








































SECTION Ill - PERFORMANCE CHARACTERISTICS OF THE INVISALIGN SYSTEM 

A survey of the literature indicates that a multitude of 
materials has been used throughout the history of den­
tistry. The role of biomaterials in orthodontics was 
reviewed comprehensively by Kusy.1 Indeed, the use of 
biomaterials in dentistry dates back to the Etruscans (100 
to 400 be), who fashioned dental space retainers from 
gold bands and calves' teeth. Pierre Fauchard (1678-1761), 
a French surgeon considered by many to be the "Father of 
Orthodontics," worked with gold and silver while develop­
ing orthodontic appliances such as the bandolet, an appli­
ance designed to expand the dental arch. In the late 1800s 
and early 1900s, a plethora of materials became available 
for the fabrication of orthodontic appliances (ie, loops, lig­
atures, spurs-including platinum, stainless steel, gum 
rubber, vulcanite, and various metal alloys such as brass). 
Occasionally, wood, ivory, zinc, and copper were also 
used. 

While the introduction of novel orthodontic materials 
slowed dramatically from the early 1930s through 1960, it 
was during this period that stainless steel gained in pop­
ularity as the wire material of choice, ultimately leading to 
the abandonment of the noble metal alloys by the 1960s. 
Stainless steel exhibited superior mechanical properties 
and outstanding corrosion resistance and was available at 
reasonable cost. More advanced materials emerged in the 
1960s and 1970s. Cobalt-chromium alloys were introduced 
in the 1960s. Research efforts at the Naval Ordnance 
Laboratory led to the discovery of nitinol, an alloy of nick­
el and titanium, in 1962. Later generations of nickel-titani­
um (NiTi) alloys would feature superelasticity and shape­
memory effects. Toward the end of the 1970s, meta-stable 
titanium alloys based on beta-stabilized titanium were 
introduced. The 1980s saw further diversification in ortho­
dontic materials with the development of ceramic appli­
ances. 

More recently, a novel computer-aided design/computer­
assisted manufacture (CAD/CAM) approach has been 
developed that utilizes a clear thermoplastic to accom­
plish orthodontic tooth movement. For the lnvisalign 
System, a series of clear, plastic tooth-positioning devices, 
or aligners, are fabricated with programmed movements. 
The use of thermoplastic materials to facilitate tooth 
movement represents a significant departure from the past 
(except as noted in chapters 1 and 3) and present for the 
practicing orthodontist. While thermoplastics have the 
potential to offer distinct advantages (eg, clarity, remov­
ability, ease of use, etc), their chemistry presents chal­
lenges when used in the oral cavity. The aim of this chap-
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ter is to investigate the properties of thermoplastics, as 
well as the experimental techniques used for determining 
their applicability for use in the oral cavity. 

An Overview of Thermoplastic 
Polymers 

Thermoplastics are based on linear or slightly branched 
polymers, which have strong intramolecular covalent 
bonds and weak intermolecular van der Waals bonds. At 
elevated temperature, it is easy to "melt" these bonds and 
cause the molecular chains to flow over each other. During 
this process, the thermoplastic material does not undergo 
any chemical changes. When cooled, however, the molec­
ular chains solidify into new shapes. The process of so ft­
ening with heating and hardening may be repeated. One 
example of this is the recycling and reprocessing of ther­
moplastic scrap. 

In their solid form, thermoplastic materials fall within 
two classes of molecular arrangement: amorphous or 
semicrystalline. At a microscopic level, the long polymer 
chains of amorphous thermoplastics are randomly ordered 
in space. Amorphous thermoplastics do not exhibit exact 
melting points (Tm) . Yet, when heated to a characteristic 
temperature called the glass transition temperature (T g), 
they become less brittle and more flexible. In contrast, the 
long polymer chains of crystalline thermoplastics tend to 
be packed together in an orderly way, similar to the way 
atoms are arranged in a metallic crystal. Crystalline ther­
moplastics exhibit well-defined melting points and glass 
transition temperatures. Some thermoplastic materials 
may contain crystalline and amorphous regions. An exam­
ple of this is high-density polyethylene (HDPE), a hyd ro ­
carbon thermoplastic polymer that exhibits a well-defined 
melting point as well as a glass transition temperature. 

Polymer crystallinity is a factor that has a significant 
influence over polymer properties. For instance, the 
degree of crystallinity determines if a polymer is opaque 
or transparent. Similarly, the presence of a well-defined 
glass transition temperature affects the ease with which a 
polymer may be thermoformed. Both of these material 
properties should be considered when evaluating thermo­
plastics for the lnvisalign System. 
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Properties of Aligner Materials 

Mechanical properties 
As an aligner is fitted on a patient's dentition, a force devel­
ops in areas with programmed tooth movement. The force 
results from the displacement of the aligner material; it is 
this force that causes tooth movement. Programmed tooth 
movements may vary from relatively simple movements 
(such as tipping of a tooth in one dimension) to more com­
plex movements that involve bending motions coupled with 
rotational movements. The extent of aligner displacement 
and the resultant forces and moments produced on the 
teeth depend upon the movement programmed into the 
aligner, the material thickness, and the intrinsic material stiff­
ness. 

Aligners are subjected to both short-term and long-term 
loading forces. For example, an aligner is subjected to a 
short-term load when a patient fits an aligner on his or her 
teeth. Once fitted to teeth, aligners are subjected to inter­
mittent long-term loads while being worn between meals 
and overnight. These longer-term loads are caused by pro­
grammed tooth movements and the biomechanical forces 
generated from the musculoskeletal system in the oral 
cavity. 

A thermoplastic polymer is the structural material used 
in the fabrication of aligners. Understanding the mechani­
cal properties of polymers is therefore critical if we are to 
assess the performance of a particular thermoplastic mate­
rial as a means for accomplishing tooth movement. 
Mechanical properties may be investigated by studying 
how a material deforms when subjected to an applied 
force. By varying the nature of the deformation and the 
duration of the applied force, we can learn much about 
the mechanical properties of a thermoplastic. 

Forces applied over a short duration 
The generation of stress-strain cuNes is a useful approach 
in the evaluation of a material's mechanical properties. 
Numerically, stress in any direction at a given point in a 
material is simply the force or load that happens to act in 
that direction at that point divided by the area on which 
the force or load acts. If stress at a certain point is s, then 

Stress = s = load/area = P/A 

Similarly, strain is a measure of how far apart the atoms 
at any point in a solid are being pulled apart (ie, by what 
proportion the bonds between the atoms are stretched). 
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FIG 20-1 Typical tensile stress-strain curve for thermoplastic. 

When generating a stress-strain cuNe, it is important to 
keep in mind the nature of the deformation. Three impor­
tant modes of deformation for aligners are tension, bend­
ing, and torsion, and therefore these deformations should 
be evaluated when testing aligner materials. American 
Society for Testing Materials (ASTM) test D638-96, 
Standard Test Method for Tensile Properties of Plastics, is 
one of the most widely used and fundamental of all mate­
rial tests and describes methodology for determining 
material properties while the material is subjected to ten­
sile forces. A typical tensile stress-strain cuNe for a ther­
moplastic material under tension is shown in Fig 20-1. 

Data were generated using an lnstron testing machine in 
which one end of the test specimen is clamped in a load­
ing frame and the other subjected to a controlled load or 
force. From this simple cuNe we can learn much about the 
mechanical properties of this material. 

