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Abstract
Objective: To determine the optimal method to correct rotations of conical teeth using
thermoplastic appliances with and without attachments.
Introduction: Despite the increasing popularity of clear aligner therapy there are still questions
as to its effectiveness, efficiency, case selection and limitations. It has been reported that the full
prescription for clear aligners is not expressed, and that the mean accuracy of any type of tooth
movement using clear aligners is only 41% (Drake, 2012). One of the major limitations of clear
aligner therapy is correction of rotated conical teeth, especially canines and premolars (Kravitz,
2008). According to Simon, et al. (2014) mandibular premolar derotation has the lowest
predictability of movement and accuracy with clear aligners. This is due to the fact that conical
teeth lack interproximal undercuts, and as result the aligner tends to slip as derotation is
attempted (Kravitz, 2008; Simon, 2014). Clear aligner manufacturers therefore recommend the
use of resin bonded attachments, interproximal reduction, overcorrection, auxiliaries, or
adjusting aligners with thermopliers in order to achieve derotation of conical teeth.
Materials and Methods: The design of this study is prospective and experimental. This
research will be a comparative study to examine the effect of attachment location and the number
of attachments on rotational control of conical teeth. Rotational control without attachments or
adjustments will be compared to rotational control with attachments, or with the use of a clear
aligner adjusting plier (Hu-Friedy Vertical Rectangular Adjustment Plier). Total de-rotation will
be recorded as an angular measurement after placement of each aligner, as measured on a digital
scan (Ortho Insight 3D, Chattanooga, TN) using Geomagic Design software (3D Systems, Cary,

NC).



Results: Results of a one-way ANOVA showed that there were no statistically significant
differences between 7 of the 9 groups. The group with a rectangular attachment on the buccal
surface of tooth #29 had the highest overall observable rotational correction.

Conclusions: Attachments appear to improve rotational correction of the lower right second
premolar. Increasing the number of attachments does not appear to aid rotational control, as the
group with a single buccal attachment had the highest overall rotational correction. Multiple
attachments, and adjusting aligners using the Hu-Friedy vertical rectangular adjusting plier on
the lingual surface of the thermoformed aligner appear to impede rotational correction in this

study.
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Chapter 1 : Introduction

As the number of adults seeking orthodontic treatment has been increasing in recent
years, so too has the demand for esthetic orthodontic treatment. The esthetic treatment
modalities available to patients and clinicians currently include clear aligners and ceramic or
lingual fixed appliances. Clear aligner therapy is one of the fastest growing segments of the
orthodontic market, and is advantageous since clear aligners are nearly invisible and are
removable. Orthodontic treatment using clear aligners allows the patient to maintain better oral
hygiene, thereby reducing the risk of decalcification and caries often seen with traditional fixed
appliances. However, little is understood about the effectiveness of clear aligner therapy, often
leading to the need for case refinements, or mid-course corrections if aligners are no longer
tracking. The decision must then be made to compromise treatment without fully correcting
tooth positions, or discontinue aligner therapy and place fixed appliances.

Although the use of clear aligners to correct alignment of teeth is a popular treatment
choice for clinicians and patients, this treatment modality is not a new concept. H.D. Kesling
first described the positioning of teeth without bands and wires with what he called a Tooth
Positioning Appliance in (Kesling, 1945). With this approach, fixed appliances are removed
approximately 4-6 months prior to the anticipated debanding date. Final finishing and artistic
positioning of teeth are completed using the tooth positioner, which could then also be used as a
final retainer. Using the Kesling tooth positioner, impressions are taken and two plaster models
are fabricated. Teeth are then dissected from the set-up model, and teeth are re-arranged in wax
to the desired arch form, axial positioning, and occlusion (Kesling, 1945, 1956). The fabricated
positioner is a one-piece vulcanite rubber appliance that covers all surfaces of maxillary and
mandibular teeth and made to fill the freeway space. The purpose of filling the freeway space is

1



to have a layer of rubber between upper and lower teeth that will maintain pressure on teeth
while the positioner is worn (Elsasser, 1949).

It was Kesling’s vision that the tooth positioner be used for more than just final
positioning and retention. He acknowledged that major tooth movements could be accomplished
by sequentially repositioning teeth on the wax set-up and fabricating a series of positioners
(Kesling, 1945; Bunch 1961). This vision was carried further by Henry 1. Nahoum, who
described the vacuum formed dental contour appliance in 1964. Nahoum describes a method
where a plastic sheet is heated to molding temperature and vacuum formed over a dental cast.
This differs with Kesling’s tooth positioner in that maxillary and mandibular appliances are
separate. This appliance can be used as a retainer after orthodontic treatment or fabricated to
move teeth, similarly to the method Kesling described by re-setting teeth in wax on a model.
According to Nahoum, anterior spaces and minor rotations can be corrected using this appliance
but corrections are limited to the six anterior teeth. Sheridan et al. (1985) also described aligning
teeth using a technique which included interproximal reduction of teeth and clear Essix aligners.
Using this technique, teeth were individually dissected from a model and repositioned. A major
disadvantage of this technique was that a new impression and tooth set-up was needed for each
sequential attempted tooth movement (Joffe, 2003).

Since then, several companies have emerged, including Invisalign and Clear Correct.
Invisalign was founded in 1997 and uses 3-dimensional (3-D) graphic imaging and computer-
aided design/computer-aided modeling techniques to fabricate a series of aligners in order to
achieve desired tooth movements (Boyd, 2001; Djeu, 2005; Joffe, 2003; Miller, 2002). These
aligners are fabricated from thin plastic of 0.030-inch thickness which fits over the buccal,

lingual (palatal) and occlusal surfaces of the teeth (Boyd, 2001). The aligners are worn a



minimum of 20 hours per day and advanced to the next aligner in the series every 2 weeks. Each
aligner is designed to move teeth 0.25 to 0.3 mm (Boyd, 2001; Kwon, 2008). To correct
rotations, each aligner is designed to produce 2°-3° rotational change (Simon, 2014).

Despite the increasing popularity of clear aligner therapy there are still questions as to its
effectiveness, efficiency, case selection and limitations. It has been reported that the full
prescription for clear aligners is not expressed, and that the mean accuracy of any type of tooth
movement using clear aligners is only 41% (Drake, 2012). One of the major limitations of clear
aligner therapy is correction of rotated conical teeth, especially canines and premolars (Kravitz,
2008). According to Simon, et al. (2014) premolar derotation has the lowest predictability of
movement and accuracy with clear aligners. This is due to the fact that conical teeth lack
interproximal undercuts, and as a result the aligner tends to slip as derotation is attempted
(Kravitz, 2008; Simon, 2014). Current recommendations include the use of resin bonded
attachments, interproximal reduction, overcorrection, auxiliaries, or adjusting aligners with
thermopliers in order to achieve derotation of conical teeth.

Much of the treatment design and effects to correct rotated teeth with clear aligners is
largely anecdotal. The purpose of this study is to assess the efficiency of derotation of conical
teeth without using attachments, and various attachment locations to assess the ideal location for
placement of attachments. In order to evaluate the potential attachment locations, the following
questions are proposed.

Research Questions and Hypotheses

1. Does the use of resin bonded attachments improve rotational control of conical teeth?
Ho: No, resin bonded attachments do not improve rotational control of conical teeth.

Ha: Yes, resin bonded attachments improve rotational control of conical teeth.



2. Does placing attachments on teeth adjacent to the rotated tooth improve rotational control
of a conical tooth?
Ho: No, placing attachments on teeth adjacent to the rotated tooth does not improve
rotational control of conical teeth.
Ha: Yes, placing attachments on teeth adjacent to the rotated tooth does improve
rotational control of conical teeth.
3. Does adjusting clear aligners using the Hu-Friedy Vertical Clear Aligner adjustment plier
improve rotational control of conical teeth?
Ho: No, adjusting clear aligners using the Hu-Friedy Vertical Clear Aligner adjustment
plier does not improve rotational control of conical teeth.
Ha: Yes, adjusting clear aligners using the Hu-Friedy Vertical Clear Aligner

adjustment plier does improve rotational control of conical teeth.



Chapter 2 : Literature Review

The market for clear aligner continues to grow rapidly, however little is understood about
the effectiveness of this treatment modality. There have been very few studies performed about
forces delivered by clear aligners. According to a systematic review in 2005 by LaGravere and
Flores-Mir, much of the literature about clear aligner therapy is limited to case reports and
clinical opinions; they report only two studies that were higher level clinical trials. Based on the
systematic review, no conclusions could be made about the indications for or limitations of clear
aligner therapy (LaGravere, 2005). This study provides an in-vitro model to study rotational
movements using clear aligners and this review will cover the history of clear aligner therapy,
advances in intraoral scanning, 3-Dimensional fabrication of dental models, and fabrication of

clear aligners.

History of Removable Thermoplastic Appliances

In 1945 H.D. Kesling envisioned an appliance that was effective under functional forces
that guided teeth into ideal positions without the use of bands and wires (Kesling, 1945, 1946,
1956). From this vision, he developed the tooth positioning appliance, which is a one-piece
rubber appliance that is fabricated based on an ideal tooth setup. The appliance is utilized after
much of the major tooth movements are made using traditional bands and wires. During this
time, the teeth are slightly mobile from previous orthodontic treatment and will respond more
readily to the force applied by the positioner (Kesling, 1946). This treatment adjunct was
estimated to reduce the total treatment time in bands and wires by as much as 6 months (Kesling,
1945). This would benefit the practitioner by reducing chair time taken by each patient, and

benefit the patient by reducing the amount of time spent with bands and wires.



Figure 2-1: Instruments used to create diagnostic set-up (Kesling, 1956)

Figure 2-2: Diagram indicating procedure for dissecting and trimming teeth for tooth
positioner set-up (Kesling, 1946)

Figure 2-3: Final Set-up for tooth positioner fabrication (Kesling, 1956)



Figure 2-4: Final fabricated tooth positioner (Kesling, 1956)

The Tooth Positioning Appliance makes it possible for clinicians to refine cases without
going through months of arch wire bending and adjustments. Since the positioner is fabricated
from a pliable rubber, it is able to slip over teeth and is an active appliance against teeth which
are not in alignment with the ideal set-up. It is recommended to wear the positioner for 4 hours
daily and while sleeping for 6-8 weeks. The positioner can be used for final retention or a new
set of retainers can be fabricated for the patient following active treatment (Kesling, 1946,
Elsasser, 1949).

Kesling’s vision was carried further by H.I. Nahoum, who first described what he called
the “vacuum formed dental contour appliance” in 1964. The appliance is fabricated by molding
a sheet of plastic to a dental cast using a vacuum forming machine. Nahoum acknowledged that
the appliance can be used after orthodontic treatment for retention, or for minor orthodontic
treatment limited to the upper and lower anterior teeth. He describes a process similar to
Kesling’s process for fabricating a tooth positioner, where teeth are dissected from a dental
model, repositioned in wax, and the appliances is vacuum formed over the adjusted model
(Nahoum, 1964; Ponitz, 1971).

