Orthodontic Tooth Movement 

Orthodontic tooth movement is best achieved with light continuous forces 

(Proffit, 2000).  In order to achieve ideal tooth positions one must apply 

properly designed appliances; controlling movement of not only the tooth 

crowns, but of the roots as well.  An ideal case finish exhibits root parallelism, 

decreasing the likelihood of relapse.  In order for a tooth to translate bodily, a 

couple must be applied to its crown, preventing the tooth from simply tipping.  

The ability to measure and control moment-to-force ratios is a key to 

predictable and controlled tooth movement (Smith et al., 1984).  Moment-to-
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force ratios of 1 to 7 produce controlled tipping; ratios of 8-10 result in bodily 

movement; and ratios greater than 10 lead to root torque. 

 

2.4.1 Force Systems 

There is no consensus on the optimal force magnitude for orthodontic tooth 

movement (Melsen, 2007).  Ren et al. attempted to perform a systematic 

literature review on optimum orthodontic force magnitudes, but reported that 

“because it is not possible to perform a meta-analysis of the relation between 

force magnitude and rate of tooth movement from current literature, no 

evidence-based force level(s) could be recommended” (Ren et al., 2003).   

 

Optimum force ranges for specific tooth movements have been suggested by 

Proffit (2000).  He theorizes that heavier forces of 70-120 grams are required 

for bodily translation; 50-100 grams for root torque; 35-60 grams for tipping, 

rotation, and extrusion; and the lightest force requirements of 10-20 grams are 

required for intrusion.  Ideal force levels for orthodontic tooth movement 

should be high enough to stimulate cellular activity within the periodontal 

ligament, without occluding the blood vessels and causing pressure necrosis.   

 

Force systems applied in the oral environment are complex because they are 

subject to biologic variation and the effects in three planes of space (Demange, 
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1990).  Fixed appliances exhibit complex forces not only due to the archwire 

configuration, but also the variable frictional resistance between the archwire 

and the bracket slot.  Due to these numerous and unknown contributing 

factors, exact force systems in fixed appliances have never been reported.  

Proffit’s estimates may be the best guidelines currently available. 

 

2.4.2 Tooth Movement with Invisalign 

Tooth movement with aligners may actually be more complex than that of 

fixed appliances, because there is no exact point of force application.  The 

point of force application depends on tooth anatomy, aligner material 

properties, adaptation of the aligner to the tooth, and the amount of activation 

programmed into the aligner.  In addition, since the aligner is not affixed to the 

teeth on which it operates, many other complex interactions come into 

question, such as slipping motions where the contact point between the aligner 

and the teeth change dynamically.  In The Invisalign System text, Tuncay 

writes, “It is clear that such questions as ‘What is the optimal force level per 

aligner?’ and ‘How can the complex surface-and-force interactions be studied?’ 

need to be answered to enhance aligner performance and reduce reliance on 

the clinician for a successful treatment outcome,” (Tuncay, 2006).  

 

2.4.3  Invisalign Guidelines 
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Current clinical guidelines for patient treatment with Invisalign stemmed in part 

from the second preliminary study of forty patients conducted at the University 

of the Pacific School of Dentistry.  These guidelines include the following:  

each aligner should be worn for a minimum duration of 10 days, 

overcorrection of tooth position is necessary in the virtual finish, 0.030 inch 

aligner material thickness is optimum, attachments are necessary for rotations 

of cylindrical teeth, intrusion, extrusion, and bodily movement, and long 

vertical attachments are necessary for root control in extraction space closure 

(Vlaskalic et al., 2002).  In addition, the study defined the most difficult 

movements for the Invisalign system to correct:  extrusion, movements of 

ectopically positioned teeth, rotation of teeth beyond 45 degrees, and bodily 

movement of teeth into extraction spaces (Boyd et al., 2001).  Another 

investigator found Invisalign to be deficient in its ability to correct large 

anteroposterior discrepancies and occlusal contacts, but strong in its ability to 

close spaces and correct anterior rotations and marginal ridge heights (Djeu et 

al., 2005). 