Material modulus 
The most important and fundamental characteristics of 
any material are the moduli. The modulus is defined as 
the ratio between the applied stress and the correspon­
ding material deformation. For materials evaluated under 
tension, the constant of proportionality is the modulus of 
elasticity or Young's modulus, denoted E: 

o = Eit 

where o is stress and it is strain. Young's modulus is a 
unique characteristic for a given material and is consid-
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SECTION Ill - PERFORMANCE CHARACTERISTICS OF THE INVISALIGN SYSTEM 

ered by scientists and engineers as a measure of material 
"stiffness." For aligners, a material should possess suffi­
cient stiffness to generate forces and moments on teeth; 
however, if the material modulus is too high (very high 
stiffness), then the patient will experience difficulty with 
the insertion and removal of the aligners. Similarly, a 
material with a very low modulus may not provide suffi­
cient force to move teeth. 

Elastic region 
In the low strain portion of the curve (small deformations), 
many materials obey Hooke's law to a reasonable approxima­
tion, so that stress is proportional to strain. In this region, the 
curve exhibits linear elastic behavior. If stress is removed, the 
material returns to its original shape and length. 

Yield point 
The yield point is the first point at which an increase in 
strain occurs without an increase in stress. In general, 
thermoplastics with high yield points are desirable for fab­
ricating aligners. 

Plastic region 
The area between points 5 and 6 is known as the plastic 
region because the material will not return to its original 
shape and length after the stress is removed. 

Ultimate tensile strength 
Ultimate tensile strength is the maximum stress a materi­
al can withstand before rupturing. 

Material toughness 
Toughness is a measure of the energy a sample can 
absorb before it ruptures. It is found by calculating the 
total area under the stress-strain curve. 

Elongation 
Elongation is the strain that the material undergoes while 
being stressed. Elongation is typically measured at the 
material yield point or at the material break point. 

Data generated from stress-strain curves on standard­
ized samples are valuable for understanding the mechan­
ical properties by which alternative aligner materials may 
be evaluated. These curves may also aid in the prediction 
of aligner performance for short-term loads. As an exam­
ple, consider the short-term forces applied to aligners as 
they are removed from a patient's dentition. The duration 
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of these forces is short, often on the order of seconds. 
During this period, however, the aligner may undergo 
severe deformations. For short-term loads, it is critical that 
an aligner respond in an elastic manner if it is to return to 
its original shape. An understanding of elastic properties 
may be derived from a stress-strain curve for a particular 
material. In the above situation, we seek a thermoplastic 
material that exhibits substantial linear elastic behavior 
along with a high yield point. 

Forces applied over a long duration 
As mentioned above, for small strains or deformations, ther­
moplastics follow Hooke's law for elastic materials; 
o = E1t ; stress o is proportional to strain 1t. In reality, it is 
well-known that thermoplastic materials deviate from 
Hooke's law in various ways because they exhibit viscous 
(liquidlike), as well as elastic (solidlike), characteristics. 
Because of this behavior, scientists and engineers refer to 
thermoplastics as viscoelastic materials. Importantly, for 
these materials the relationship between stress and strain 
depends on time. Therefore, thermoplastic materials used in 
aligner fabrication exhibit viscoelastic behavior that can have 
a profound influence on the performance of aligners in vivo. 

A fundamental time-dependent material property of ther­
moplastics is stress relaxation, which is defined as the 
gradual decrease in stress when a material is held at con­
stant strain. Strain develops in aligners in regions with 
programmed tooth movement. The aligner's elastic nature 
allows it to deform and stretch to accommodate the pro­
grammed movement. Because of the viscoelastic nature of 
the aligner thermoplastic, the force generated by the pro­
grammed movement decreases as a function of time. 

Stress relaxation processes are usually accelerated by 
the presence of moisture. The severity of this effect 
depends on the nature of the plastic, the amount of water 
absorbed, the temperature, and the severity of the load­
ing to which the part is subjected. 

Nonmechanical properties 
While it is clear that material mechanical properties affect 
aligner performance, there are also many material nonme­
chanical properties that are of critical importance. 

Thermal properties 
Align Technology uses a thermoforming process that 
draws an extruded thermoplastic sheet over a stereolitho­
graphic mold to form an aligner. Since each aligner is 
unique, the thermoforming process is more suitable than 



an injection molding process where the same part is made 
in a large quantity. The thermoforming process, however, 
is highly dependent on processing temperatures, and con­
sequently it is critical to understand the material's thermal 
properties. The most obvious thermal properties of a ther­
moplastic are its melting or softening temperatures, and 
temperature variations with regard to mechanical proper­
ties, such as tensile modulus, yield strength, and hard­
ness. The glass transition temperature may be defined as 
the temperature below which the polymer is "glassy" and 
above which it is "rubbery." "Glassy" implies brittleness, 
and "rubbery" suggests flexibility. It was previously men­
tioned that semicrystalline polymers do exhibit a melt 
point, whereas amorphous polymers do not. Glass transi­
tion and melt temperatures may be determined using a 
differential scanning calorimeter (DSC). These tests indi­
cate when softening occurs and whether it occurs gradu­
ally or suddenly. Understanding these two material prop­
erties allows for a better understanding of the thermo­
forming process with respect to the uniformity of heating, 
the effect of temperature on a material's drawing proper­
ties and thickness profile, and the window of temperature 
variability that can be tolerated. 

Chemical resistance 
When fitted on the dentition, aligners are constantly bathed 
in dental fluids such as saliva and crevicular fluid at a con­
stant body temperature (37°C). Besides water, there are 
many constituents of saliva. Common inorganic constituents 
include bicarbonate, calcium, phosphorous, fluoride, mag­
nesium, and trace metal ions. The major organic salivary 
components are proteins and small peptides. The presence 
of moisture, salivary components, increased temperature, 
and the constant mechanical stresses that are simultane­
ously acting on an aligner can adversely affect its perform­
ance. Water is especially notorious, as it may react chemi­
cally with the polymer backbone chain through a process 
termed hydrolysis and irreversibly degrade many polymers. 
Polymers particularly susceptible to water degradation are 
polyesters, polyamides, and polycarbonates. 

Optical properties 
One of the features that distinguishes aligners from tradi­
tional orthodontic appliances is that they are invisible 
when worn. This requires that aligner thermoplastic mate­
rials have suitable optical properties. The morphology of 
a thermoplastic polymer has a major effect on such opti­
cal properties as refraction, absorption, reflection, and 
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scattering of light. Highly crystalline polymers are typical­
ly opaque because they tend to scatter visible light and 
decrease transmission. In general, amorphous polymers 
exhibit good light transmittance and are either transparent 
or translucent. Materials evaluated for use as aligners 
should transmit at least 80% visible light. Examples of 
amorphous polymers with good optical properties are 
polyurethane, polycarbonate, polysulfone, and polyester. 

Biocompatibility 
Aligners are medical devices and consequently require bio­
compatibility assessment to assure safety of the device. 
Safety data can be obtained by testing according to certain 
prescribed or recommended guidelines, including guidance 
documents developed by the International Organization for 
Standardization (ISO) and the US Food and Drug 
Administration (FDA) . These guidelines include ISO 10993, 
"Biological Evaluation of Medical Devices," and the guidance 
document released by the FDA in 1995, "Use of International 
Standard ISO 109333, Biological Evaluation of Medical 
Devices." These guidelines provide a framework to aid man­
ufacturers in the assessment of device biocompatibility. The 
number and type of specific safety tests required to assess 
product safety and compliance are dependent on the indi­
vidual characteristics of the device, its component materials, 
and its intended clinical use. Ultimately, it is the responsibil­
ity of the manufacturer to select and justify the specific tests 
most appropriate for the establishment of product safety 
and compliance with regulatory requirements. 