The advancement of clear aligner therapy continues with Sheridan’s utilization of Essix

material (Raintree Essix, New Orleans, LA) to produce larger sequential tooth movements
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(Sheridan, 1993; Sheridan, 2004). Sheridan describes mechanics of tooth movement using
composite mounding and thermoform adjusting pliers. This method does not involve dissecting
teeth from a stone model and repositioning them in wax. Instead, the model is modified with
block-out compound to create space towards the desired direction of movement. The
thermoformed appliance can then be altered using thermoform adjusting pliers to place a divot or
dimple to increase force delivery on the target tooth. Alternatively, a composite mound can be
bonded to the patient’s tooth to provide the force necessary to push the tooth into the space
created by the block-out compound. The magnitude and direction of tooth movement is
dependent on the size and location of the composite mound. Sheridan recommends starting with
a Imm mound and incrementally increasing up to 3mm until the desired tooth position is

achieved.

Figure 2-6: Incremental addition to composite mound for sequential tooth movement (Sheridan,
2004)



As advancements have been made in digital technology, so too have there been major
advances in clear aligner therapy. Align Technology developed the Invisalign appliance in 1997,
however they were not the first to utilize digital technology for planning tooth movements. The
history of computer aided treatment planning for orthodontics actually dates back to 1970
(Biggerstaff, 1970). Biggerstaff describes a computer model to visualize realignment of
dentition from a malocclusion to a “normal” occlusion. Since Biggerstaff, other authors have
discussed the use of computer technology for orthodontic treatment planning (Faber, 1978;
Alcaiiiz, 1996; Kuroda, 1996; Ahmed, 1997). Furthermore, the entire sequence of obtaining
digital models, digital treatment planning, and rapid prototyping of models was described by
E.E. Hemayed in 1996.

The first step for clear aligner treatment involves taking an impression of each dental
arch. This can be accomplished using polyvinylsiloxane (PVS) or alternatively, a digital scan
can be taken. The impressions or scan are then sent to a clear aligner manufacturer, where 3-D
software is used to digitally move the desired teeth. Movements are planned 0.25-0.33mm per
aligner, and rotation corrections are planned 2°-3° per aligner. Once digital setups are complete,
models are fabricated using 3-D printing technology and a clear aligner of 0.030-inch thickness
is fabricated for each stage (Boyd, 2001).

The concept of bonded composite attachments was first introduced by Martin Martz in
1988. He described a removable tooth positioning appliance, and proposed bonded composite
“buttons” to provide or increase undercuts which an aligner could engage in order to facilitate
the desired tooth movements (Martz, 1988). Since then, clear aligner manufacturers have
adopted this concept, and recommend bonded attachments to facilitate difficult tooth

movements. According to Boyd, rotation of lower premolars and extrusion of teeth are two of



the most challenging movements to accomplish with clear aligners. He recommends placing
bonded composite attachments achieve these difficult movements. Clear aligners are to be worn
for a minimum of 20 hours per day, and typically worn for 2 weeks prior to progressing to the
next aligner (Boyd, 2001; Joffe, 2003; Bollen 2003; Clements, 2003).

Despite the long history of clear aligner therapy, little is understood about the mechanism
of action of aligners, force delivery, limitations, and indications. The information available is
limited mainly to clinical opinion and case reports. In 2007, Kravitz et al. conducted a
prospective clinical study to evaluate the efficacy of clear aligner therapy using Invisalign. They
found the overall accuracy of tooth movement to be 41% and found that rotations of canines
greater than 15 degrees had significantly lower accuracy at 32.2%. In a study by Simon et al.,
results showed that premolar derotation had an accuracy of only 40%.

The inaccuracies of clear aligner therapy are a source of frustration for both clinicians
and patients. When teeth are not moving as expected by the digital simulation, the decision must
be made for mid-course correction, case refinement after the current set of aligners is complete
or to discontinue aligner therapy and transition to fixed appliances. In a study conducted by
Bollen in 2003, all patients who completed their first set of aligners required refinement or
transition to fixed appliances to achieve the original pretreatment goals. Orthodontists report that
70-80% of cases do not achieve pre-treatment goals and require further treatment (Sheridan,
2004). One of the most common reasons for refinement or converting to fixed appliances is

uncorrected rotations (Sheridan, 2004).

Digital Scanning Technology
Digital scanning offers many advantages to an orthodontic practice. It virtually

eliminates problems associated with model storage or breakage. Scanned models allow for
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quicker access and easier communication with patients and colleagues (Santoro, 2003).
Numerous studies have been conducted to determine the accuracy of digitized dental models.
Despite using different scanning methods, when virtual models from scans are compared to
conventional plaster models, all studies conclude that scanners provide digital models that are
reliable and clinically acceptable for orthodontic practice (Santoro, 2002; Zilberman, 2002;
Fleming, 2010; Patzelt, 2013; Moreira, 2014; Lemos, 2015). Santoro et al., concluded that
measurements for overbite and tooth width are statistically significant, but not clinically relevant
and there are no significant differences in measurements for overjet.

Digital scans have also been compared to models obtained using cone-beam computed
tomography (CBCT) (Tarazona, 2011; Wiranto, 2012; Kim, 2014). In 2012, Wiranto et al.
concluded that intraoral scanning is as valid and reliable as CBCT scanning of alginate
impressions for diagnostic purposes. Tarazona compared dental measurements from CBCT
models and digital models and found no clinical differences between the two measuring
techniques (2011). A study by Kim et al. compared CBCT models, plaster models, and digital
models using the Ortho Insight 3D laser scanner (2014). They found excellent agreement among
the three groups, with a mean difference in measurements from 0.08mm to 0.23mm. Lastly,
Akyalcin et al. concluded in 2013 that iTero scanned dental arches are interchangeable with
those obtained from CBCT.

Existing scanners are based on different scanning technologies including confocal
microscopy, optical coherence tomography, active and passive stereovision and triangulation
(Logozzo, 2014). Confocal laser scanning microscopy involves the passing of a laser beam
focused by an objective lens. Scattered and reflected laser light is then re-collected by the lens

and processed by a computer to fabricate an image (Lagozzo, 2014). The iTero is an example of
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a digital impression system that uses this technology. It uses red laser beam light to generate
illuminated areas intraorally and a 3-D image is constructed based on the intensity of light rays
returning to the lens. The advantage of using an iTero scanner is that it is not necessary to apply
a coating powder to the patient’s teeth prior to scanning. However as a result, a color wheel
must be added to the system, resulting in a larger scanner head than other systems (Logozzo,

2014).

Rapid Prototyping Technology

A significant milestone for clear aligner manufacturing companies was the introduction
of rapid prototyping technology. Charles Hull is credited with the invention of stereolithography
3-D printing in 1984 (Groth, 2014). The technology has undergone rapid growth, rising from 6
patents applications in 1984, to 146 by 2012 (Park, 2015). Rapid prototyping can be divided into
2 groups: subtractive rapid prototyping and additive rapid prototyping. With subtractive rapid
prototyping, the process begins with a material (often polyurethane) block which is milled into
the desired 3-D object. The additive rapid prototyping method produces a 3-D object by
incrementally adding layers (Kim et al, 2014). This technology creates a major advantage for
clear aligner therapy as the clinician no longer has to dissect teeth from a stone model and reset
them in wax for each stage of movement. Tooth movement stages can now be planned digitally
using 3-D software, and each treatment stage model can be constructed using rapid prototyping
for subsequent aligner fabrication.

Various techniques exist for additive rapid prototyping and two techniques commonly
used for dentistry are stereolithography and poly-jet photopolymerization. Stereolithography is
the method of additive manufacturing used by Align Technology, the makers of Invisalign. It

takes 3-D data collected from a scan and slices the data into a series of layers. A build platform
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moves through a vat of liquid resin. Each layer is polymerized at the surface of the resin, until
the final model is completed. At the end, the final product can be accessed for removal by
elevating the platform from the vat of resin (Sharma, 2015). Stereolithography is commonly
used to fabricate dental arches for orthodontic purposes and surgical guides for implant
placement. Stereolithography is also the type of technology utilized by the Juell 3D OC Flash 3-
D printer, which was used to fabricate the models used in this study. However, the Juell 3D uses
digital light processing (DLP) to cure an entire layer, reducing the total time it takes to fabricate

a model.

Laser source

_ Scanning mirror

Laser beam — —

Liquid resin
~ surface

4 — 41— Platform

— — — — Piston

Figure 2-7: Diagrammatic representation of Stereolothography (Groth, 2014)
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Projector

i
J

Scanning mirror

Liquid resin
~ surface

4 Platform

— — — — Piston

Figure 2-8: Diagrammatic representation of Digital Light Processing (DLP) printer
(Groth 2014)

Another method of additive rapid prototyping is poly-jet photopolymerization (PPP),
which is currently being used by the clear aligner manufacturer ClearCorrect. This technology
differs from stereolithography because instead of having a vat of liquid resin that the build
platform moves through, PPP utilizes print heads that extrude resin layer by layer. Each layer is

immediately cured with UV light as it is laid down (Sharma, 2014; Groth, 2014).
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Figure 2-9: Diagrammatic representation of PolyJet PhotoPolymer printer (Groth 2014)

There have been a number of studies assessing the accuracy of models fabricated using
rapid prototyping techniques (Cuperus, 2012; Kim, 2013; Groth, 2014; Ren, 2014; El-Katatny,
2010). Kim et al., studied accuracy of subtractive rapid prototyping and found that differences in
linear measurements taken from plaster and rapid prototyping models fell in the range of
0.07mm-0.33mm. Ren et al., compared plaster models against three rapid prototyping
techniques: digital light processing, jetted photopolymer, and 3D printing. They performed
Bolton analyses on all models, and measured clinical crown heights. Results showed that the
Bolton differences were at most 1.24mm in the anterior region and 2.26mm overall and the
clinical height differences were only on average -0.02mm. El-Katatny et al., analyzed the
differences when fabricating skull and mandible replicas using Fused Deposition Modelling.
Results of this study found that replicas deviated 0.24% with skull models, and 0.22% with
mandibular models. All studies have concluded that although there are observable differences,

rapid prototyping is highly accurate and produces reliable models. Ren concludes that models
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produced with rapid prototyping techniques are accurate, show low systemic differences, and are

interchangeable with plaster models.

Thermoplastic Materials

Thermoplastic materials are characterized by their ability to be reformed into a new
product while maintaining their previous characteristics (MacDonald, 2006). There are several
thermoplastic materials available today, but the most commonly used for orthodontic purposes
are polypropylene, polyester, and polyurethane. Materials are chosen based on clinical
preference or recommendations from manufacturers. Each material, however, has different
properties and it is important to select a material based on its intended application. In addition,
thermoplastic polymers are sensitive to factors such as temperature, humidity, thermoforming
procedures, and time after deformation, all of which can impact their mechanical properties
(Ryokawa, 2006).