The optimum reactivation schedule (i.e., the amount of time each aligner 

should be worn before advancing to the next aligner) for Invisalign was initially 

unknown.  It was assumed that as the aligners were worn, the magnitude of 

applied force would diminish as a consequence of material fatigue and initial 

tooth movement.  Thus, it was necessary to determine the activation time and 



 15 

optimal frequency of appliance change with Invisalign.  The results of a 

randomized clinical trial conducted at the University of Washington led to 

Align Technology’s recommendation of an optimal wear time of 2 weeks per 

aligner, for approximately 16 to 20 hours per day. 

 

2.5 Mechanical Properties of Aligners 

When an aligner is fully seated on a patient’s dentition, forces develop in areas 

where tooth movement has been programmed.   Orthodontic tooth movement 

results from displacement of the aligner material by the tooth.  The extent of 

this material displacement and the resultant forces produced on teeth depend 

on the amount of movement programmed into the aligner, the material 

thickness, and intrinsic material properties (Tuncay, 2006).  Desirable 

properties for orthodontic materials are large spring-back, low stiffness, good 

formability, and high stored energy (Kapila et al, 1989).  Not only does this rule 

apply to orthodontic wires, but also to clear aligners.  Invisalign relies on the 

resilience of the aligner material itself to initially deflect when seated, then use 

stored energy to produce orthodontic tooth movement.  Ideally, with the 

progressive movement of teeth within the aligner, the force at the end of 

treatment with any given aligner would dissipate to zero, indicating that the 

desired tooth movement has been fully realized clinically.   
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2.5.1 Temporal Deterioration of Aligners 

Throughout its functional lifespan, each aligner is subjected to the hostile 

environment of the mouth.  It is important to understand any possible effects 

that the polymer could have on the body as well as effects that the intra-oral 

environment have on the aligner.  When utilized, aligners are subjected to 

thermal cycling, the cyclic forces of occlusion, and the stresses of aligner 

insertion and removal.  The intra-oral effects on aligners were studied by 

Schuster et al. (2004), who accelerated the in vitro aging of aligners, as well as 

studying used Invisalign aligners and comparing them to those that were 

unused.  After in vivo use, retrieved aligners demonstrated abrasion at cusp tips, 

cracking, adsorption of proteinaceous material, regional calcification of 

stagnation points, and localized calcification of biofilms.  An increase in 

hardness of the buccal segments of the aligners was also seen, and has been 

attributed to cold working of the polymer during mastication.  Furthermore, in 

vitro aged appliances did not release traceable amounts of monomers or 

byproducts after immersion in an ethanol-water solvent (Schuster et al., 2004).   

 

Kwon et al. examined force delivery properties of different thermoplastic 

materials manufactured by Raintree Essix.  Although their study was done in 

vitro, they simulated some of the intraoral stresses encountered by aligners by 

introducing them to repeated load cycling and thermocycling.  Both repeated 
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load cycling and thermocycling generally decreased the amount of force 

delivered by the appliances (Kwon et al., 2008).  Although further studies are 

needed to better understand the effect of the intra-oral environment on 

aligners, the cumulative effect seems to be that of decreasing aligner force 

output.   

 

2.5.2 Aligner Loading Forces 

Teeth being moved by aligners are subjected to both short-term and long-term 

loading forces.  Short-term (intermittent) loads are in effect upon initial aligner 

placement.  A stress-strain curve for thermoplastic materials can aid in the 

prediction of aligner performance during the short-term loading period, during 

which the aligner may undergo severe deformations.  The risk of permanent 

deformation makes it critical that an aligner respond in an elastic manner if it is 

to return to its original shape upon repeated seating and removal. 

 

2.5.3 Stress Relaxation 

Long-term loads occur while the aligners are being worn between meals and 

overnight.  These forces differ from those of short-term loads due to increases 

in time and moisture, both of which have great effects on the stress relaxation of 

a given thermoplastic material.  Stress relaxation is a property unique to 

plastics, and it is defined as the gradual decrease in stress when a material is 
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held at constant strain (Tuncay, 2006).  The plasticity of the aligner material 

allows it to deform and stretch to accommodate the programmed tooth 

movement.  Due to this material property the force generated by the aligner 

decreases throughout time in the mouth.  It may be desirable for the aligner to 

settle into a clinically useful force range after initial stress relaxation occurs, 

providing the desired force level over a longer period of time.  Stress relaxation 

is usually accelerated by the presence of moisture, and is progressive over time. 