It may not be necessary to conduct biocompatibility 
tests on a device if it is made of materials that have been 
well characterized chemically and physically in the pub­
lished literature and that have a long history of safe use. 
Typically, for new devices, biocompatibility testing and 
evaluation are performed to determine the potential toxi­
city from contact of the device with the body. The device 
materials should not, either directly or through the release 
of their material constituents, produce adverse local or 
systemic effects, be carcinogenic, or produce adverse 
reproductive and developmental effects. 

Experimental Methods for 
Evaluating Aligner Materials 

There are many possible approaches for systematically 
screening aligner materials. One approach is shown in Fig 
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F1G 20-4 lnstron tensile test setup. 
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FIG 20-6 Stress relaxation properties of polyurethane (Ex30) in air 
and in 100% relative humidity (RH) following 5% strain. (RT) 
Relative temperature. 

Material mechanical properties 
As discussed earlier, material short-term mechanical prop­
erties may be evaluated through the generation of stress­
strain curves, which has been done for two thermoplastic 
materials : a polyamide and a polyester. Data were gener­
ated using an lnstron testing machine in which one end of 
the test specimen is clamped in a loading frame and the 
other subjected to a controlled load or force (Fig 20-4) . 
From this test, the various mechanical characteristics can 
be determined (Table 20-2) . 

Longer-term time-dependent material properties may be 
evaluated by stress relaxation and creep recovery. The 
stress relaxation properties for a polyurethane material are 
shown in Fig 20-5. The data in Fig 20-6 compare the stress 
relaxation properties for polyurethane in air and in 100% 
relative humidity. This example illustrates the adverse 
effect moisture can have on long-term thermoplastic prop­
erties. 
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FIG 20-5 Stress relaxation propert ies of thermoplastic poly­
urethane (Ex30) at different strai ns (in ambient temperature and 
humidity) . 
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F1G 20-7 Storage modulus and tan (delta) versus temperature for 
thermoplastic polyurethane (Ex30). 

Material thermal properties 
Thermal analysis involves measuring a mechanical or phys­
ical property as a function of temperature or time. Common 
methods used in thermal analysis are differential scanning 
calorimetry (DSC) , thermogravimetric analysis (TGA) , and 
dynamic mechanical analysis (DMA). 

DMA allows an investigator to measure both the elastic (G') 
and viscous (G") components of a viscoelastic polymer while 
it is being subjected to a sinusoidal stress. It is a standard 
thermal analysis tool. The example below shows a DMA eval­
uation undertaken to characterize material morphology and 
thermal properties of a polyurethane. Figure 20-7 shows the 
storage modulus and tan (delta) at different temperatures for 
a polyurethane material. The storage modulus decreases 
slightly with increasing temperature from 30°C to 8o°C and 
dramatically decreases from 8o°C to 105°(. The temperature 
at the midpoint of the curve corresponds to the glass tran­
sition temperature. 
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F1G 20-8 Adaptation block. 

FIG 20-10 Results of stress cracking test on Ex30. 

Material adaptation 
A thermoforming process is used for aligner fabrication. A 
thermoplastic sheet is first heated and then a vacuum/pres­
sure thermoforming process is used to form the aligner. The 
hot sheet is drawn down over a stereolithographic (SLA) 
model of the patient's dental anatomy. Pressure and vacu­
um forces cause the material to adapt or conform to the 
SLA model. A special SLA was designed to evaluate how a 
material conforms to a particular geometry during the man­
ufacturing thermoforming process. In this situation, heated 
sheets of material are drawn over SLA molds formed with 
V-grooves of varying depth (ie, 4 to 16 mm) (Fig 20-8). The 
depth to which the material penetrates is an indication of 
its ability to adapt during the thermoforming process. At a 
defined temperature, the level of adaptation for 
polyurethane is known to be superior to that of polycarbon­
ate material. 
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FIG 20-9 Stress cracking fixture. 

Material stress cracking 
Aligner surfaces are subjected to varying deformations (ie, 
strains) while worn in the oral cavity. Additionally, saliva and 
salivary components can affect aligner material perform­
ance. The ability of an aligner material to resist stress crack­
ing while under strain is of paramount importance. In the 
environmental stress cracking test, material samples are 
subjected to strains (2%, 5%) on a metal fixture (Fig 20-9) 
immersed in artificial saliva at 37°( for up to 48 hours. At 
the end of this time, samples are removed and dried for 
visual inspection (Fig 20-10) . The tensile properties for each 
sample are evaluated using an lnstron machine. Results 
show that neither polycarbonate nor polyurethane exhibits 
stress cracking after immersion for 48 hours in artificial sali­
va. Although tensile properties (eg, yield at strain, tensile 
strength, modulus, etc) for these materials decreased, both 
materials exhibited similar changes after immersion in arti­
ficial saliva for 48 hours. 

Aligner durability 
This test was designed to simulate aligner wear in vivo. In 
this test, aligners are subjected to cycling (ie, repeated 
insertion and removal steps) on a typodont attached to a 
fatigue tester. Two types of typodonts are utilized fo r this 
study: a lower-stage typodont based on a moderate occlu­
sion with few attachments and an upper-stage typodont 
based on severe occlusion and a significant number of 
attachments. Typodonts with aligners are soaked in artifi­
cial saliva at 37°( for up to 2 weeks. Aligners are removed 
on a daily basis and subjected to 12 cycles on the fatigue 
tester. Aligners are checked for defects (eg, cracks, tears) 
at the end of each cycle. Aligners fabricated from three 
lots of each material performed in a similar manner over 
a 2-week test period. 
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In vivo aligner wear study 

A clinical evaluation was conducted to evaluate and com­
pare the materials while being worn in vivo. For this study, 
tooth movements were not programmed into aligners. A 
total of 14 volunteers were recruited from the company. 
study participants received an oral examination and were 
asked to complete an informed consent form before being 
admitted into the study. Each participant was randomly 
assigned one Ex30 aligner and one Ex30-X4995 aligner 
(split-mouth design) . They were also requested to main­
tain a daily diary form to keep track of the number of their 
aligner wear schedule. At the end of the 3-week study, par­
ticipants were asked to turn in their aligners and to com­
plete a material evaluation form covering the following 
categories: mouth dryness, aligner fit, aligner color, ease 
of aligner removal, and feeling in the mouth. 

Results from this study showed no significant differ­
ences in material behavior for the following categories: 
mouth dryness, aligner fit, ease of aligner removal, and 
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feeling in the mouth. For aligner color, however, maxillary 
aligners based on Ex30-X4995 exhibited less discoloration 
(yellowing) compared to aligners made from Ex30. 

Conclusion 
Data presented in this chapter should help the clinician to 
understand the performance range and characteristics of 
aligners. Moreover, it should lead the operator to be more 
conservative while working with the ClinCheck images. But 
most significantly, it should make clear that longer wear 
times might be necessary for certain types of tooth move­
ments. 
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Finishing in orthodontics requires precisely controlled 
force application to achieve the final alignment. With con­
ventional fixed appliances, stiff rectangular stainless steel 
or titanium molybdenum alloy (TMA) wires are used to 
achieve these precise movements. Detailing bends are 
placed in the wires to achieve the final movements 
required for finishing. The lnvisalign System shares this 
goal of precise control of tooth movements with fixed 
appliance techniques. Theoretically, the use of a thicker 
material increases the control of tooth movement because 
of the increased stiffness. Based on data from a University 
of Washington study on material stiffness and the case 
refinement, the idea of using a thicker polyurethane mate­
rial (Ex40) during lnvisalign treatment to reduce the case­
refinement rate was explored. 