Properties of thermoplastic materials are influenced both by forming methods and the
conditions under which they are being used (Ryokawa, 2006; Hahn, 2009). An appliance formed
under high pressure will form a better fitting appliance, which will in turn increase friction and
improve aligner effectiveness on displaced teeth (Hahn, 2009). An appliance formed under high
pressure will also deliver significantly higher forces due to a more intimate fit (Kohda, 2013). It
has also been found that appliances with higher material thickness deliver higher forces (Kohda,
2013).

Dr. Ray Stewart founded Bay Materials, the company that manufactures Zendura, in
1999. Zendura is a polyurethane material which is widely used for orthodontic retainers and
aligners. Its advantages include of high strength, deformation resistance, and stain resistance —

all of which make it an excellent material for clear aligners and retainers (Zendura Properties,
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2016). According to tests conducted by Intertek Plastics Technology Laboratory, Zendura is
superior to other commonly used thermoplastics in crack resistance (impact strength) and stain

resistance.

Impact Strength
Material Normalized at 0.030 Thickness

Measuring The Ability to Resist Crack Under Continuous Impact (Force)

Zendura® Essix PLUS® Tru-Tain Essix ACE® Invisacryl A Erkodur DuraClear  Biocryl Essix C+

10 —+

Impact Strength, J/mm

Figure 2-10: Impact strength of commonly used thermoplastic materials (Zendura
Properties, 2016)

Stain Resistance
CIELAB Yellow Color Index (b*) Before and After 24 Hour Immersion in Mustard at 37C

Measuring The Ability to Resist Staining After Extented Period of Exposure in Oral Cavity
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b
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]
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(¥]
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-0.50

Figure 2-11: Stain resistance of commonly used thermoplastic materials (Zendura
Properties, 2016)

For clear aligner therapy, aligner toughness is very important because the aligner must be
able to withstand the stresses present in an intraoral environment. Stress retention is important to

ensure that the aligner material is able to apply continuous force to move teeth into alignment
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without deformation. Zendura is also unique because the material can be annealed. Annealing
involved heat treating the polymer and this enhances its properties, particularly improving stress
relaxation (Stewart, 2014). Annealing is a complex process and was not performed for this
study. However, due to its favorable properties, Zendura was selected as the aligner material for

this thesis.

Thermoforming Process

Thermoforming is a ubiquitous manufacturing process that can be traced back to Ancient
Egyptians who used the oldest known thermoplastic material, tortoise shells. Using hot water to
make the shells soft and moldable, the Egyptians were thought to fabricate containers from the
shells (MacDonald, 2006). Today, thermoforming is one of the most common manufacturing
processes, used in industries such as automotive, food and beverage packaging, pharmaceutical
packaging, and medical devices. In dentistry, thermoforming has several applications including
custom tray fabrication, splints, bite planes, temporary crown and bridge fabrication,
mouthguards, and orthodontic appliances (Allred, 1958; Allred, 1968).

In the simplest terms, thermoforming is the process of molding a material using heat and
is assisted by the use of vacuum or air pressure. The most common technique involves softening
a plastic sheet using a heat source and draping the plastic sheet over a mold to achieve the
desired shape (Michaud, 2011). Vacuum or air pressure is used to achieve more intimate contact
with the mold (MacDonald, 2006; Allred 1968).

Although thermoforming was developed during World War Il its use in dentistry began
when H.I. Nahoum introduced the vacuum formed dental contour appliance in 1964. This
appliance fabrication process has been used in dentistry for over 50 years now, but still presents

challenges because it is affected by numerous variables. One challenge is achieving uniform
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material thickness throughout the appliance. Material thickness is dependent on every step of the
thermoforming process.

The first step involves preparation of the model which serves as the mold for the
thermoformed appliance. It has been noted that material thickness is affected by the extent and
speed of material stretching (Kumar, 2014). The average thinning at occlusal surfaces is 46% for
posterior teeth and 47-60% for the incisor and canine region (Del Rossi, 2007). In 2007, Del
Rossi concluded that the material is thinnest where it is stretched the farthest due to the greater
distance that the plastic must travel. This was confirmed in 2013 by Kumar and again in 2015 by
Farrington, who found that material thickness is greatest where it contacts the mold first and least
where is contacts last. It is recommended to keep a dental model at the minimum height
possible, with the ideal height found to be 20mm (Del Rossi, 2007). An additional concern to
model height is model inclination. In 2015, Farrington noted that material thickness can be
influenced by model inclination. If the anterior teeth of a dental model are angulated up 45
degrees, anterior material thickness will improve, but at the expense of posterior material
thickness.

The next step involves the heating phase, which is dependent on the type of machine and
heating element used (Takahashi, 2015). Uniform heat distribution is critical for fabricating a
satisfactory appliance, however polymers are poor conductors of heat and this leads to a
tendency for uneven heat distribution (Kumar, 2013; Puehringer, 2013). Areas where the
temperature is too low will lead to an inaccurate capture of mold contours. Conversely, areas
where the temperature is too high will lead to greater thinning of the thermoplastic sheet and
result in tearing (Kumar, 2013). For clear aligner therapy, force delivery is dependent on factors

such as material thickness and accuracy of capture of mold contours (Kwon, 2008; Kohda,
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2013), therefore it is imperative to have an understanding of the thermoforming process and the

variables that may affect the properties of the aligners produced.
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Chapter 3 : Material and Methods

Fabrication of Study Models

Study model fabrication began with taking an impression of a Kilgore 200 typodont
(Kilgore International , Coldwater, MI) using Kromopan 100 impression material (Kromopan
USA, Morton Grove, IL). Typodont teeth were placed into the impression in the positions of
teeth #28, #29 and #30 and secured in place using clear utility wax (Henry Schein Dental). Next,
models were poured up using Type I11 blue stone (Gibraltar, Henry Schein Dental). The models
were then trimmed to allow 15mm of land area to prevent breakage, and trimmed apically until
the root apices of the typodont teeth were flush to the bottom of the model. This allowed

placement of aligners without distorting the vertical position of the teeth.

Figure 3-1: Kilgore 200 Mandibular Dntoform
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Figure 3-3: Typodont teeth secured with utility wax

Initial rotation of the lower right second premolar was achieved by using an apparatus
fabricated for this study. This apparatus was designed to secure the base of the model at a
consistent position while a hinged arm extended over the model. The hinged arm could be
lowered to a reproducible position on the fabricated model. A hard acrylic cap was fixed to the
upper arm as well as a 360° protractor. The acrylic cap was fit to the occlusal surface of the
lower right second premolar and this would allow free rotation of the tooth. Once tooth #29 was
rotated 30°, an acrylic stent was fabricated and reinforced with laser-welded steel wire. This

stent would allow for resetting teeth to their original positions after each experimental trial.
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Figure 3-5: AcrIi stent fabricated to rproduc olar rotation
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Figure 3-6: Final typodont with lower right second premolar rotated

In order to achieve rotation of the lower right second premolar, the distal surface of tooth #28
and the mesial surface of tooth #30 required 0.25mm of reduction, which was accomplished with
a diamond disc bur and measured using interproximal reduction gauges. Reference points were
placed distal to the lower right second molar and at the cusp tip of the lower left canine using a
¥ round bur. A reference line was also placed through the occlusal surface of the lower right
second premolar. These reference markers were placed to allow measurement of rotational
change.

Attachments were placed using a vertical rectangular attachment template (Reliance
Orthodontic Products. Itasca, IL ), Assure Plus (Reliance Orthodontic Products) and Transbond
LR (3M Unitek, Monrovia, CA). A master model was fabricated by placing attachments on the
buccal and lingual surfaces of teeth #28, #29 and #30. The attachment template was fabricated
from the master model using clear polyvinylsiloxane (Rocky Mountain Orthodontics, Denver,
CO). This template was then utilized to ensure attachments would be placed on all models in

reproducible and accurate positions.
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Figure 3-7: Clear PVS attachment template

Models were then randomly assigned to one of nine groups:

Group 1: No attachments placed or aligner adjustments made

Group 2: No attachments placed. Rotation correcting adjustment made to each aligner
using Hu-Friedy vertical rectangular adjusting plier on buccal surface of #29.

Group 3: No attachments placed. Rotation correcting adjustment made to each aligner
using Hu-Friedy vertical rectangular adjusting plier on lingual surface of #29.

Group 4: No attachments placed. Rotation correcting adjustment made to each aligner
using Hu-Friedy vertical rectangular adjusting plier on buccal and lingual surfaces of
#29.

Group 5: Rotation attachment placed on buccal surface of #29 (vertical rectangular
attachment, Reliance Orthodontic Products)

Group 6: Rotation attachment placed on lingual surface #29 (vertical rectangular
attachment, Reliance Orthodontic Products)

Group 7: Rotation attachments placed on buccal and lingual surfaces of #29 (vertical
rectangular attachment, Reliance Orthodontic Products)

Group 8: Rotation attachments placed on buccal surfaces of teeth #28, 29 and 30 (vertical

rectangular attachment, Reliance Orthodontic Products)
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- Group 9: Rotation attachment placed on buccal and lingual surfaces of teeth #28, 29 and

30 (vertical rectangular attachment, Reliance Orthodontic Products).

Scanning Models Using iTero Scanner
The original intent of this study was to exclusively use the Ortholnsight 3D (MotionView
3D, Chattanooga, TN) scanner for all scans made. However, due to the limited access of the
laser beam for desktop scanners, composite attachments were not captured well, particularly on
the lingual surfaces of the teeth. As a result, initial scans were made using the iTero Scanner
(Align Technology, San Jose, CA). The advantage of using an intraoral scanner was the range of
motion permitted by the scanner camera which allows for better capturing of undercuts and

lingual attachments. Initial scans were exported in STL format.

Post Scan Processing

When scans are made they are represented by a point cloud which must then be
configured to obtain a 3-dimensional model image. The STL file type is the most commonly
used file type and uses triangles to construct a 3-D image from the point cloud. The STL file
format is the oldest and most widely used file type, but it is also the least accurate and least
detailed due to its simplicity. This study utilized the OBJ (Alias Wavefront) file type, which
uses more complex polygons to construct a 3D image, and maintains more details such as color
and texture. There were three complications presented by using the iTero scanner. First, the
only file type available for export is STL. Secondly, exported scans did not have a flat base, and
a flat base is preferred to facilitate 3-D printing. Third, despite being a common file type, there
was an apparent incompatibility when transferring the iTero scanned information into

MotionView 3D software for treatment setups. This incompatibility resulted in models that were
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not “water-tight” which in CAD/CAM terms refers to a 3-D model that has voids or holes in the
model. To correct these issues, iTero scans had to undergo an additional step of processing using
mesh repair software. MeshMixer (Autodesk Research, San Francisco, CA) was utilized to
repair the mesh and correct voids. This software was also used to add a base to the models and
had the ability to export the corrected models in the OBJ file format which was used for the

remainder of the study.