 

The effect of stress relaxation on aligner treatment was illustrated by Barbagallo 

et al. (2008).  They studied the magnitude and pattern of the force generated by 

ClearSmile® removable thermoplastic appliances when tipping the upper first 

premolar buccally.  While the mean force magnitude over 2 weeks of wear was 

1.12 N, a much higher force magnitude of 5.12 N was seen at the issue of the 

appliance, and a much lower force magnitude of -2.67 N was seen upon 

retrieval of the worn appliance.  These investigators concluded that the 

appliance exerts a high level of force against the tooth to be moved at the initial 

stage followed by a rapid force diminish.  Surprisingly, other recent in vitro 

studies on tooth movement with clear aligners fail to take stress relaxation into 

account when postulating ideal force durations and magnitudes. 

 

2.6 Material Changes and Effects on Force Output 
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Material properties of the aligner can be altered to affect changes in its force 

output.  Properties such as the type of thermoplastic material or its thickness 

have been shown to have a great amount of influence on the magnitude of 

force produced by a thermoplastic appliance (Hahn et al., 2010) (Kwon et al., 

2008). 

 

2.6.1 Altering Material Type 

Changing the type of thermoplastic material used to create an aligner would 

seem to provide a change in intrinsic material properties that may affect its 

force output.  Hahn et al. (2010) measured the forces delivered to an upper 

central incisor during torquing with three different materials of the same 

thickness.  1.0 mm thick sheets of Ideal Clear®, Erkodur®, and Biolon® were 

used to manufacture fifteen identical clear thermoplastic appliances.  After 

testing them using a custom-made measuring device, they concluded that the 

force delivery properties are indeed influenced by the material used, although 

the differences between the three materials measured were extremely 

heterogeneous.   

 

When tipping a central incisor in vitro using the same materials, Hahn et al. 

reported that the forces delivered by the materials investigated were mostly 

higher than those stated in the literature as being ideal for tipping movement 
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(Hahn, Fialka-Fricke, et al., 2009).  Hahn et al. found that the specific 

thermoforming process in combination with the respective material blanks had 

a significant influence on the magnitude of the force of the respective appliance 

during tipping. 

 

2.6.2 Altering Material Thickness 

The same investigators also tested two different materials, each in two 

thicknesses, to quantify the forces delivered by thermoplastic appliances during 

tipping of a maxillary central incisor (Hahn, Dathe, Fialka-Fricke, et al., 2009).  

1.0 and 0.8 mm Erkodur®, and 1.0 and 0.75 mm Biolon® appliances were 

produced.  Mean tipping forces ranged from 1.62 to 5.35 N; approximately 3 to 

11 times higher than the ideal forces (0.35-0.60 N) stated by Proffit irrespective 

of the thickness of the material.  The forces delivered by the Biolon® 

appliances were generally significantly higher than those for the Erkodur® 

materials.  The forces delivered by the thick appliances were overall 

significantly higher than those of the thin materials.  It was noted by Hahn et 

al. that the full clinical significance of their results has yet to be established, and 

that unanswered questions, particularly with regard to the optimal force for 

tooth movements and complex force delivery characteristics, need to be 

investigated. 
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Interestingly, Kwon et al. reported that thin thermoplastic materials are able to 

deliver higher energy than thicker materials of the same brand (Kwon et al., 

2008).  This is primarily due to its increased reliliance.  As the thickness or the 

amount of deflection of the thermoplastic materials increased, the material’s 

resilience also increased.  In the same brand of material (Raintree Essix A+), 

Kwon et al. advised using thin (0.508 mm), rather than thick (0.762 or 1.016 

mm), material to deliver higher energy and move teeth more efficiently (Kwon 

et al., 2008).   

 

2.7 Statement of Thesis 

The preceding review of available literature exposes our incomplete 

understanding of the relationship between applied force and aligner thickness.  