Currently, lnvisalign appliances are fabricated from a 
polyurethane material of 0.030-mil thickness (Ex30). 
Although generally effective through early stages of tooth 
movement, Ex30 appliances have led to some difficulties 
in achieving the desired final detailing at the end of treat­
ment. Currently, additional case-refinement aligners-or 
other auxiliaries such as detail pliers, buttons/elastics, or 
even sectional wires-are used to finish cases. Align 
Technology's retention material is the same polyurethane 
material used to fabricate the aligners; the difference is 
that it has a thickness of 0.040 mil (Ex40). This chapter 
explores the idea of using a thicker polyurethane material 
(Ex40) during lnvisalign treatment to reduce the case­
refinement rate. 

Effects of Thickness on 
the Elastic Properties of 
Polyurethane Materials 

Reports on the material properties of various archwires 
used in orthodontics are copiously available in the litera­
ture. Regardless of the material, the elastic properties­
strength, stiffness, and range-are greatly affected by 
changes in the geometry of the wire. Both the cross sec­
tion (whether the wire is round, rectangular, or square) 
and length of the wire determine its properties. Studies on 
the material properties of archwires are conventionally 
done using beams. The method of support for the beam 
determines how the elastic properties will change. For 
example, in a cantilever beam supported by one end, dou­
bling the diameter of the wire increases its strength eight 

188 

times. Regardless of how the beam is supported, howev­
er, changes in the diameter of a beam greatly affect its 
properties. Changes in the length of an archwire also 
affect its properties. For example, if the length of a can­
tilever beam is doubled, its strength is halved but its 
springiness increases eight times and its range four times. 
These properties usually cannot be changed with aligners 
because the shape and length of tooth-cupping 
polyurethane material are determined by arch and tooth 
anatomy. The thickness or diameter, however, can be 
changed with aligners. For example, increasing the th ick­
ness of aligners from 0.030 to 0.040 mil increases the 
stiffness by approximately one third. 

A study was undertaken to determine if using a thicker 
polyurethane material (Ex40) at the end of lnvisalign treat­
ment reduced the need for additional case-refinement 
aligners. It was found that thicker materials worn at the 
end of treatment slightly improved the alignment but did 
not eliminate the need for additional aligners. Another 
study was launched to further evaluate the effectiveness 
of Ex40 in lnvisalign treatment. 

The primary objectives of this latter, randomized trial 
were to explore (1) the effectiveness of Ex40 aligners in 
the lnvisalign treatment process and (2) the effect of Ex40 
on the prevalence of case refinement/midcourse correc­
tion. A secondary goal of the study was to obtain descrip­
tive data related to potential risk factors associated with 
wearing an Ex40 aligner. The parameters evaluated includ­
ed amount of root resorption, oral hygiene, plaque, tooth 
sensitivity, and temporomandibular joint changes. 

The patients were recruited from the Ferrara, Italy, area. 
There were no exclusions based on gender or race. All 
patients were in the adult dentition with growth complet­
ed. Any malocclusion was accepted in the study except 
cases requiring premolar extractions, major extrusions, 
rotations of round teeth, and molar uprighting. In addi­
tion, patients with periodontal disease or active caries 
who did not have a dentist or periodontist of record were 
excluded and referred for treatment. Patients with preex­
isting and active symptoms of temporomandibular disor­
ders were also excluded from the study. The patients had 
to be willing to undergo at least one midcourse correction 
(but no more than two) throughout the treatment process. 

Patients were randomly assigned to one of two groups 
on an alternating basis (ie, the first person enrolled was 
assigned to group 1, the second person enrolled was 
assigned to group 2, etc.) until 15 patients were in each 
group. Patients assigned to group 1 were treated with the 
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following aligners: every fifth aligner was made out of 
Ex4o, and the patient wore this aligner for 2 weeks and 
then progressed to the next aligner. The last aligner was 
made from Ex40. Patients assigned to group 2 were treat­
ed with the following aligners: the entire group used align ­
ers made from Ex30 with the last five aligners in Ex40. The 
speed of tooth movement was the same for both groups 
with a maximum ranging from 0.15 to 0.20 mm of tooth 
movement per stage (current manufacturing guidelines). 
The ClinChecks for both groups were set to ideal align­
ment at the end of treatment with no programmed over­
correction. 

For group 1, one patient dropped out, two finished treat­
ment and did not have refinement, eight went into refine­
ment, one is under review for refinement, and three are 
still in the initial treatment series of aligners. For group 2, 
one patient dropped out, one finished treatment and did 
not have refinement, six went into refinement, one patient 
had a midcourse correction, and six are still in the initial 
treatment series of aligners. 

Preliminary conclusions of the study indicate that there 
is no difference in the case-refinement rate of the two 
groups. Neither the use of a thicker material (Ex40) for 
every fifth aligner nor for the last five aligners seems to 
reduce the case-refinement rate. Clearly, more data are 
needed if the use of a thicker material might reduce the 
case-refinement rate. 

Finishing with lnvisalign 
When Andrews introduced the straight-wire appliance in 
the 1970s, he changed the way orthodontics was prac­
ticed. His ideas greatly increased the efficiency and effica­
cy of fixed appliances.1 Instead of adding first-, second-, 
and third-order bends for each tooth, this information was 
programmed into the bracket. Interestingly, when the 
appliance was introduced, there was a misconception that 
wi re bending would become obsolete because the brack­
et would do all the work. Although the prescription brack­
et greatly reduced the amount of archwire bending 
required to treat a case, it did not eliminate the need. The 
clinician still placed subtle bends along the archwire or 
used additional finishing techniques (eg, rubber bands 
and positioners). Finishing still required bracket reposi­
tioning and detailing bends to achieve the desired results. 
Factors responsible for this included inaccurate bracket 
placement, variations in tooth anatomy, tissue rebound, 
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FIG 21-1 Stress-strain curve for 0.017 x 0.017-inch stainless steel 
and nitinol, and Ex30. Ex30 is more ductile than the metals. 

and play between the bracket slot and archwire.2,3 Rarely 
are cases finished with only brackets and a straight arch­
wire. 

As with fixed appliances, several factors play an impor­
tant role in finishing with lnvisalign and can affect the 
anticipated results. Because of the overlay design of the 
appliance, the anatomy of the tooth plays an important 
role and can cause minor alignment discrepancies. 
Variations in tooth shape (eg, irregular facial surfaces, 
unusual crown shapes, and unfavorable crown shapes) 
require additional aligners to achieve the desired align­
ment. Tooth movement is dependent on the response of 
the periodontal tissues to an applied force. Variation in 
the biologic response to tooth movement and the vis­
coelastic properties of the periodontal tissues affect the 
treatment outcome. This tissue behavior is similar to "slot 
play" in fixed appliances, in that there exists a lag period. 
Additionally, a secondary lag is introduced based on the 
material properties of the aligners. 

In an effort to improve the finishing regimen and also 
increase the predictability of achieving the desired treat­
ment result, a study was conducted to determine if using 
a thicker polyurethane material at the end of treatment 
reduced the need for additional case-refinement aligners. 
Figure 21-1 shows the stress-strain graph comparing 0.017 
x 0.017-inch stainless steel versus 0.017 x 0.017-inch niti­
nol and 0.030-mil polyurethane material (Ex30) . The graph 
illustrates the difference in stress-strain characteristics of 
orthodontic wires compared to aligners. It also indicates 
that aligners produce a lower level of stress for a speci­
fied strain compared to wires, and that the amount of 
stress delivered is fairly consistent relative to the strain in 
contrast to wires. 
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FIG 21-2 Comparison of stress-strain curves for Ex30 and Ex40 
(maximum 5% yield strain) . Area of stress-strain curve that per­
tains to aligners is circled. 