Aligner Treatment Planning and Staging Using Motion View Software

OBJ format digital models were imported into MotionView 3D software for treatment
planning. A treatment plan was prepared to correct rotation of tooth #29 by 3° per aligner for a
series of 10 aligners. No other tooth positions were altered. The 10 aligner treatment models for

each group were exported in OBJ format for 3-D printing.
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Fabricating Resin Models using Juell 3D Flash OC
The Juell 3D OC Flash printer (Park Dental Research, New York, NY) was utilized in
this study to fabricate the 90 total resin models used in this study. The Juell 3D printer uses a
stereolithography method of additive manufacturing with a digital light processing (DLP)
projector to cure each resin layer. Four digital models were placed on the build platform at a
time and slice thickness was set at 50 microns. Once fabrication was complete, models were
removed from the build platform and rinsed in a 70% isopropyl alcohol bath for five minutes.

Models were then placed in a UV sterilizer for two hours to achieve final cure.

Fabricating Aligners
Once final cure was achieved, aligners were fabricated using Zendura (Bay Materials,
Fremont, CA) and a MiniStar S pressure forming machine (Great Lakes Orthodontics,
Tonawanda, NY). Zendura sheets were heated for 40 seconds and immediately pressure formed
over each dental model. Aligners were trimmed with a straight edge approximately 1-2mm from

the gingival margins (Cowley, 2012).

Conducting Trials
Each model was placed in an ice water bath (5°C) for 10 minutes initially to ensure that
the aligner is placed on the model without distorting the wax or initial tooth positions. While the
model was in the ice bath, its corresponding aligner was placed in a water bath set at 37 °C to
simulate body temp. Each aligner was then placed on its corresponding model and placed in a
hot water bath (Sheldon Manufacturing, Inc, Model W20M) set at 50°C for 10 minutes. Since
the aligner material is designed to be used in an intraoral environment, its properties could not

guaranteed to be unaltered at high temperatures. For this reason, models were placed on stone
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platforms designed to elevate the model out of the hot water bath until the water level was just
short of the apical margin of the aligner. This allowed heating of the wax by the hot water
without exposing the aligner to high temperatures. The ambient temperature at the surface of the
water bath was measured at 38°C. Models were placed in the hot water for 5 minutes then
placed on a flat surface and occlusal pressure was applied to the aligner to simulate occlusal
forces and ensure complete seating of the aligners. The models were then returned to the hot
water bath for an additional 5 minutes. After heating, models were placed back in the ice water
bath for 10 minutes prior to removing the aligner, and the model was taken to the Ortholnsight
scanner for scanning.

Digital scans were taken initially and after each of 10 sequential aligners in order to
assess both total rotation as well as per aligner rotation correction. Digital scans were taken
using the Ortho Insight 3D laser desktop scanner (Motion View, LLC) and scans were exported
in OBJ format. Model analysis and measurement of rotation correction per aligner was

completed using GeoMagic Design software (3D Systems, Inc).

Measuring Angles Using Geomagic Design
Digital models were imported into Geomagic Design software and oriented so that the
occlusal surface was parallel to the X-Z axis. Once the correct orientation was achieved, lines
were drawn according to the references markers placed on the models. A first line was drawn
from the point distal to the lower right second molar to the cusp tip of the lower left canine. A
second line was drawn through the occlusal reference line on the lower right second premolar.

An angular measurement was then calculated at the inner angle of their point of intersection.
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Figure 3-10: Example of angular measurement taken using Geomagic Design

Statistical Analysis
Statistical analysis of the data was performed using IBM SPSS. Statistical tests run on
the data included one-way analysis of variance and used a significance level of p<0.05.
Calculations were also made for mean rotational change for each of the 10 aligners per group,
mean rotational change per aligner per group overall, overall rotational change, and percentage

of the intended 30° rotational correction achieved.
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Chapter 4 : Results
The experiment was repeated 3 times. Results are presented below for each trial and also

for the mean values for all three trials.

Group Aligner 1 | Aligner2 | Aligner3 | Aligner4 | Aligner5 | Aligner 6 Aligner 7 | Aligner 8 Aligner 9 | Aligner 10
1 1.53 1.54 191 2.07 1.53 1.63 1.78 2.1 2.29 1.86
2 1.01 1.01 2.2 1.73 1.8 1.88 1.48 1.11 1.45 1.66
3 0.32 1.03 -0.7 -0.97 -0.24 -0.09 -0.2 -1.15 -1.68 -0.82
4 -8.61 -4.49 -10.11 | -0.85 -7.98 -1.39 -3.01 -0.66 -3.18 -1.73
5 2.03 1.6 1.83 2.8 2.64 2.67 2.72 2.94 1.75 2.59
6 1.48 1.17 0.89 1.02 2.37 2.04 2.87 2.5 2.85 2.84
7 1.61 1.31 2.3 1.35 1.5 2.31 2.94 2.78 1.19 2.93
8 0.53 1.96 0.25 1.08 1.84 1.86 1.98 2.39 1.96 2.04
9 1.13 0.58 0.75 1.19 0.46 0.39 0.53 0.63 0.73 0.76

Table 4-1: First trial indicating degrees of rotation for each aligner

Group Aligner 1 | Aligner2 | Aligner3 | Aligner4 | Aligner5 | Aligner 6 Aligner 7 | Aligner 8 Aligner 9 | Aligner 10
1.71 1.72 2.25 1.41 1.85 1.73 1.75 1.66 1.97 2.09
1.03 0.91 2.6 1.97 1.34 2.05 1.15 1.62 1.66 1.6
0.37 0.89 -0.69 -1.59 -0.3 -0.83 -0.61 -1.06 -1.31 -0.19
-9.29 -5.26 -0.4 -9.46 -12.8 -1.53 -1.31 -4.57 -0.32 -1

1.71 2.53 1.92 2.27 2.69 2.21 2.46 2.21 1.93 2.24
2.99 1.43 0.62 1.65 2.51 2.59 2.94 2.57 2.3 2.96
2.23 1.76 1.16 0.92 2.07 2.37 2.09 2.42 2.49 2.82
1.42 1.16 0.24 0.73 2.5 1.79 2.76 2.28 1.39 2.11

0.9 0.98 0.88 1.05 1.07 0.89 0.99 0.49 1.47 1.13
Table 4-2: Second trial indicating degrees of rotation for each aligner

© |00 ([N | (0| (W [N (-

Group Aligner 1 | Aligner2 | Aligner3 | Aligner4 | Aligner5 | Aligner 6 Aligner 7 | Aligner 8 Aligner 9 | Aligner 10

1 1.57 1.65 2.1 1.43 1.57 1.74 2.1 1.77 1.75 1.82
2 0.99 0.82 2.4 1.6 1.39 2.12 1.46 1.39 1.32 1.69
3 041 0.87 -0.67 -1.61 -0.37 -0.99 -0.43 -0.79 -1.11 -0.67
4 -8.07 -5.67 -4.91 -4.11 -11.52 | -0.91 -0.37 -1.6 -3.8 -3.01
5 2.01 1.77 2.21 2.32 2.68 1.8 2.36 1.53 2.92 1.42
6 1.99 1.52 1.11 2.37 2.6 1.63 2.17 2.04 2.58 2.02
7 1.86 1.68 1.29 1.21 1.68 2.19 1.99 2 291 2.74
8 0.88 0.8 0.91 1.04 2.93 2.95 1.5 2 1.64 2.18
9 1.05 0.69 1.04 0.78 0.87 0.44 0.66 0.66 0.9 0.94

Table 4-3: Third trial indicating degrees of rotation for each aligner
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Group Aligner 1 | Aligner2 | Aligner3 | Aligner4 | Aligner5 | Aligner 6 Aligner 7 | Aligner 8 Aligner 9 | Aligner 10
1 1.6 1.64 2.09 1.64 1.65 1.7 1.88 1.84 2 1.92
2 1.01 0.91 2.4 1.77 151 2.02 1.36 1.37 1.48 1.65
3 0.37 0.93 -0.69 -1.39 -0.3 -0.64 -0.41 -1 -1.37 -0.56
4 -8.66 -5.14 -5.14 -4.8 -10.77 | -1.28 -1.56 -2.28 -2.43 -1.91
5 1.92 1.97 1.99 2.46 2.67 2.23 2.51 2.23 2.2 2.08
6 2.15 1.37 0.87 1.68 2.49 2.09 2.66 2.37 2.58 2.61
7 1.9 1.58 1.58 1.16 1.75 2.29 2.34 2.4 2.2 2.83
8 0.94 1.31 0.47 0.95 2.42 2.2 2.08 2.22 1.66 2.11
9 1.03 0.75 0.89 1.01 0.8 0.57 0.73 0.6 1.03 0.94

Table 4-4: Mean rotational change per aligner for all three trials

Group [Mean Rotation Per Aligner |Mean Total Rotation |Percentage of 30° Rotation Corrected
1 1.81 17.96 59.87

2 1.56 15.48 51.6

3 -0.51 -5.06 -16.87

4 -4.17 -43.97 -146.57

5 2.21 22.25 74.17

6 2.13 20.87 69.57

7 2.08 20.03 66.77

8 1.68 16.37 54.57

9 0.85 8.34 27.8

Table 4-5: Mean rotational change per aligner for each group, mean total rotational change, and
percentage of rotation corrected.
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Figure 4-1: Mean rotation change for each aligner for each group
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Mean Rotation Per Aligner
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Figure 4-2: Mean rotation per aligner for all 10 aligners for each group
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Figure 4-3: Mean total rotation for each group after a series of 10 aligners
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Figure 4-4: Percentage of initial 30-degree rotation corrected

A one-way ANOVA was run to test the variance between the nine groups with the
significance level set at P<0.05. The difference between groups 1, 2, 5, 6, 7, 8 and 9 were
statistically insignificant. Groups 3 and 4 had statistically significant differences as compared to
the remaining groups. See Appendix A for the complete descriptive statistics and ANOVA

tables.
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Chapter 5 : Discussion

Clear aligner therapy is a rapidly growing segment of the orthodontic market. According
to the American Association of Orthodontists, the number of adults seeking orthodontic
treatment grew by 58% from 1994-2010. In 2013, Align Technology estimated that 31% of
adult orthodontic cases were treated using the Invisalign system. In contrast to adolescents,
adults typically have higher esthetic demands, and although they may desire orthodontic
treatment, they are more likely to reject treatment due to esthetics. Two surveys were cited by
Rosvall, et al in 2009. In one survey, it was found that 62% of adult patient would reject
treatment with a visible appliance despite their desire to have their malocclusion corrected. In
another study, it was found that 33% of adults would be unwilling to wear visible fixed
appliances to correct their malocclusion. Due to the rising esthetic demands of orthodontic
patients, efforts have been made to provide esthetic treatment solutions, including lingual braces,
ceramic or plastic brackets, and clear plastic aligners. Over 90% of adults surveyed, clear
aligners were an acceptable form of treatment and they were willing to pay an additional mean
fee that was $610 more than traditional treatment with metal brackets.