Notwithstanding other elements such as flexure, fatigue, humidity, and the like; 

functional and environmental factors that act on the aligner; the relationship 

between thickness and force must be investigated first.  It is reasonable to 

expect such knowledge will lead to better aligner manufacturing methods.  We 

argue, for every type of tooth movement, there exist an efficient and effective 

output from the aligner.  If known, factors that adversely affect plastic 

thickness during the manufacturing process could be controlled in an effort to 

fabricate aligners that produce fast and predictable tooth movements. 
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CHAPTER 3 

 

AIM OF INVESTIGATION 

The aim of this investigation is two-fold.  First, it is to evaluate the effect of 

initial material thickness on force output of clear aligners.  The second aim is to 

recommend a consistent, repeatable method for measuring aligner cross-

section and distribution.  The results of this study should help guide future 

investigations to identify an ideal aligner thickness for each type of orthodontic 

tooth movement.  
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CHAPTER 4 

 

MATERIALS AND METHODS 

4.1 Aligner Fabrication 

A total of 40 clear aligners were fabricated with proprietary “Rx” material over 

40 different stereolithographic (SLA) models with ideal dentition.  The SLA 

models were made at the Align Technology, Inc. plant in Juarez, Mexico, and 

shipped to its headquarters in Santa Clara, California.  The aligners were 

formed using a BioStar thermoformer (Great Lakes Orthodontics, Ltd.) in the 

lab at Align Technology, Inc.  Room temperature and humidity were 

maintained throughout the project.  Four distinct sets of aligners of different 

thicknesses were produced: 

(10) Rx15—0.015” original material thickness 
(10) Rx20—0.020” original material thickness 
(10) Rx30—0.030” original material thickness 
(10) Rx40—0.040” original material thickness 
 

Prior to thermoforming, the sheets of plastic were cut into 5”x5” squares and 

left stacked overnight in an Isotemp oven (Fisher Scientific) set to a constant 

90 degrees Fahrenheit.  The plastic sheets were not allowed to cool during 

transfer from the oven to the BioStar.  Appropriate BioStar heating and cooling 
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codes were used, each code unique to the material being thermoformed.  The 

codes were as follows: 

 

 
Material Code      Temperature      Heating Time        Cooling Time 
Rx15  112           427° F      25 sec        60 sec 
Rx20  142               427° F            40 sec               60 sec 
Rx30  162            427° F            50 sec               60 sec 
Rx40  172            427° F     55 sec               60 sec  
 

SLA models were all oriented the same way during aligner production, with the 

central incisors directed toward the heating source.  Many aligners did not pass 

quality control and were discarded during the process.  This was more common 

with the thinnest (Rx15) and thickest (Rx40) materials, and was usually due to 

incomplete adaptation of the plastic in the central incisor and/or second molar 

area.  After production, 40 high-quality aligners were trimmed similarly with 

scissors and labeled accordingly. 

 

4.2 Force Measurement Apparatus (FMA) 

The force measurement apparatus (FMA) was designed and fabricated for 

Align Technology, Inc. using a combination of standard and custom parts.  Its 

centerpiece is a Nano 17 transducer (ATI Industrial Automation, Apex, NC), 

which is used to precisely measure all six components of force and torque on a 

tooth in real time (Fx, Fy, Fz, Tx, Ty, and Tz).  The custom aluminum 
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machined tooth is incorporated through a slot into a SLA arch that is rigidly 

fixated to the testing platform.  The tooth itself, the upper right central incisor, 

has a stainless steel rod extending apically that is attached by a clamp to the 

transducer.  The transducer is connected to its own software, and the force 

measurement readings display on an adjacent monitor in real time. 