In the study, patients wore their initial series of aligners 
and progressed to the next set every 2 weeks. After the 
initial set, the patients wore a duplicate last aligner in a 
thicker material (Ex40) for 2 weeks. Figures 21-2 and 21-3 
show the stress-strain graphs comparing 0.030 mil (Ex30) 
and 0.040 mil (Ex40) . By increasing the thickness from 
0.030 mil to 0.040 mil, the stiffness increased by approx­
imately one third. Following this aligner, the clinician eval­
uated the results and determined whether additional fin­
ishing aligners were required. 

Alignate impressions were made at the end of the initial 
set of aligners (pre-Ex40) and then after the patient wore 
aligners made from the thicker polyurethane material (post­
Ex40). If additional case-refinement aligners were required, 
alginate impressions were also made at this time (case-
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FIG 21-3 Magnification of area on the stress-strain curve that is 
used with aligners (circled in Rg 21-2). Increasing the thickness of 
the polyurethane material from 0.030 to 0.040 mil increases the 
stiffness by one third, which translates to a force increase of one 
third. 

F1G 21-4 (a to e) Initial photographs. 

refinement aligners) . The impressions were then poured and 
the models scanned. The individual time points were super­
imposed over the projected ClinCheck goal to determine the 
correlation between the goal and the actual achieved move­
ments. Superimpositions were done using a best-fit algo­
rithm. The maxillary and mandibular canines and incisors 
were evaluated via measurements of the in-and-out (labi­
olingual) and rotational movements. 

The following case from this study did not require addi­
tional case-refinement aligners. The initial photos of th is 
case show Class I maxillary spacing and mandibular crowd­
ing (Figs 21-4a to 21-4e). Figures 21-5a and 21-5b show the 
ClinCheck final position goal for the case. The treatment 
involved closing the maxillary spaces and alleviating the 
mandibular crowding through anterior interproximal reduc-
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a b 
FIG 21-5 (a and b) ClinCheck goal. 

F1G 21-6 (a and b) Scanned images of models taken after the last aligner (pre-Ex40) was worn. 

• 2.00 • 2.00 
1.80 1,80 
1.60 1.60 
1.40 1.40 
1.20 1.20 
1.00 1.00 

• 0.80 o.eo 
0.60 0.60 
040 0.40 

• 0.20 ■ 0.20 
■ 005 ■ 0.05 

0.00 0.00 

F1G 21-7 (a and b) Superimposition of pre-Ex40 models and ClinCheck goals. The legend on the left represents a color schematic of 
the difference (in millimeters) of the position of the teeth. 

tion during treatment. The total number of aligners was 20 
for the maxillary arch and 11 for the mandibular arch. After 
the last set of aligners (pre-Ex40) were used, alginate 
impressions were made and poured, then scanned into the 
computer (Figs 21-6a and 21-6b). The pre-Ex40 models were 
superimposed over the projected ClinCheck goal (Figs 21-7a 
and 21-7b), These figures show that, compared to the pro­
jected goal, a patient who wears only the initial series of 
aligners achieves a fairly good match with the actual treat-

ment result. However, some teeth were slightly short of the 
projected goal. Specifically, the position of the maxillary 
incisors was short approximately 1 mm with the projected 
goal. Comparison of the pre-Ex40 and the projected 
ClinCheck goal superimposition of the combined maxillary 
and mandibular anterior teeth reveals that the in-and-out 
movements showed a strong correlation of .94 (Fig 21-8a), 
while the rotation movements showed a fairly good corre­
lation of .85 (Fig 21-8b). 
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FIG 21-8 (a and b) Pre-E)¼o versus ClinCheck goal superimposition of anterior teeth for in-and-out movements (a) and rotation (b) 
(n = 1). 
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FIG 21-9 (a and b) Scanned images of models taken after aligner (post-El<40) was worn for 2 weeks. 
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F1G 21-10 (a and b) Superimposition of post-EX40 and ClinCheck goals. 

Figures 21-9a and 21-9b show the scanned models after 
the patient wore Ex40 aligners for 2 weeks. When these 
models were superimposed over the ClinCheck goal, 
improved alignment compared to the pre-Ex40 models 
was evident (Figs 21-10a and 21-10b). The plot graph 
shows that the correlation improved slightly from .94 to 
.97 for the in-and-out movements and did not change in 
the rotational movements (Fig 21-11). This case shows that 
wearing Ex40 aligners at the end of treatment slightly 
improves the anterior alignment. This particular case did 
not require additional case-refinement aligners after wear­
ing the Ex40 aligners, but some cases did. 

Data for a pool of 14 patients were combined, and the 
resulting plot graphs showed a similar trend of improve-
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ment in alignment for in-and-out movements and rotation 
after wearing Ex40 aligners (Figs 21-12 to 21-14). However, 
even after wearing the Ex40 aligners, 5 of the 14 patients 
required additional case-refinement aligners. This data sug­
gest that wearing Ex40 aligners at the end of treatment can 
slightly improve the anterior alignment. This also suggests 
that patients who use Ex40 aligners as retainers at the end 
of treatment can expect to achieve slight improvement in 
their alignment during the retention phase. Overall, the 
study showed that using a thicker aligner material at the 
end of treatment slightly improved alignment but did not 
completely eliminate the need for additional aligners. 

The results from this study showed that, similar to fixed 
appliances, finishing with lnvisalign sometimes requires 
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FIG 21·11 Post-Ex40 versus ClinCheck goal superimposition of 
anterior teeth for in-and-out movements (n = 1). 
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FIG 21·13 Pre-Ex40 versus ClinCheck goal superimposition of 
anterior teeth for rotational movements of patients (n = 14). 

additional aligners and use of auxiliaries, such as detail­
ing pliers, to achieve the desired treatment results. The 
best way to determine the need for additional movements 
is to wait until the last aligner is delivered and then clin­
ically examine the teeth. This is the time when the precise 
amount and direction of additional movement can be 
req uested on the specified teeth. This process is more 
effective and efficient than trying to guess at the begin­
ning which tooth will require additional movement-and 
how much-to achieve full alignment. If the last aligner 
fits well and the movements do not exceed three aligners, 
additional aligners can be ordered to achieve the last 
additional movements. However, if the last aligner does 
not fit well and the case requires movements with more 
than three aligners, a new impression should be made. 

Detailing pliers have proved successful at achieving 
movements at the end of treatments that require in-and­
out movements and minor incisor rotations. There is a 
misconception with lnvisalign treatment that the appliance 
performs all of the work and therefore that treatment 
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F1G 21-12 Pre-Ex40 versus ClinCheck goal superimposition of 
anterior teeth for in-and-out movements of patients (n = 14). 
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FIG 21-14 Post-Ex40 versus ClinCheck goal superimposition of 
anterior teeth for rotational movements of patients (n = 14). 

requires simply dispensing the appliances. As with the 
prescription bracket, there is also a misconception that 
successful outcomes are based on a proper diagnosis and 
treatment plan and careful monitoring during treatment. 
Finishing a case with lnvisalign may require additional 
aligners and other armamentaria to produce the desired 
treatment goals. lnvisalign as a treatment modality can 
provide the clinician with the tools to offer patients an 
excellent esthetic treatment option. However, good clinical 
results are based on good case selection and careful mon­
itoring during treatment. 
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TABLE 22-1 Optimal forces for orthodontic movement* 

Type of movement Force (g) 

Tipping 50-75 

Bodily movement (translation) 100-150 

Root uprighting 75-125 

Rotation 50- 100 

Extrusion 50-100 

Intrusion 15-25 

*Data from Proffit and Fields. 1 

Whether one is an advocate of extractions to facilitate 
orthodontic correction of a malocclusion or not, the fact is 
that even the most adamant extraction-averse orthodon­
tist faces the occasion where extraction of one or more 
teeth is the only option. That said, proper control of root 
position and anchorage during closure of extraction 
spaces is the greatest challenge faced by any orthodon­
tist. The question then becomes: Is extraction treatment 
with lnvisalign a practical alternative to fixed appliances? 