Despite the rapid growth in demand for clear aligner therapy, very little is understood
about its mechanism of action, indications and limitations. Few randomized clinical trials have
been conducted and much of the rationale for current treatment practices is based on anecdotal
information, clinical opinion, and case reports. The goal of this study was to develop an in-vitro
study model that could be applied to testing the efficacy of treatment using clear aligners. This
study focused on controlling rotation of round teeth, which has widely been reported as one of
the most challenging movements to achieve with clear aligners, following extrusion (Rossini,

2014; Kravitz, 2007; Simon, 2014). Composite attachments, overcorrection, and adjusting
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aligners with thermoform adjusting pliers are three of the ways that clinicians attempt to improve
rotational control of round teeth (Kravitz, 2008). This study assessed the differences between
attachment location, number of attachments, and aligner adjustments. Although observable
differences were present among all groups, only two groups exhibited statistically significant

results.

Clinical Relevance and Theoretical Implications

One way to overcome challenges presented by clear aligner therapy is to use aligners as
an adjunct to fixed appliances. The clinician can first place fixed appliances to align the teeth,
and then take impressions after rotations are corrected to continue treatment with aligners.
Alternatively, treatment can initiate with clear aligners, and transition to fixed appliances to
achieve the movements that were not accomplished using clear aligners. However, for the
segment of patients that are strongly opposed to fixed appliances, they may reject orthodontic
treatment altogether, or the decision could be made to compromise treatment goals in order to
limit movements to those which can be accomplished using clear aligners.

Many authors report that cases treated with clear aligners do not achieve pre-treatment
goals with the first set of aligners and typically require further treatment (Bollen, 2003; Sheridan,
2004; Boyd, 2005). When aligners fail to track as intended in the digital set up, this is a source
of frustration for both patients and clinicians. If the decision is made for mid-course correction,
new impressions must be taken, a new treatment simulation planned out, and new aligners made.
If aligner fit is still acceptable, another option is to complete the current set of aligners and
address the unsuccessful movements during refinement.

There are currently many different clear aligner products available today. Although

certain generalizations can be made about clear aligner therapy overall, each system is different
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and must be studied independently. There are many variables associated with clear aligner
treatment, including but not limited to computer processing of impressions (digital or
conventional), rapid prototyping, type of plastic sheet used for thermoforming, and type of
thermoforming machinery used. Even within the same system all properties and characteristics
cannot be guaranteed to be the same. This study tested an in-office clear aligner treatment
solution which presents its own set of advantages and disadvantages.

One advantage of this system is the complete control that the clinician has over the
treatment plan and how tooth movements are staged. There is no need to send impressions to an
aligner company, which may become distorted during the shipping process. Furthermore, it
would no longer be necessary to wait for a technician to devise a treatment plan. Since the
clinician has control over tooth movements, he/she would not need to communicate back and
forth with a technician to revise the proposed treatment plan. This could prove to save time for
the clinician and speed up start time for the patient, especially once the clinician becomes
proficient in digital treatment planning and staging.

An in-office clear aligner system is very challenging for clinicians to integrate into their
practice. The first challenge would be to overcome the skepticism and fear of integrating new
technology in their practice. Next is the associated costs — purchases would include a digital
scanner, treatment planning software, 3-D printer and liquid resin needed to print models, aligner
material and a positive pressure thermoforming machine. In addition there are the costs
associated with training staff to fabricate models and aligners. Lastly, and perhaps the biggest
challenge, is the steep learning curve associated with all new technology incorporated into a
practice. For the present study a desktop scanner (Ortho Insight) was initially used, which has

the advantage of not having to do a chairside scan. However, one would need a conventional
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impression, or a poured up stone model of the patient’s teeth to scan. During the impression
taking or stone model fabrication processes, possible inaccuracies or expansion and shrinkage
could be introduced. Another disadvantage encountered in this study was the inability to
accurately capture undercuts produced by attachments, in particular the inability to accurately
capture lingual attachments. As a result, if using the Ortho Insight scanner, it is recommended to
invest in a separate treatment planning software that allows for digital addition of attachments.

Due to the inaccuracy of initial scans using the Ortho Insight scanner, the present study
utilized the iTero intraoral scanner for the first set of scans. The scanner wand allows for 360°
access around the model and permitted capture of attachments and undercuts. Previous studies
have confirmed the accuracy of the iTero scanner as compared to original scanned models,
polyvinylsiloxane impressions, and CBCT generated models. However, a criticism of intraoral
scanning is often wand size and patient comfort, as well as speed of taking a digital impression.
Inaccuracies in scanning technology often are attributed to differences in materials being scanned
and translucency. In an intraoral environment, the scanner must be able to differentiate between
teeth and gingiva, overcome the translucency of dentition, and battle challenges posed from the
patient’s tongue and the presence of saliva. While an experienced user may be able to complete
a scan in several minutes, a new user would require much more time, and the increased chair
time needed for scans compared to taking conventional impressions is often a topic of debate.

The next step in the process is importing the models into treatment planning software. In
this study, it was necessary to “repair” iTero scans and correct voids prior to importing the scan
data into MotionView 3D, as explained in chapter 3. Scans taken by Ortho Insight did not
require any mesh repair and it is conceivable that when using the same system for digital

scanning and digital treatment planning, this additional step would be unnecessary. Once the

40



scanned data was imported into the Motion View software, several additional steps were
necessary prior to planning a digital treatment plan. These steps included digitally separating
teeth, verifying landmarks automatically detected by the software, and adjusting occlusion. This
study found that the MotionView 3D was user-friendly and simple to understand and use.
Although only one tooth was being moved in this study, it would take approximately 10 minutes
to complete the model processing steps, complete the treatment plan, and export the staged
models.

The biggest challenge encountered by this study was at the digital model fabrication
phase. Although many of the challenges can be attributed to operator inexperience, there are
several common problems associated with 3-D printing, the majority of which were encountered
during the course of this study. The most common problem observed during this study was the
problem of initial build layer not sticking to the build axis. The Juell 3D OC Flash 3-D printer
has a nickel-plated build platform, and the machine uses a Teflon sheet to level each layer prior
to curing. Often the initial build layer would cure against the inner surface of the Teflon,
separate, and lift off from the build platform. This would cause a build failure as the same layer
of resin would be cured against the Teflon until the build is “complete”. Unfortunately, due to
the mechanism by which models are fabricated using the stereolithography technique, it is
practically impossible to know that a build has failed until it has run to completion. Several
factors could cause this problem, including the condition of the build plate, age of resin, intensity
and length of cure, and the position of the build platform. It must be ensured that the Teflon

sheet is tight against the build platform, as any small air gaps could lead to a failed build.
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A second common problem is warping of the model. When warpage occurred, part of the
model would not stick to the build platform and would become lifted, or curled up away from the
build platform. The exact cause of this problem is unclear, but it is believed to follow a similar
mechanism to the previously described problem with sticking to the Teflon sheet. One potential
explanation could be uneven conditioning of the build platform. If one side is well conditioned,
the well-conditioned side would build properly, while the side that is poorly conditioned would
curl away from the build platform. There could also be a buildup of residue on the build
platform as a result of multiple build cycles. It was found that periodically washing the build
platform with 100% acetone for 5 minutes, and then rinsing with 70% isopropyl alcohol for 5
minutes would clean the platform of resin residue and reduce the likelihood of build failures. A
third possibility is how tightly the build platform is secured. The build platform is held down by
three screws. The screws are meant to be loosened about one-quarter to one-half turn to allow
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removal of the build plate for retrieval of fabricated models. To prepare for the next build, the
platform is secured down by tightening the three screws. It was noted that over the course of
using the machine, partially cured resin had built up around the screws and was impeding
adequate tightening of the screws. A possible explanation for model warpage could be that as
the Teflon sheet pulled away from the models, the build platform was slightly lifted as well,
causing the model to curl. To correct this problem, the arms that secure the build platform were
lowered into 100% acetone in order to soften and remove the uncured resin. A tap drill was used
to clear the screw threads, and a new set of screws were placed. Once the screws, build platform

conditioning, and build platform position were corrected, model warpage was no longer an issue.

Figure 5-2 Model warpage on left side
When a 3-dimensional digital model is imported into the Juell 3-D software, the software
virtually “slices” the object in layers of a predetermined thickness, which in this study was set at
50 microns. Another challenge that was faced was that in some instances, layers appeared to not
properly stick together. Troubleshooting attempts were unsuccessful as this was not a hardware
issue, and was not related to the build platform, Teflon sheet position, or projector intensity and
length of cure. It was discovered that this was a software malfunction, and certain layers were

being omitted or completely or partially by the software which lead to the subsequent layer not
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attaching to the previous layer. The manufacturer was able to correct this issue with a software

update.

y T
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Despite all the complications experienced during the course of the initial builds, the final
60 models were consecutively successfully fabricated without difficulties. This can be attributed
to both operator experience and improvements made through hardware and software updates by
the manufacturer of the Juell 3D printer. Accuracy of each model was confirmed by measuring
inter-canine width, inter-molar width, arch length, and vertical height of central incisors, first
premolars and first molars. These measurements were chosen rather than performing a Bolton
analysis because longer measurement spans reduce chance of error and bias compared to
multiple short span measurements. All models were found to be accurate replicas of the original
stone model.
When it comes to clear aligner therapy, the phase with the greatest variability is the

thermoforming step. This phase is affected by many factors including how models are prepared,
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type of material used and machinery used to thermoform the plastic sheet to the model. In this
study, Zendura was the material of choice due to its superior properties as described in Chapter
3. Zendura is high grade medical plastic and exhibits qualities of high strength and high
toughness. The stress retention of the material allows it to maintain its shape after conforming to
a malocclusion and the strength and toughness withstand the harsh intraoral environment to keep
pressure on teeth for movement. The disadvantage of polyurethane polymers is that they tend to
absorb moisture, which is why Zendura is supplied individually wrapped in a moisture-barrier
bag. Itis recommended that a Zendura appliance be fabricate immediately upon opening the
moisture-barrier bag or at most 15 minutes after to avoid altering its properties due to moisture
absorption.

It is important to note that not all polymers are the same and the mechanical properties of
a thermoformed appliance are dependent on many factors and must be selected on the basis of
intended use, processing history and conditions of use. Moisture absorption is not unique to
Zendura, as all polymer materials will absorb moisture and as a result, undergo hygroscopic
expansion (Ryokawa, 2006). This is especially problematic in an intraoral environment, where
humidity and moisture levels are high. Hygroscopic expansion may affect the fit and force
delivery of an appliance, and ultimately affect the amount of tooth movement achieved.
Ryokawa found that although polyurethane materials have high levels of moisture absorption,
they also have very low levels of expansion and are highly resilient materials, making them the
polymer of choice for orthodontic tooth movement using clear aligners.

After the appropriate material is selected, model preparation and type of thermoforming
machinery must be considered. It is recommended to have a model height of about 20mm (Del

Rossi 2007). This is because force delivery of a clear aligner is affected by aligner thickness
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(Kohda, 2013). Although thermoformed appliances undergo thinning during the fabrication
process, it was found that this model height produced aligners with the most consistent
thicknesses throughout the appliance (Del Rossi, 2007). The makers of Zendura recommended
having a model height no greater than 25mm for fabrication of the optimal aligner (Zendura
Pressure Fabrication Instructions, 2016).