 

                                                    

The FMA was zeroed by using an aligner with the upper right central incisor 

translated facially 0.25 mm.  Subtle adjustments were made to the tooth’s 

orientation in all dimensions until all linear force components and rotational 

components were well below nominal values (±0.1 N for Fx, Fy, Fz;  ±10 N-

mm for Tx, Ty, Tz).  The Bias button was then hit to set all values to zero. 
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Force measurement testing began with the Rx15 aligners, and progressed in 

order to the Rx40 aligners to minimize any initial jarring of the model due to 

heavier materials.  Zero position was verified after testing each group.  Aligners 

were all seated the same way by the same person. Once an aligner was seated 

on the SLA model, the Nano17 transducer recorded 1000 data points over a 16 

second period.  Data were saved as individual .csv files, and later transformed 

from sensor to tooth basis using proprietary software developed for Align 

Technology, Inc. by V.I. Labs (Waltham, MA).  

 

The cross-section and distribution of the aligner material thickness was then 

measured using three methods for comparison:  Hall Effect transduction, 

computed tomography scanning, and cross-sectional analysis under the 

stereomicroscope.  The facial surface of the upper right central incisor served 

as the measurement subject, and all measurements were taken along the mid-

sagittal plane of the crown.  

 

4.3 Measurement of Aligner Thickness and Distribution  

4.3.1 Hall Effect Transducer 

A hall effect transducer is a sensor that varies its output voltage in response to 

changes in a magnetic field.  It may be used for proximity switching, 

positioning, speed detection, and current sensing applications.  With a known 
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magnetic field, the distance from the hall 

plate can be determined, which also 

makes it a useful tool for measuring 

material thickness.  A Magna-Mike 8500 

(Panametrics) precision thickness gauge 

was the first instrument used to measure aligner thickness.  The instrument was 

first calibrated using premeasured objects supplied by the manufacturer.  

Measurements were made by holding the facial surface of each aligner atop an 

upright magnetic probe and placing a small steel target ball (1/16”) on the 

opposite, lingual side.  The probe’s Hall Effect sensor then measured the 

distance between the probe tip and ball, resulting in a real-time digital thickness 

reading.  Measurements began with the target ball sitting on the inside of the 

aligner toward the incisal edge of the crown.  Three separate measurements 

were taken on all 40 aligners by rolling the aligner away from the user, allowing 

the target ball to glide down the inner surface while held magnetically to the 

probe.  Their definitions were as follows: 

Occlusal—target ball as close to the incisal edge as possible while still residing on 
flat surface, along mid-sagittal plane 
 
Middle—target ball halfway between incisal edge and gingival margin, along 
mid-sagittal plane 
 
Gingival—target ball as close to the gingival margin as possible, while residing 
fully on tooth surface, along mid-sagittal plane 
 



 28 

Hall Effect transducer measurements were recorded manually into a 

spreadsheet for later use. 

 

                      

 

4.3.2 Computed Tomography (CT) Scan 

Three aligners per material (12 total) were randomly selected to be scanned 

using the Phoenix closed-beam computed tomography (CT) scanner (GE 

Sensing & Inspection Technologies), which is housed at Align Technology 

headquarters.  A digital 3D model was generated for each aligner, and 

processed using Geomagic 7 software (Research Triangle Park, NC).  Aligner 

thickness measurements were then taken digitally at seven locations from the 
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incisal edge to the gingival margin using Geomagic measurement tools.    

 

The exact measurement locations were arbitrary; however care was taken to 

achieve an even disbursement and to cover those areas measured by other 

techniques. 

 

4.3.3 Stereomicroscope 

The final aligner measurement technique required destruction of the same 

aligners used in the CT scanning.  Each aligner was cut along the midsagittal 

plane of the central incisors, excising a small piece of the aligner to examine 

under the stereomicroscope.  Once the experimental section of the aligner was 

removed, additional cuts were made as needed on the base side of the sample 
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in an attempt to examine the material cross-section at a near 90-degree angle.  

A permanent black marker (Sharpie) was used to color the cross-section along 

the facial surface, making the thickness of the material show up clearly under 

the microscope. 