In 2000, Sims predicted that the future of orthodontics 
would include the abolition of bracket systems. 2 In his 
textbook Contemporary Orthodontics, Proffit stated that 
adult patients are often opposed to wearing conspicuous 
fixed appliances and would rather use a removable appli­
ance.1 He also described the characteristics required of an 
orthodontic appliance system: 

"No matter what the type of orthodontic appliance, it 
must meet certain basic design criteria: it (1) should not 
interfere with function ; (2) should cause no harm to the 
oral tissues or interfere with the maintenance of good 
oral hygiene; (3) should be as light and inconspicuous 
as possible, yet sufficiently strong to withstand mastica­
tory forces and a reasonable amount of abuse; (4) must 
be firmly retained in position; (5) must be capable of 
exerting an appropriately controlled force in the correct 
direction and delivering this force for as long as possi­
ble between adjustment visits; and (6) should allow 
control of anchorage, so that tooth movements other 
than those intended are minimized.1 P475" 

On the surface it would appear that lnvisalign satisfies 
all these criteria. 
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FIG 22-1 Tipping tooth movement is created by rotation of the 
tooth around the center of resistance. (X) Center of resistance; (L) 
moment arm. 

According to Proffit,1 removable appliances are on ly 
capable of simple tipping movements and are easily dis­
placed by the forces required to produce controlled root 
movement. He concluded that the usual solution to th is 
problem was to use fixed appliances. 

When the orthodontic department at the University of 
the Pacific began using aligners to treat more complex 
cases-such as those involving the extraction of a 
mandibular incisor-to determine if the space could be 
closed in a manner parallel to that of fixed appliances, 
they discovered that both the technique and the materi­
al had to be altered to move the teeth bodily. They are 
now experimenting with premolar extraction cases. 
Based on those experiences, it was concluded that "the 
use of the Aligners is far more complicated than most 
people believe. It takes a knowledgeable clinician with 
considerable experience to use the appliance to its max­
imum."3 

To determine just what that maximum might be with 
lnvisalign in its current rendition of aligner materials, we 
must examine the biomechanics of tooth movement with 
lnvisalign. 

Biomechanics 
For all practical purposes, the problems involved with 
extraction treatment can be broken down to controlling 
torque and root parallelism. To properly discuss these 
issues, a review of several definitions of biomechanical 
terms is in order. 

The first of these is force. Force is a load applied to an 
object that tends to move the object to a different posi -
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50-g force x 15-mm 
moment arm= 
750 g-mm moment 
clockwise 

so g 

a b 
FIG 22-2 (a and b) Rotation around the center of resistance_ The crown is displaced lingually and the apex facial­
ly. (X) Center of resistance and center of rotation are in the same location. 

tion. Force, though defined in Newtons (mass times the 
acceleration of gravity), is usually measured in mass units 
of grams or ounces. Historically, the optimal amount of 
force required for most tooth movements has been con­
sidered to be 50 to 150 g (Table 22-1) . Recent studies have 
suggested that given time, forces as low as 18 g are suf­
ficient to produce bodily movement.4 Because the force 
delivered with an aligner made from Align Technology's 
Ex30 polyurethane material is 200 g initially and decays to 
essentially a constant level of 40 g within hours, there 
shou ld be no problem delivering adequate forces to the 
teeth to create desired movements. Controlling those 
forces then becomes the issue. 

How the force is delivered and the reaction of the tooth 
to that force is a function of multiple factors. One of these 
facto rs is center of resistance. In engineering terms, cen­
ter of resistance is a point at which resistance to move­
ment can be concentrated for mathematical analysis. For 
an object in free space, the center of resistance is the 
same as the center of mass. If the object is partially 
restrained-as is the case for a pole or post embedded in 
the earth or a tooth root embedded in bone-the center 
of resistance is determined by the type of external con­
straints. The center of resistance for a tooth is roughly 
midway between the root apex and the crest of the alve­
olar bone. 

If the point at which a force is applied to an object is 
not di rectly opposite the center of resistance, a moment 
is created. A moment is a force that acts at a distance and 
is defined as the product of the force times the distance 
to the center of resistance. It is measured in units of gram­
millimeters or equivalent. If a force is applied at some dis­
tance to the center of rotation, not only will the force tend 

to translate the object in space, it will also tend to rotate 
the object around the center of resistance. This effect, of 
course, is precisely the situation when a force is applied 
to the crown of a tooth. The tooth is not only displaced 
in the direction of the force, but it is also rotated around 
the center of resistance-thus, there is a tipping tooth 
movement (Fig 22-1) . 

When there are two forces acting on an object that are 
equal in magnitude and opposite in direction, the combi­
nation of the two forces is referred to as a couple. The 
result of applying two forces in this way is a pure moment, 
since the translatory effect of the forces cancels out. A 
couple produces pure rotation, spinning the object around 
its center of resistance. The combination of a force and a 
couple can change the way an object rotates while it is 
being moved. 

The point around which rotation actually occurs when an 
object is being moved is referred to as the center of rota­
tion. When a force is applied directly to the middle of the 
facial surface of the crown, the tooth rotates about the 
center of resistance. This results in a tipping movement 
with the crown being displaced lingually and the apex of 
the root displaced slightly in a facial direction (Figs 22-2a 
and 22-2b). 

If a force and a couple are applied to an object, the cen­
ter of rotation can be controlled and made to have any 
desired location. The application of a force and a couple 
to the crown of a tooth, in fact, is the mechanism by which 
bodily movement of a tooth, or even greater movement of 
root than the crown, can be produced. 

By applying a secondary force on the lingual at the incisal 
edge, a couple is formed that moves the center of rotation 
apically. The net lingual force combined with a couple 
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a 

37.5-g force x 20-mm 
moment arm (15 + 5) 
= 750 g-mm moment 
counterclockwise 

5 . 

37.5g ~ 

50-g force x 15-mm 
moment arm= 
750 g-mm moment 
clockwise 

50 g 

b 
FIG 22-3 (a and b) Opposing moments form a couple that moves the center of rotation apically with a net force to the lingual that 
moves the tooth bodily. (X) Center of resistance; (R) center of rotation. 

50-g force x 20-mm mom 

50-g force x 15-mm 
moment arm= 
750 g-mm moment 
clockwise 

arm (15 + 5) = 1000 g-mm 50 g 
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a 

~ 
50 g ~ •::~ 
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b 
F1G 22-4 (a and b) Equal forces applied facially and lingually. Net counterclockwise moment of 250 g-mm results in rotation. The facial 
and lingual forces offset each other so there is no bodily movement. (X) Center of resistance; (R) center of rotation . 
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b 
F1G 22-5 (a and b) Equal facial and lingual forces, with facial force applied more apically. Net counterclockwise moment (375 g-mm) 
results in rotation with no bodily movement. (X) Center of resistance; (R) center of rotation. 

results in bodily movement of the tooth to the lingual. In 
this instance, forces applied to both facial and lingual sur­
faces produce the couple (Figs 22-3a and 22-3b). 