Machinery currently used for fabrication of thermoplastic dental appliances include
vacuum formers and pressure formers. Vacuum forming machines will typically produce a
pressure of about 1 bar (14.5psi), smaller in-office units typically provide 3 bar (43.5psi) while
commercial thermoformers can reach a pressure of 6 bar (87psi). Pressure formers are able to
provide an appliance that is better adapted to the model (Hahn, 2009) and the makers of Zendura
recommend fabricating aligners with a positive-pressure thermoforming machine that can
achieve 3 bar (Zendura Pressure Fabrication Instructions, 2016). The current study utilized a
ministar S (Great Lakes Orthodontic Products, Tonawanda NY) pressure forming machine,
which is capable of producing positive pressure of 3 bar.

Although generalizations can be made for clear aligner treatment overall, the utility of the
results of this study are limited to an in-office clear aligner solution using the materials and
methods described in chapter 3. Commercial clear aligner companies use different protocols
which would affect the overall efficacy of their products. For example commercial pressure
thermoforming machines provide positive pressure that is double what was attained in this study.
The increased pressure would theoretically produce a better fitting appliance which may in turn
produce more effective tooth movement (Hanh, 2009). Additionally, controlled lab
environments would minimize the effects of temperature and humidity on thermoplastic material

used. Lastly, the Zendura material used for the current study is also used by the second largest
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clear aligner company, ClearCorrect. However, the aligners produced by ClearCorrect undergo
an additional processing step of annealing. This annealing step puts the aligner through cycles of
controlled heating and cooling which ultimately produces an aligner that is stronger and more
resistant to cracking and warping (Bay Materials Services, 2016). The annealing of Zendura

alters the mechanical properties and efficacy of tooth movement using the aligner material.

Hypothesis Evaluation
Three research questions were evaluated by this study.
1. Does the use of resin bonded attachments improve rotational control of conical teeth?
Hypothesis:
The use of resin bonded attachments will improve rotational control of conical

teeth.

The hypothesis for question 1 was rejected for all 5 groups with attachments. Statistical
analysis revealed that there were no statistically significant differences between the groups with
attachments, compared to the group with no attachments. However, observable differences were
present. Groups 5, 6 and 7, which had attachments placed only on rotated tooth #29 had on
average 3° more total rotational correction than the no attachment group 1, with the single
buccal-only attachment group 5 performing the best with 4.31°.

2. Does placing attachments on teeth adjacent to a rotated tooth improve rotational control

of a conical tooth?
Hypothesis:
Placing attachments on teeth adjacent to the rotated tooth will improve rotational

control of a conical tooth.
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The hypothesis for question 2 was rejected for the 2 groups (groups 8 and 9) with
attachments on teeth #28 and #30 in addition to #29. Statistical analysis revealed that there was
no statistically significant difference between groups 8 and 9 as compared to the no-attachment
group 1. Again, observable differences were present, with groups 8 and 9 having on average
5.6° less rotational correction than the no attachment group. One of the theories behind placing
attachments on teeth #28 and #30 was to use the adjacent as buttresses and attempt increasing the
force delivered to tooth #29. It was also theorized that during the thermoforming process,
thermoplastic material would flow between the attachments, thus increasing material thickness in
the area of tooth #29, which would then theoretically increase force delivery in that target area.
In this study, it appeared that multiple attachments impeded the intended movement.

3. Does adjusting clear aligners using the Hu-Friedy Vertical Clear Aligner adjustment plier

improve rotational control of conical teeth?
Hypothesis:
Adjusting clear aligners using the Hu-Friedy Vertical Clear Aligner adjustment plier

will improve rotational control of conical teeth.

The hypothesis for question 3 was rejected for all 3 groups for which the thermoform
adjusting pliers were used. The difference between the 3 groups was the location of adjustment
made. Group 2 had one adjustment made on the buccal side, group 3 on the lingual, and group 4
attempted to create a force couple by adjusting buccally and lingually. Adjustments were made
to provide additional force in the direction of rotation correction. Statistical analysis revealed
that there was no statistically significant difference between Group 2 with the no adjustment
Group 1, however there was 2.47° less rotation correction with Group 2. There were statistically

significant differences when comparing Group 1 to Groups 3 and 4. Both groups 3 and 4
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exhibited rotations in direction opposite to the intended direction. This finding could be due to
the clinical crown height and convexity. The thermoform adjusting plier used places a 3mm
vertical rectangular indentation in the aligner. This indentation is perceived to provide a pressure
point against the tooth to provide additional force in the intended direction of movement. Inall 3
groups intrusion was observed. It appeared that perhaps the shape and size of the indentation
compared to the shape and size of the clinical crown provided an obstacle for the tooth that
impeded full seating of the aligner. As a result, apical pressure was applied to the tooth leading
to intrusion. On the lingual side, the intrusion was more pronounced and produced a counter

moment which rotated the tooth in a direction opposite to that which was intended.

Figure 5-4: Indentation placed by Hu-Friedy vertical rectangular thermoform adjusting
plier

Figure 5-5: Intrusive effect on tooth #29 due to buccal and lingual adjustments made
using Hu-Friedy vertical rectangular thermoform adjusting plier
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Limitations and Suggestions for Future Research

Clear aligner research has numerous variables and limitations. One consideration is
operator error since the same operator carries out each phase of this study from scanning,
treatment planning, rapid prototyping, aligner fabrication/trimming, and measuring results using
Geomagic Design. However, for this study, the greatest limitation is that it is an in-vitro model.
The model utilized typodont teeth embedded in wax, which would lead to results different than
that expected in-vivo, where biological factors such as the presence of the periodontal ligament
would be a factor. Additionally, a wax model is unable to account for the effects of saliva,
occlusal forces, and intraoral wearing on the aligner.

Another major limitation is related to materials and the thermoforming process.
Thermoplastic materials are affected by factors such as temperature and humidity. Depending on
the current environmental conditions, there could be differences in the mechanical properties of
the appliances fabricated. Additionally the thermoforming machine and the pressure used to
fabricate aligners will have an impact on results achieved with aligners. There can be variability
in the same machine, as the heating element may not heat each sheet of aligner consistently at the
same exact temperature. Slight differences in how polymer sheets are formed into aligners can
affect their thickness and force delivery to the dentition.

The primary goal of this study was to evaluate of the efficacy of attachments to correct
rotation of a mandibular premolar, one the most difficult movements to achieve using clear
aligners. The study utilized vertical rectangular attachments, and the Hu-Friedy vertical
adjustment plier. Increasing treatment efficiency would benefit clinicians and patients and the
clear aligner industry by reducing tooth lag, reducing the need for mid-course correction, and

decreasing the time and number of aligners needed for the refinement phase. Further research is
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necessary to evaluate different attachment shapes and designs and if they can improve efficacy of
tooth movement. Further research is also necessary to evaluate and compare different materials
and different thermoforming techniques and their effects on the force delivery properties of
aligners. Lastly, different thermoforming adjusting plier shapes can be tested, it is possible that
if the size of the indentation produced by the Hu-Friedy vertical adjustment plier was smaller, it

may have been more effective.

Conclusions

Analysis of the results of this study yields the following two conclusions. One is that the
Hu-Friedy vertical adjusting plier does not significantly improve rotational control of a lower
premolar. On the contrary, all of the three groups adjusted with the vertical rectangular plier had
the adverse effect of intrusion. Two of those groups also had the unfavorable effect of further
rotation as opposed to de-rotation.

The second conclusion is that presence and number of attachments was not significantly
more effective than having no attachments. This is in agreement with conclusions by Kravitz, et
al, in 2008, and again with Simon, et al, in 2014. Attachments are commonly thought to be
analogous to traditional brackets, however clear aligner treatment has a force delivery and tooth
movement mechanism that although is not fully understood, and is uniquely different from
traditional fixed appliance treatment. It appears from this study that increasing the number of
attachments would impede rotational correction, and the two groups (Groups 8 and 9) with the
most attachments had the smallest degree of rotational correction of the 5 attachment groups.
One possible explanation is that this finding could be attributed to the thermoforming process.
Thermoforming with multiple attachments will lead to more thinning of the plastic. In addition,

in this study it appeared that the fit of the aligner was reduced when multiple attachments were
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present. This is thought to happen because the plastic aligner is meant to flex and conform to a
malocclusion, and bring teeth into alignment by resisting deformation and returning to its
original shape. The presence of multiple attachments in the same quadrant could make it more
difficult for the aligner to stretch and conform to the teeth in that quadrant. It would follow that
inadequacies in aligner seating and engagement of attachments would lead to inefficiencies in
tooth movement. One study reported similar findings, theorizing that with an aligner that does
not fit ideally, attachments could not only decrease force delivery, but in some instances can
cause counter-moments and cause movements in the opposite direction (Simon, 2014). Itis
important for clinicians to use attachments judiciously, taking each patient’s unique conditions

and circumstances into careful consideration.
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Appendix A: Statistical Analysis Tables

Oneway
Descriptives
Angle
95% Confidence Interval for
Std. Mean

N Mean Deviation |Std. Error |Lower Bound [Upper Bound |Minimum
1.00 10| 1.7950 17135 .05419 1.6724 1.9176 1.60
2.00 10| 1.5490 44288 .14005 1.2322 1.8658 92
3.00 10| -.5060 .72325| .22871 -1.0234 0114 -1.39
4.00 10| -4.4000 3.20198 | 1.01256 -6.6906 -2.1094 -10.77
5.00 10| 2.2260 25154 .07954 2.0461 2.4059 1.92
6.00 10| 2.0860 .60113| .19009 1.6560 2.5160 .87
7.00 10| 2.0030 49659 | .15704 1.6478 2.3582 1.16
8.00 10| 1.6370 67521 .21352 1.1540 2.1200 A7
9.00 10 .8350 17180| .05433 7121 .9579 57
Total 90 .8028 2.29985| .24243 3211 1.2845 -10.77

Descriptives
Angle
Maximum

1.00 2.08
2.00 2.40
3.00 93
4.00 -1.28
5.00 2.67
6.00 2.66
7.00 2.83
8.00 2.42
9.00 1.03
Total 2.83
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Test of Homogeneity of VVariances

Angle
Levene
Statistic dfl df2 Sig.
12.558 8 81 .000
ANOVA
Angle
Sum of
Squares df Mean Square F Sig.
[Between Groups 361.329 8 45.166| 33.434 .000
\Within Groups 109.422 81 1.351
Total 470.750 89
Robust Tests of Equality of Means
Angle
Statistic® | dfl df2 Sig.
\Welch 43.134 8| 33.047 .000
Brown-
Forsythe 33.434 8| 12570 .000

a. Asymptotically F distributed.
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Post Hoc Tests