                                      

The microscope used was a Leica MZ16 stereomicroscope (JH Technologies, 

Inc., San Jose, CA), set to 0.11x magnification in order to view the entire length 

of the crown.  The microscope was connected to a nearby computer that was 

able to display a live feed, take pictures, and take measurements using Image-

Pro Plus software (Version 5.1.0.20, Media Cybernetics, Bethesda, MD).   
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Standardization of the measurement points was difficult.  A piece of clear tape 

was placed over the screen image of the incisal edge of the first sample, then 

the outer and inner contours were traced.  Three strips were then cut from a 

Post-It note and placed on the screen just below each of the three suggested 

measurement locations.  With these screen indicators in place, care was taken 

to align the inner incisal edge surface of each aligner with the tape tracing, then 

tip the rest of the aligner to appropriately contour the markers.   
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CHAPTER 5 

 

RESULTS 

5.1 Force Measurement Apparatus (FMA) 

The total force measured upon seating each aligner is plotted in Figure 1.  Total 

force was defined as: √(Fx)2 + (Fy)2 + (Fz)2.  The linear regression shows a 

general increase in total force with the increase in aligner material thickness.  In 

addition, the forces recorded generally became more variable as the aligner 

material thickness increased.  The Rx15 and Rx20 materials had similar force 

dispersions; both were tightly grouped, however a wider range of forces was 

displayed as the thickness increased to Rx30, then again to Rx40.  

 

The force exhibited in a lingual direction upon seating each aligner is plotted in 

Figure 2, which bears a striking resemblance to Figure 1.  The same trends 

noted in total force are applicable to lingual force; the force values nearly 

coincide, indicating that total force was composed almost entirely of a force in 

a lingual direction.   
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Figure 1:  Total force output during lingual tipping of a central incisor 

 

 

Figure 2:  Lingual force output during lingual tipping of a central incisor 
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5.2 Cross-Section and Distribution Measurements 

Mean aligner thickness measurements are graphed in Figures 3-5.  Each graph 

represents a measurement point on the aligner, and compares the three 

techniques to obtain each measurement.  In general, the computed tomography 

(CT) scan and hall effect transducer produced similar thickness measurements, 

while the stereomicroscope produced values which were relatively elevated.  In 

addition, the mean measurements taken with both the hall effect transducer 

and CT scan consistently got smaller as the investigator moved from the 

occlusal measurement point to the middle measurement point; then again from 

the middle measurement point to the gingival measurement point.  This trend 

was also noted for measurements taken with the stereomicroscope, although it 

was not as consistent as with the other two measurement techniques.  

 

Figure 3:  Comparison of measurement techniques at occlusal portion of 
crown 
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Figure 4:  Comparison of measurement techniques at middle of crown 

 

 

Figure 5:  Comparison of measurement techniques at gingival portion of 
crown 
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CHAPTER 6 
 
 

DISCUSSION 
 

6.1 Initial Aligner Force Output  
 

The FMA measuring device used in this study is similar to others used in recent 

orthodontic research (Hahn et al., 2009; 2010).  Its inherent design flaw is that 

it is on a bench top and has no periodontal ligament (PDL); thus the force 

values measured are simply those experienced upon the first 16 seconds of 

seating the aligner.  This restricts the value of the FMA results, as they lack the 

effects of tooth movement, stress relaxation over time, and an intraoral 

environment on aligner material properties.   

 

Shortcomings aside, some valuable information can be gleaned by examining 

Figures 1 & 2.  The graphs reveal an obvious increase in both lingual force and 

total force with the increase in aligner material thickness.  This agrees with the 

results of Hahn et al. (Hahn, Dathe, et al., 2009). 

 

The fact that force variability was higher with increased aligner thickness may 

be due to variability in the thermoforming process.  We noted that the Rx15 

and Rx40 aligners failed quality control more often than the Rx20 and Rx30 

aligners.  This is possibly due to difficulty in uniformly heating materials that are 
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either too thin or too thick.  It is possible that, due to Rx15 thinness and 

exceptional clarity, perhaps these aligners more obviously displayed errors in 

their thermoforming process.  If this were the case, nearly all poorly 

manufactured Rx15 aligners would have been eliminated from the study, 

leaving a seemingly low degree of variability in the associated force levels 

produced.  The Rx40 material, on the other hand, is much thicker and less 

clear, so it is possible that more poorly manufactured Rx40 aligners made it 

into the study due to difficulty in visualizing thermoforming errors.  This would 

have led to a greater degree of variability in the force levels produced by Rx40 

aligners, which was indeed discovered. 