By applying a secondary force on the lingual at the 
incisal edge equal to the force on the facial, a couple is 
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formed that moves the center of rotation farther apically. 
The net lingual force in this case is zero. The net counter­
clockwise moment results in a rotational movement of the 
tooth with the apex moving slightly lingually and the 
crown moving facially (Figs 22-4a and 22-4b) . 
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EXTRACTION TREATMENT WITH INVISALIGN 

b 
FIG 22-6 (a and b) Greater force on facial than on lingual surface. Net counterclockwise moment of 250 g-mm results in rotation, and 
net fo rce produces lingual movement (lingual crown torque) . (X) Center of resistance; (R) center of rotation. 

By applying a smaller force to the facial closer to the 
apex and an equal secondary force on the lingual at the 
incisal edge, a similar couple is formed that also moves 
the center of rotation apically. The net lingual force in this 
case is also zero. The net counterclockwise moment 
results in a rotational movement of the tooth with the 
apex moving slightly lingually and the crown moving 
facially (Figs 22-sa and 22-5b). 

App lying a slightly greater force to the facial and main­
taining the secondary force on the lingual at the incisal 
edge forms a similar couple that also moves the center of 
rotation apically. In this case, however, the net lingual 
fo rce is greater than zero. The net counterclockwise 
moment results in a rotational movement of the tooth 
with the apex moving lingually and the crown moving 
slightly facially (ie, lingual crown torque) (Figs 22-6a and 
22-6b). 

The goal is to control root position during movement to 
achieve the desired results with the least possible com­
plexity. This can be achieved through control of the 
moment-to-force ratio. The ratio between the force applied 
to move a tooth and the counterbalancing moment used 
to control root position determines the type of tooth 
movement. If the ratio between the counterbalancing 
moment and the retraction force is less than 1, the tooth 
will tip just apically to its center of resistance. As the 
moment-to-force ratio increases, the center of rotation is 
displaced farther away from the center of resistance, pro­
ducing controlled tipping. With a moment-to-force ratio of 
8 to 10, bodily movement occurs. If the moment-to-force 
ratio is greater than 10, the root apex will be retracted 
more than the crown, producing lingual root torque (Fig 
22-7) . 

M/F ratio 
( 1 

M/F ratio 
1- 7 

M/F ratio 
8-10 

M/F ratio 
>10 

FIG 22-7 Moment-to-force (M/F) ratios used to control root posi­
tion during movement. 

Tooth-Aligner Biomechanics 
Proffit stated in his textbook that removable appliances are 

"rarely satisfactory for adjunctive (or comprehensive) 
treatment. Removable appliances by their very nature pro­
duce simple tipping movements of teeth, making control 
of tooth position extremely difficult. In addition, remov­
able appliances are by definition removable, and the 
adult patient's concept of continuous appliance wear 
does not always coincide with that of the dentist. 
Intermittent forces, though capable of producing tooth 
movement, are not as efficient as continuous forces, par­
ticularly in the presence of occlusal interferences."1 P236 

He went on to say, "As a practical matter, it can be dif­
ficult to maintain removable appliances in place against 
the displacing effects of a pair of springs with heavy 
activation. The usual orthodontic solution is a fixed 
attachment on the tooth, constructed so that forces can 
be applied at two points" .1 P236 
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0.4-mm moment arm 

1000 g 

FIG 22-8 A moment-to-force ratio of 10 is needed for bodily move­
ment. With a retraction force of 40 g and a moment arm of only 0.4 
mm on a typical bracket, to avoid tipping the required moment is 
400 g-mm, meaning a 1,000-g force at each corner of the archwire. 

b 

Intended movement 

Aligner in place -+- • 

a 

FIG 22-9a Theoretical force-moment system to achieve lingual 
root movement with an aligner. 

FIG 22-9 (b and c) Clinical expression of this force-moment system to achieve lingual root movement or bodily movement: The tooth 
is intruded or the aligner displaced as a result of lack of retention. 

Torque control 

To better understand the dynamics of root control with align­
ers, we will now examine the biomechanics of tooth move­
ment with aligners and compare that with our understanding 
of movement with fixed appliances. Specifically, the design 
and placement of attachments and auxiliaries to accomplish 
controlled two-point force application will be examined. 

One of the problems we see in attempts to move incisor 
roots with aligners is that the intended movement and the 
actual movement are often different. The reason for this is 
exactly what Proffit described for removable appliances in 
general: there is not enough retention to offset the force need­
ed to generate the movement (Figs 22-8 and 22-9a to 22-9c) . 

The solution to aligner displacement is the proper 
design and placement of attachments. Figure 22-10 illus­
trates the evolution of attachments used to help eliminate 
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this problem. The key is to provide a ledge for the align­
er to grip that is perpendicular to the direction of displace­
ment and of sufficient size to provide enough surface area 
to offset the force delivered. Another simple rule of thumb 
is to place the attachment far enough away from the gin­
gival margin that the aligner will not spread or stretch and 
slip off the attachment. 

Proper attachment design allows clinical expression of 
this force-moment system to achieve lingual root movement 
or bodily movement-that is, torque control. The moment 
arm is measured from the most incisal aspect of the attach­
ment that extends to the effective gingival point of contact 
of the aligner. The effective point of contact near the gingi­
val margin is approximately 1 to 2 mm from the gingival 
edge of the aligner as a result of stretch of the aligner in 
this area. Figures 22-11 to 22-14 illustrate the effect of 
attachment design and placement on torque control. 
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a b C d 

FIG 22-10 Evolution of attachment design and placement. (a) The 
aligner is easily displaced because there is no attachment or ledge 
to provide retention. (b) A ledge is created with an attachment, but 
it is placed too far gingivally and is inadequate for retention. (c) A 
ledge is created with an attachment, but it is placed too far gingi­
vally and is too narrow for retention in this direction. (d) An attach­
ment of proper design and placement, closer to the incisal edge 
and perpendicular to the direction of displacement, will provide 
sufficient retention. 

a 

EXTRACTION TREATMENT WITH INVISALIGN 

• FIG 22-11 A 1 x 2 x 4-mm horizontal rectangular attachment 
placed near the incisal edge. The intrinsic, extrusive forces exerted 
on the aligner are now offset by the forces the attachment places 
on the "bubble" in the aligner. By providing a horizontal ledge 
90 degrees to the force applied, retention of the aligner in its 
desired location is achieved, unwanted movements are reduced, 
and intended movements are enhanced. 

FIG 22-12 (a and b) Rectangular attachments as viewed in ClinCheck and clinically (arrows). 

Figure 22-12a illustrates a typical set of attachments as 
viewed on ClinCheck. The clinical appearance of these 
attachments is seen in Fig 22-12b. The trapezoid appear­
ance seen on the virtual image is an artifact of the manu­
facturing process. 

Figures 22-13a and 22-13b illustrate a recent modifica­
tion to the horizontal rectangular attachment that pro­
duces a beveled appearance. The beveled attachment 
accomplishes two things: it allows easier aligner insertion 
and is esthetically superior in that it is less noticeable 
because of the lack of shadow along the incisal aspect of 
the attachment. 

A net force of 40 g intended to move the tooth lingual­
ly would require a moment of 320 to 400 g-mm (F/M ratio, 
8 to 10) for bodily movement or greater than 400 g-mm 
(F/M ratio, < 10) for lingual root movement (Figs 22-14a 
and 22-14b). Improper attachment design or placement 

allows the delivery of only 280 g-mm moment in conjunc­
tion with 40 g force, which results in controlled lingual 
crown tipping (Fig 22-14c). 