Multiple Comparisons

Dependent Variable: Angle
Tukey HSD
Mean 95% Confidence Interval
Difference (I-

|(1) Group (J) Group J) Std. Error | Sig.  [Lower Bound [Upper Bound

1.00 2.00 .24600| .51979 1.000 -1.4107 1.9027
3.00 2.30100°| .51979 .001 .6443 3.9577
4.00 6.19500°| .51979 .000 4.5383 7.8517
5.00 -43100| .51979 .996 -2.0877 1.2257
6.00 -29100| .51979 1.000 -1.9477 1.3657
7.00 -20800| .51979 1.000 -1.8647 1.4487
8.00 .15800| .51979 1.000 -1.4987 1.8147
9.00 .96000| .51979 651 -.6967 2.6167

2.00 1.00 -24600| .51979 1.000 -1.9027 1.4107
3.00 2.05500" .51979 .005 .3983 3.7117
4.00 5.94900"| .51979 .000 4.2923 7.6057
5.00 -67700| .51979 .928 -2.3337 9797
6.00 -53700| .51979 .981 -2.1937 1.1197
7.00 -45400| .51979 .994 -2.1107 1.2027
8.00 -.08800| .51979 1.000 -1.7447 1.5687
9.00 .71400| .51979 .904 -.9427 2.3707

3.00 1.00 -2.30100°|  .51979 .001 -3.9577 -.6443
2.00 -2.05500°| .51979 .005 -3.7117 -.3983
4.00 3.89400"| .51979 .000 2.2373 5.5507
5.00 -2.73200°| 51979 .000 -4.3887 -1.0753
6.00 -2.59200°| .51979 .000 -4.2487 -.9353
7.00 -2.50900°| .51979 .000 -4.1657 -.8523
8.00 -2.14300°| .51979 .003 -3.7997 -.4863
9.00 -1.34100 51979 211 -2.9977 3157

4.00 1.00 -6.19500°| .51979 .000 -7.8517 -4.5383
2.00 -5.94900°| .51979 .000 -7.6057 -4.2923
3.00 -3.89400°| .51979 .000 -5.5507 -2.2373
5.00 -6.62600°| .51979 .000 -8.2827 -4.9693
6.00 -6.48600°| .51979 .000 -8.1427 -4.8293
7.00 -6.40300°| .51979 .000 -8.0597 -4.7463
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8.00 -6.03700 51979 .000 -7.6937 -4.3803
9.00 -5.23500"| 51979 .000 -6.8917 -3.5783
[5.00 1.00 43100 51979 .996 -1.2257 2.0877
2.00 67700 .51979 .928 -.9797 2.3337
3.00 2.73200"| 51979 .000 1.0753 4.3887
4.00 6.62600"| .51979 .000 4.9693 8.2827
6.00 14000 .51979 1.000 -1.5167 1.7967
7.00 22300 .51979 1.000 -1.4337 1.8797
8.00 .58900| .51979 967 -1.0677 2.2457
9.00 1.39100] .51979 173 -.2657 3.0477
|6.00 1.00 29100| 51979 1.000 -1.3657 1.9477
2.00 53700 .51979 981 -1.1197 2.1937
3.00 2.59200°| .51979 .000 .9353 4.2487
4.00 6.48600°| .51979 .000 4.8293 8.1427
5.00 -.14000| .51979 1.000 -1.7967 1.5167
7.00 .08300| .51979 1.000 -1.5737 1.7397
8.00 44900| 51979 994 -1.2077 2.1057
9.00 1.25100| .51979 295 -.4057 2.9077
7.00 1.00 .20800( .51979 1.000 -1.4487 1.8647
2.00 45400 .51979 994 -1.2027 2.1107
3.00 2.50900"| .51979 .000 .8523 4.1657
4.00 6.40300"| .51979 .000 4.7463 8.0597
5.00 -22300| .51979 1.000 -1.8797 1.4337
6.00 -08300| .51979 1.000 -1.7397 1.5737
8.00 36600 .51979 999 -1.2907 2.0227
9.00 1.16800| .51979 .386 -.4887 2.8247
[8.00 1.00 -.15800| .51979 1.000 -1.8147 1.4987
2.00 .08800| .51979 1.000 -1.5687 1.7447
3.00 2.14300"| 51979 .003 4863 3.7997
4.00 6.03700°| .51979 .000 4.3803 7.6937
5.00 -58900( .51979 967 -2.2457 1.0677
6.00 -44900( .51979 994 -2.1057 1.2077
7.00 -.36600| .51979 999 -2.0227 1.2907
9.00 .80200| .51979 .832 -.8547 2.4587
9.00 1.00 -96000| .51979 651 -2.6167 .6967
2.00 -.71400| .51979 .904 -2.3707 9427
3.00 1.34100| .51979 211 -.3157 2.9977




4.00 5.23500"| .51979
5.00 -1.39100| .51979
6.00 -1.25100| .51979
7.00 -1.16800| .51979
8.00 -.80200| .51979

.000
173
295
.386
.832

3.5783
-3.0477
-2.9077
-2.8247
-2.4587

6.8917
.2657
4057
4887
.8547

*. The mean difference is significant at the 0.05 level.

Homogeneous Subsets

Angle

Tukey HSD?
Subset for alpha = 0.05

|Group N 1 2 3
4.00 10| -4.4000
3.00 10 -.5060
9.00 10 .8350 .8350
2.00 10 1.5490
8.00 10 1.6370
1.00 10 1.7950
7.00 10 2.0030
6.00 10 2.0860
5.00 10 2.2260
Sig. 1.000 211 173

Means for groups in homogeneous subsets are
displayed.
a. Uses Harmonic Mean Sample Size = 10.000.
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Means Plots

2.00-

.00

Mean of Angle

-2.00

-4.004

Oneway
Descriptives
Angle
95% Confidence Interval for
Std. Mean

N Mean Deviation |Std. Error [Lower Bound [Upper Bound |Minimum
1.00 10| 1.7950 17135| .05419 1.6724 1.9176 1.60
2.00 10| 1.5490 44288| .14005 1.2322 1.8658 .92
3.00 10| -.5060 .72325| .22871 -1.0234 0114 -1.39
4.00 10| -4.4000 3.20198( 1.01256 -6.6906 -2.1094 -10.77
5.00 10| 2.2260 .25154| .07954 2.0461 2.4059 1.92
6.00 10| 2.0860 .60113| .19009 1.6560 2.5160 87
7.00 10| 2.0030 49659| .15704 1.6478 2.3582 1.16
8.00 10| 1.6370 67521| .21352 1.1540 2.1200 A7
9.00 10 .8350 17180| .05433 7121 9579 57
Total 90 .8028 2.29985( .24243 3211 1.2845 -10.77
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Descriptives

Angle
Maximum
1.00 2.08
2.00 2.40
3.00 93
4.00 -1.28
5.00 2.67
6.00 2.66
7.00 2.83
[8.00 2.42
9.00 1.03
Total 2.83
ANOVA

Angle

Sum of

Squares df Mean Square F Sig.
[Between Groups 361.329 8 45.166| 33.434 .000
\Within Groups 109.422 81 1.351
Total 470.750 89
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Post Hoc Tests
Multiple Comparisons
Dependent Variable: Angle

Mean 95% Confidence Interval

Difference (I- Lower Upper

(1) Group (J) Group J) Std. Error| Sig. Bound Bound
Tukey 1.00 2.00 .24600| .51979( 1.000 -1.4107 1.9027
[HSD 3.00 2.30100°| .51979 .001 .6443 3.9577
4.00 6.19500°| .51979 .000 4.5383 7.8517
5.00 -43100| .51979 .996 -2.0877 1.2257
6.00 -29100| .51979( 1.000 -1.9477 1.3657
7.00 -20800| .51979( 1.000 -1.8647 1.4487
8.00 .15800| .51979( 1.000 -1.4987 1.8147
9.00 .96000| .51979 651 -.6967 2.6167
2.00 1.00 -24600| .51979| 1.000 -1.9027 1.4107
3.00 2.05500" | .51979 .005 .3983 3.7117
4.00 5.94900" | .51979 .000 4.2923 7.6057
5.00 -67700| .51979 .928 -2.3337 9797
6.00 -53700| .51979 981 -2.1937 1.1197
7.00 -45400| .51979 994 -2.1107 1.2027
8.00 -08800| .51979( 1.000 -1.7447 1.5687
9.00 .71400| .51979 .904 -.9427 2.3707
3.00 1.00 -2.30100°| .51979 .001 -3.9577 -.6443
2.00 -2.05500°| .51979 .005 -3.7117 -.3983
4.00 3.89400°| .51979 .000 2.2373 5.5507
5.00 -2.73200°| .51979 .000 -4.3887 -1.0753
6.00 -2.59200°| .51979 .000 -4.2487 -.9353
7.00 -2.50900°| .51979 .000 -4.1657 -.8523
8.00 -2.14300°| .51979 .003 -3.7997 -.4863
9.00 -1.34100| .51979 211 -2.9977 3157
4.00 1.00 -6.19500°| .51979 .000 -7.8517 -4.5383
2.00 -5.94900°| .51979 .000 -7.6057 -4.2923
3.00 -3.89400°| .51979 .000 -5.5507 -2.2373
5.00 -6.62600°| .51979 .000 -8.2827 -4.9693
6.00 -6.48600°| .51979 .000 -8.1427 -4.8293
7.00 -6.40300°| .51979 .000 -8.0597 -4.7463
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8.00 -6.03700"| .51979 .000 -7.6937 -4.3803
9.00 -5.23500"| .51979 .000 -6.8917 -3.5783
5.00 1.00 43100] 51979 .996 -1.2257 2.0877
2.00 .67700| .51979 .928 -.9797 2.3337
3.00 2.73200"| 51979 .000 1.0753 4.3887
4.00 6.62600"| .51979 .000 4.9693 8.2827
6.00 .14000| .51979 1.000 -1.5167 1.7967
7.00 .22300| .51979 1.000 -1.4337 1.8797
8.00 .58900| .51979 .967 -1.0677 2.2457
9.00 1.39100| .51979 173 -.2657 3.0477
6.00 1.00 .29100] .51979 1.000 -1.3657 1.9477
2.00 53700 .51979 981 -1.1197 2.1937
3.00 2.59200"| .51979 .000 .9353 4.2487
4.00 6.48600"| .51979 .000 4.8293 8.1427
5.00 -.14000| .51979 1.000 -1.7967 1.5167
7.00 .08300| .51979 1.000 -1.5737 1.7397
8.00 44900| .51979 994 -1.2077 2.1057
9.00 1.25100| .51979 295 -.4057 2.9077
7.00 1.00 .20800| .51979 1.000 -1.4487 1.8647
2.00 45400| 51979 994 -1.2027 2.1107
3.00 2.50900"| .51979 .000 .8523 4.1657
4.00 6.40300"| .51979 .000 4.7463 8.0597
5.00 -.22300| .51979 1.000 -1.8797 1.4337
6.00 -.08300| .51979 1.000 -1.7397 1.5737
8.00 .36600| .51979 999 -1.2907 2.0227
9.00 1.16800| .51979 .386 -.4887 2.8247
8.00 1.00 -.15800| .51979 1.000 -1.8147 1.4987
2.00 .08800| .51979 1.000 -1.5687 1.7447
3.00 2.14300"| .51979 .003 4863 3.7997
4.00 6.03700"| .51979 .000 4.3803 7.6937
5.00 -.58900| .51979 .967 -2.2457 1.0677
6.00 -44900( .51979 .994 -2.1057 1.2077
7.00 -.36600| .51979 999 -2.0227 1.2907
9.00 .80200| .51979 .832 -.8547 2.4587
9.00 1.00 -.96000| .51979 .651 -2.6167 6967
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2.00 -71400| .51979 .904 -2.3707 9427