 

The measured forces for tipping are approximately 3.5 to 28 times higher than 

the ideal forces (0.35-0.60 N) stated by Proffit.  To extrapolate this data 

clinically, one must be reminded of the material properties of plastics.  Upon 

loading, all plastics exhibit some degree of stress relaxation.  It has been 

suggested that aligners can lose around 80% of their force output through this 

process in the first 24 hours of wear (see Figure 6).  In fact, in 100% relative 

humidity and 37°C, it appears that Ex30 material loses nearly 70% of it force 
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output over the first five hours of wear (Tuncay, 2006).  

 

Figure 6 (from Tuncay, The Invisalign System, 2006):  Stress relaxation 
and its effect on aligner force output 
 

 
 
Figure 7 (altered from Tuncay, The Invisalign System, 2006):  “Green 
zone” of biomechanically advantageous force levels 
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Since the general goal when moving teeth is to apply light continuous force, it 

seems like we would like to maximize the amount of time any orthodontic 

appliance spends in the “green zone” of biomechanically advantageous force 

levels.  This means that the desired initial force level for tipping of an incisor 

would be much higher than Proffit’s ideal force range, allowing the aligner 

force measurements to initially spike, then settle into the green zone for the 

majority of treatment time.   

 

With this in mind, one would desire the aligner to exhibit a force level near the 

top of the green zone after initial stress relaxation has occurred.  It seems 

reasonable to target the area of the curve that yields the most consistent force 

load; thus, the targeted green zone has been identified as the period between 5 

and 24 hours of aligner wear. 

 

Although theoretical, the ideal initial force output can be calculated using the 

above guidelines and a suggested initial 70% loss of force output.  Dividing 

0.60 N, the highest number in Proffit’s ideal force range for tipping of an 

incisor, by 0.30 (30% of force output remaining after initial loss) would yield an 

ideal initial force output of 2 N.  This simple calculation would suggest that, of 

the materials tested, Rx15 material would be best suited for lingual tipping of 

an incisor.  It is obvious that other factors such as strength, durability, and 
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resistance to tearing would also factor into the clinical decision.  It seems 

interesting that the recommendation of this part of the study seems to agree 

with those of Kwon et al. (2008), who recommended using thinner materials to 

form clear thermoplastic appliances due to their increased resilience.  Studies 

examining initial loss of force output would be necessary to verify this 

suggestion. 

 

6.2 Comparison of Aligner Measurement Techniques 

The second aim of this study was to recommend a consistent, repeatable 

method for measuring aligner cross-section and distribution.  Three 

measurement techniques were considered:  hall-effect transducer, computed 

tomography (CT) scan, and stereomicroscope.  Each method leant itself to 

some possible causes of variability. 

 

6.2.1 Hall Effect Transducer Observations 

The hall effect transducer was easy to use, and has a manufacturer’s reported 

accuracy of +/- 1% that is not dependent upon shape or internal properties of 

the test material.  The main source of variability when using this technique was 

the fact that the operator must hold the aligner material roughly perpendicular 

to the probe in order to get an accurate measurement.  Measurements seemed 

to vary slightly if the operator tilted the aligner surface in question.  In regards 
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to thickness dispersion, it was difficult to know where exactly to take 

predictable and reproducible measurements along the midline of the crown.  In 

addition, it would be difficult to fit the target ball completely into the incisal 

edge portion of an aligner if one was trying to measure material thickness at the 

incisal tip.  Although we recorded single measurement points, the hall effect 

transducer has the extra benefit of taking a dynamic continuous measurement 

as the aligner surface is pulled between the target ball and probe tip.   

 

6.2.2 Computerized Tomography (CT) Scan Observations 

The CT scan was time-consuming, but produced digital images that could be 

used to reliably measure aligner material thickness at any point.  Usage of the 

CT scanner, processing using the Geomagic software, and subsequent digital 

measurement of aligner thickness required multiple steps and the help of a CT 

technician.  Due to the time required for scanning and processing, we had to 

choose three random aligners per group.  This limited the CT sample size from 

the prospective 40 aligners to 12.  The investigators could not postulate any 

sources of variability with the CT scanning process.  CT scans were assumed to 

yield the most precise and accurate results. 