Root parallelism 
The other biomechanical consideration pertinent to extrac­
tion treatment is the controlled tipping to achieve root 
parallelism in the extraction sites. When a force is applied 
in an attempt to move a canine distally, the tooth will 
rotate around the center of resistance. It requires a suffi­
cient moment to oppose the tipping movement. This is a 
more problematic area because in a typical extraction sce­
nario, the aligner contacts the tooth in the buccal seg­
ments on a surface that is parallel to the direction of force. 
The result, of course, is that there is little, if any, moment 
arm created without the use of substantial attachments, 
auxiliaries, or both (Figs 22-15 to 22-17). 
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SECTION Ill - PERFORMANCE CHARACTERISTICS OF THE INVISALIGN SYSTEM 

a 

FIG 22-13 (a and b) Beveled attachments accomplish the goals of retention and resistance to unwanted movement, 
are discreet, and facilitate insertion and removal of aligners . 

moment 
counterclockwise 

b 40 g 

..._4og 

= 4ogforce 

FIG 22-14 (a to c) Depending on attachment design and placement, a net force of 40 g on the facial surface (a) can create bodily move­
ment (b) or lingual crown tipping (c). (X) Center of resistance. 
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FIG 22-15 (a and b) The tooth rotates clockwise around the center of resistance. (c) Controlling movement of buccal segments can be 
difficult because of limited aligner contact in the direction of force application. To enhance force application requires placement of attach­
ments and/or auxiliaries. (X) Center of resistance; (L) moment arm. 

An idea dating back to the 1920s was to place an 
attachment on the gingival aspect of a bracket extending 
toward the center of resistance in an attempt to decrease 
the amount of tipping that occurs when teeth are moved 
mesiodistally. These gingival extensions are often 
described as power arms. A power arm can be added to 
the force system with lnvisalign. The addition of a power 
arm auxiliary accomplishes two things. First, it moves the 
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application of force closer to the center of resistance. 
Second, it creates a secondary moment as a result of pres­
sure against the distal of the aligner. With the combined 
power arm and "T" attachment, it should be possible to 
control the distal root tip during retraction. This attach­
ment design has been successful with some patients (Figs 
22-18 to 22-23) . 
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FIG 22-16 Attachment design and placement are critical to deliv­
ery of adequate couple to control root position but may still not 
be enough. Auxiliaries must be considered. (a) No attachment; 
tooth does not track with aligner. (b) Long vertical attachment 
helps provide couple but has intrusive vector and minimal reten­
tion. (c) Inverted long vertical attachment to provide couple has 
extrusive vector but still minimal retention. (cf) "T" attachment 
design provides couple and added retention. 

Power arm for additional 
~ force module 

Limited contact -

FIG 22-18 Addition of a power arm auxiliary and "T" attachment 
increases the likelihood of a proper force-moment system to con­
trol root movement during retraction. 

Poin t of close contact 4 

with aligner provides 
restraining "force" -

40 g 

50-g NiTi coil attached 
from power arm on 
can ine to power arm on 

4P'91••- first molar 

Net force 40 g 

~1~ 22-20 Force-moment system when attachments and auxil­
iaries are used. Combined 240-g-mm, 320-g-mm, and 500-g-mm 
moments produce a 1,060-g-mm moment with a 90-g distalizing 
force. (X) Center of resistance. 

EXTRACTION TREATMENT WITH INVISALIGN 

40-g force x 6-mm 
moment arm 
= 240 g-mm moment 
counterclockwise 

40-g force x 8-mm 
moment arm 
= 320 g-mm moment 
counterclockwise 

40 g 

FIG 22-17 Combined 240-g-mm and 320-g-mm moments produce 
a 560-g-mm moment, assuming a full 40-g force at each corner. 

50-g force x 10-mm 
moment arm 
= 500 g-mm moment 
counterclockwise 

Point of close contact 
with aligner provides 
restraining "force" 

YPJ/ill•+- 50-g NiTi coil attached 
from power arm on 
canine to power arm on 
first molar 

FIG 22-19 Addition of a power arm auxiliary with nickel-titanium 
coil adds additional retraction force. 

FIG 22-21 Proper planning and addition of a power arm auxiliary 
should allow the ability to effectively parallel roots. 
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SECTION Ill - PERFORMANCE CHARACTERISTICS OF THE INVISALIGN SYSTEM 

FIG 22-22 Power arms fabricated out of .020 SS round wire bond­
ed with composite. NiTi coil springs are attached to apply force to 
the power arm. 

■ ■ I • • I . I . ■ I . • I • ■ ■ 

■ • • • • 
■ • • 

F1G 22-24 Staging diagram. The numbers across the top represent 
different teeth, and the vertical axis represents the aligner num­
ber. The vertical black bars in the diagram indicate the timing and 
rate of tooth movement. Each aligner number represents one 
stage. 

Staging 
Another aspect of proper control of tooth movement is 
staging. Staging is the sequence and speed that teeth are 
moved with aligners (Fig 22-24) . Although most move­
ments have default staging plans, the orthodontist can 
request custom staging when necessary. For more complex 
movements like extraction cases, a custom staging 
request is almost always required. 

Planned rate of tooth motion per stage or aligner must 
not exceed the ability of the roots to keep up with desired 
movement. Proper staging is critical to effective space clo-
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FIG 22-23 Attempt at manufactured power arms on orthodontic 
bonding bases. This was ineffective because the length of the 
power arm was insufficient to move the point of force application 
adequately to achieve the desired results. 

sure with aligners. It is usually necessary to reduce the 
rate of space closure with aligners to approximately one 
half that possible with fixed appliances. Even that rate 
may exceed the aligner's ability to provide the proper 
force system needed for root parallelism. 

Clinical Issues 
It should be obvious after reviewing the biomechanics of 
space closure with aligners that several variables combine 
to either produce acceptable desired results or unaccept­
able, undesired, and aberrant tooth movements. These are 
reviewed with reference to space closure and control of 
root position. 

Foremost is the clinical crown length. The longer the clin­
ical crown, the more likely it is that a sufficient couple can 
be created. Patients with very short clinical crowns are not 
good candidates to attempt extraction treatment with 
lnvisalign. Single mandibular central incisor extraction tends 
to be successful because of the length of the clinical crowns 
relative to the forces applied (Figs 22-25a and 22-25 b) . 
Although root position of canines has been successfully 
maintained during retraction, the molars, especially maxil­
lary molars, tend to tip mesially. This is frequently referred 
to as "dumping" (Figs 22-26a to 22-26c). Dumping occurs 
even when the molars are simply being used as anchorage 
for anterior retraction ; this may be caused by the disadvan­
tageous crown-to-root ratio combined with the large root 
surface area over which forces are distributed. Work is cu r­
rently being done with various accentuated attachment 
designs, but as yet the ability to predictably avoid molar 
dumping has not been demonstrated. 
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EXTRACTION TREATMENT WITH INVISALI GN 

FtG 22-25 Pretreatment (a) and posttreatment (b) views of a mandibular central incisor extraction case treated with lnvisalign. 

FIG 22-26 (a to c) Mesia! tipping of maxillary molars sometimes 
occurs during lnvisalign treatment. 

Conclusion 
With aligners, it is still difficult to achieve extraction treat­
ment and subsequent space closure with proper tip and 
torque to produce root parallelism and esthetic crown 
inclination. Understanding the biomechanics of tooth 
movement with aligners and applying that knowledge to 
treatment planning and clinical execution should result in 
breakthroughs in the near future that will make such treat­
ments more predictable and routine. 
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FORCE APPLICATION WITH INVISALIGN: 
CONSTANCY AND COMPLIANCE 

by 
Trang Duong, DDS and Robert Tricca, PhD 
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