 

6.2.3 Stereomicroscope Observations 
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In addition to requiring destruction of the aligners for its use, the 

stereomicroscope technique introduced by far the greatest amount of variability 

into the thickness measurements.  Sources of variability included the amount of 

ink used when marking the aligner cross-section, the angle at which the aligner 

was marked, the type of scissors used when sectioning the aligner (introducing 

corrugation if serrated), difficulty in choosing measurement points along an 

unevenly marked surface, the angle of the cut, and the orientation of the aligner 

cross-section to the lens.  Reproducibility of this method was beyond 

questionable.   

 

6.2.4 Comparison of Measurement Techniques 

Figures 3-5 illustrate a trend seen between the measurement techniques.  It was 

assumed that the CT scan would produce the most precise and accurate single 

measurements, but it was also the most expensive and time-consuming 

technique.  The hall-effect transducer seemed to produce simple measurements 

that were extremely similar to those from the CT scan.  In addition, usage of 

the hall-effect transducer was quick, easy, and inexpensive.  The 

stereomicroscope produced values that were elevated compared to the others.  

This is most likely primarily due to ink seepage along the cross-section of the 

aligner.  When applying pressure to the direct cross-section of each aligner with 

a Sharpie pen, the tip usually also marked a bit of each side of the aligner, 
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increasing the visualized thickness which was then measured under the 

microscope.   

 

Another trend can be noted when attempting to interpret the thickness 

dispersions in Fig 3-5.  Without fail, the mean measurements taken with both 

the hall effect transducer and CT scan got smaller as the investigator moved 

from the occlusal measurement point to the middle measurement point; then 

again from the middle measurement point to the gingival measurement point.  

Kwon et al. (2008) reported that material thickness varies by the area due to the 

extruded shape of a tooth creating a differential distribution of force when 

thermoforming, however no anatomical trend was reported.   

 

This trend seems logical if one envisions the thermoforming process.  The 

plastic sags when heated, then, once placed atop the incisal portion of a crown 

and vacuum-sealed, positive pressure spreads the material from the top down 

to create a smooth, even aligner surface.  If one envisions the anatomy of a 

maxillary central incisor, the facial crown surface has a definite height of 

contour, which varies depending on the axial inclination of the tooth.  The 

greater the crown proclination, the greater the undercut that is created, and the 

more the thermoforming machine relies on positive pressure to press the 

thinner plastic up against the gingival portion of the crown.  Further studies 
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may be required on this phenomenon, since this finding may affect aligner 

force outputs, as suggested by Hahn, Fialka-Fricke et al. (2009).  

 

6.3 Aligner Measurement Technique Recommendation 

Based on the results of this study, our recommendation for measuring aligner 

thickness and distribution varies depending on sample size and the 

investigator’s desired precision.  The combination of CT scan and Geomagic 

software processing is assumed to yield the most accurate and precise results.  

Regardless of the material thickness, the hall effect transducer seems to yield 

thickness values that are consistent with those yielded by the CT scan.  It may 

serve as a quick way to verify aligner thickness in limited areas of interest, and 

seems a suitable stand-in for the more labor-intensive CT scan.  
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CHAPTER 7 

 

CONCLUSIONS 

When lingually tipping a maxillary incisor in vitro, the following conclusions can 

be stated: 

• Thicker aligner materials yield higher initial force loads. 

• Materials tested yielded force outputs that were 3.5 to 28 times higher 

than the ideal tipping forces (0.35-0.60 N) stated by Proffit.   

• Variability in force output increases from Rx20 material to Rx30 

material, and again from Rx30 to Rx40 material. 

 

When measuring aligner thickness and distribution, the following conclusions 

can be stated: 

• Aligners decrease in cross-sectional thickness as one moves from 

occlusal to gingival, regardless of original material thickness. 

• Use of the stereomicroscope to measure a marked cross-section yields an 

artificially inflated measurement 

• Use of a hall-effect transducer yields fast results similar in accuracy to 

those yielded through use of a CT scan.   
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