3.00 1.34100| .51979 211 -.3157 2.9977

4.00 5.23500" [ .51979 .000 3.5783 6.8917

5.00 -1.39100( .51979 173 -3.0477 2657

6.00 -1.25100( .51979 295 -2.9077 4057

7.00 -1.16800( .51979 .386 -2.8247 4887

8.00 -.80200| .51979 .832 -2.4587 .8547

LSD 1.00 2.00 24600 .51979 637 -.7882 1.2802
3.00 2.30100" .51979 .000 1.2668 3.3352

4.00 6.19500"| .51979 .000 5.1608 7.2292

5.00 -43100| .51979 409 -1.4652 .6032

6.00 -29100| .51979 577 -1.3252 7432

7.00 -20800| .51979 .690 -1.2422 8262

8.00 .15800| .51979 762 -.8762 1.1922

9.00 .96000| .51979 .068 -.0742 1.9942

2.00 1.00 -.24600| 51979 637 -1.2802 7882
3.00 2.05500"[ .51979 .000 1.0208 3.0892

4.00 5.94900" [ .51979 .000 4.9148 6.9832

5.00 -67700| .51979 196 -1.7112 3572

6.00 -53700| .51979 305 -1.5712 4972

7.00 -45400| 51979 385 -1.4882 .5802

8.00 -.08800| .51979 .866 -1.1222 9462

9.00 .71400| 51979 173 -.3202 1.7482

3.00 1.00 -2.30100°| .51979 .000 -3.3352 -1.2668
2.00 -2.05500"| .51979 .000 -3.0892 -1.0208

4.00 3.89400%| .51979 .000 2.8598 4.9282

5.00 -2.73200°| 51979 .000 -3.7662 -1.6978

6.00 -2.59200| .51979 .000 -3.6262 -1.5578

7.00 -2.50900° | .51979 .000 -3.5432 -1.4748

8.00 -2.14300°| .51979 .000 -3.1772 -1.1088

9.00 -1.34100"| .51979 012 -2.3752 -.3068

4.00 1.00 -6.19500| .51979 .000 -7.2292 -5.1608
2.00 -5.94900"| .51979 .000 -6.9832 -4.9148

3.00 -3.89400"| .51979 .000 -4.9282 -2.8598

5.00 -6.62600"| .51979 .000 -7.6602 -5.5918

6.00 -6.48600"| .51979 .000 -7.5202 -5.4518

7.00 -6.40300"| .51979 .000 -7.4372 -5.3688
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8.00 -6.03700"| .51979 .000 -71.0712 -5.0028
9.00 -5.23500"| .51979 .000 -6.2692 -4.2008
5.00 1.00 43100 .51979 409 -.6032 1.4652
2.00 .67700| .51979 196 -.3572 1.7112
3.00 2.73200"| 51979 .000 1.6978 3.7662
4.00 6.62600"| .51979 .000 5.5918 7.6602
6.00 14000 .51979 .788 -.8942 1.1742
7.00 22300 .51979 .669 -.8112 1.2572
8.00 .58900| .51979 .260 -.4452 1.6232
9.00 1.39100"| 51979 .009 .3568 2.4252
6.00 1.00 29100 .51979 577 -.7432 1.3252
2.00 53700 .51979 .305 -4972 1.5712
3.00 2.59200"| .51979 .000 1.5578 3.6262
4.00 6.48600°| .51979 .000 5.4518 7.5202
5.00 -.14000| .51979 .788 -1.1742 .8942
7.00 .08300| .51979 874 -.9512 1.1172
8.00 44900| .51979 390 -.5852 1.4832
9.00 1.25100°| .51979 .018 .2168 2.2852
7.00 1.00 .20800( .51979 .690 -.8262 1.2422
2.00 45400 .51979 .385 -.5802 1.4882
3.00 2.50900"| .51979 .000 1.4748 3.5432
4.00 6.40300"| .51979 .000 5.3688 7.4372
5.00 -.22300( .51979 .669 -1.2572 8112
6.00 -.08300( .51979 874 -1.1172 9512
8.00 .36600( .51979 483 -.6682 1.4002
9.00 1.16800°| .51979 .027 1338 2.2022
8.00 1.00 -.15800| .51979 .762 -1.1922 8762
2.00 .08800| .51979 .866 -.9462 1.1222
3.00 2.14300"| .51979 .000 1.1088 3.1772
4.00 6.03700"| .51979 .000 5.0028 7.0712
5.00 -.58900( .51979 .260 -1.6232 4452
6.00 -44900( .51979 390 -1.4832 .5852
7.00 -.36600| .51979 483 -1.4002 .6682
9.00 .80200| .51979 127 -.2322 1.8362
9.00 1.00 -.96000| .51979 .068 -1.9942 0742
2.00 - 71400 .51979 173 -1.7482 3202
3.00 1.34100°| .51979 012 .3068 2.3752
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4.00 5.23500"| .51979 .000 4.2008 6.2692

5.00 -1.39100"| .51979 .009 -2.4252 -.3568

6.00 -1.25100"| .51979 .018 -2.2852 -.2168

7.00 -1.16800"| .51979 .027 -2.2022 -.1338

8.00 -.80200| .51979 127 -1.8362 2322
|Bonferroni 1.00 2.00 24600 .51979 1.000 -1.4751 1.9671
3.00 2.30100"| .51979 .001 5799 4.0221

4.00 6.19500"| .51979 .000 4.4739 7.9161

5.00 -43100( .51979 1.000 -2.1521 1.2901

6.00 -29100( .51979 1.000 -2.0121 1.4301

7.00 -20800( .51979 1.000 -1.9291 1.5131

8.00 15800 .51979 1.000 -1.5631 1.8791

9.00 96000 .51979 1.000 -. 7611 2.6811

2.00 1.00 -.24600( .51979 1.000 -1.9671 1.4751
3.00 2.05500°| .51979 .006 3339 3.7761

4.00 5.94900°| .51979 .000 4.2279 7.6701

5.00 -67700( .51979 1.000 -2.3981 1.0441

6.00 -53700( .51979 1.000 -2.2581 1.1841

7.00 -45400( .51979 1.000 -2.1751 1.2671

8.00 -.08800( .51979 1.000 -1.8091 1.6331

9.00 71400 .51979 1.000 -1.0071 2.4351

3.00 1.00 -2.30100"| .51979 .001 -4.0221 -.5799
2.00 -2.05500"| .51979 .006 -3.7761 -.3339

4.00 3.89400"| .51979 .000 2.1729 5.6151

5.00 -2.73200"| .51979 .000 -4.4531 -1.0109

6.00 -2.59200"| .51979 .000 -4.3131 -.8709

7.00 -2.50900"| .51979 .000 -4.2301 -. 7879

8.00 -2.14300"| .51979 .003 -3.8641 -4219

9.00 -1.34100| .51979 421 -3.0621 .3801

4.00 1.00 -6.19500"| .51979 .000 -7.9161 -4.4739
2.00 -5.94900"| .51979 .000 -7.6701 -4.2279

3.00 -3.89400"| .51979 .000 -5.6151 -2.1729

5.00 -6.62600"| .51979 .000 -8.3471 -4.9049

6.00 -6.48600"| .51979 .000 -8.2071 -4.7649

7.00 -6.40300"| .51979 .000 -8.1241 -4.6819




8.00 -6.03700"| .51979 .000 -7.7581 -4.3159
9.00 -5.23500"| .51979 .000 -6.9561 -3.5139
5.00 1.00 43100 .51979 1.000 -1.2901 2.1521
2.00 67700 .51979 1.000 -1.0441 2.3981
3.00 2.73200"| .51979 .000 1.0109 4.4531
4.00 6.62600"| .51979 .000 4.9049 8.3471
6.00 14000 .51979 1.000 -1.5811 1.8611
7.00 22300 .51979 1.000 -1.4981 1.9441
8.00 58900 .51979 1.000 -1.1321 2.3101
9.00 1.39100| .51979 324 -.3301 3.1121
6.00 1.00 29100 .51979 1.000 -1.4301 2.0121
2.00 53700 .51979 1.000 -1.1841 2.2581
3.00 2.59200"| .51979 .000 .8709 43131
4.00 6.48600°| .51979 .000 4.7649 8.2071
5.00 -.14000( .51979 1.000 -1.8611 1.5811
7.00 .08300( .51979 1.000 -1.6381 1.8041
8.00 44900 .51979 1.000 -1.2721 2.1701
9.00 1.25100| .51979 .661 -4701 2.9721
7.00 1.00 .20800( .51979 1.000 -1.5131 1.9291
2.00 45400 .51979 1.000 -1.2671 2.1751
3.00 2.50900°| .51979 .000 7879 4.2301
4.00 6.40300°| .51979 .000 4.6819 8.1241
5.00 -22300( .51979 1.000 -1.9441 1.4981
6.00 -.08300( .51979 1.000 -1.8041 1.6381
8.00 36600 .51979 1.000 -1.3551 2.0871
9.00 1.16800| .51979 .985 -.5531 2.8891
8.00 1.00 -.15800( .51979 1.000 -1.8791 1.5631
2.00 .08800( .51979 1.000 -1.6331 1.8091
3.00 2.14300°| 51979 .003 4219 3.8641
4.00 6.03700°| .51979 .000 4.3159 7.7581
5.00 -.58900( .51979 1.000 -2.3101 1.1321
6.00 -44900( .51979 1.000 -2.1701 1.2721
7.00 -.36600( .51979 1.000 -2.0871 1.3551
9.00 .80200| .51979 1.000 -.9191 2.5231
9.00 1.00 -.96000( .51979 1.000 -2.6811 7611
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2.00
3.00
4.00
5.00
6.00
7.00
8.00

-.71400
1.34100
5.23500"
-1.39100
-1.25100
-1.16800
-.80200

51979 1.000
51979 421
51979 .000
51979 324
51979 .661
51979 .985
51979 1.000

-2.4351

-.3801

3.5139
-3.1121
-2.9721
-2.8891
-2.5231

1.0071
3.0621
6.9561
3301
4701
5531
9191

*. The mean difference is significant at the 0.05 level.

Homogeneous Subsets

Angle

Subset for alpha = 0.05

Group N 1 2 3
Tukey HSD? 4.00 10| -4.4000

3.00 10 -.5060
9.00 10 .8350 .8350
2.00 10 1.5490
8.00 10 1.6370
1.00 10 1.7950
7.00 10 2.0030
6.00 10 2.0860
5.00 10 2.2260
Sig. 1.000 211 173

Means for groups in homogeneous subsets are displayed.
a. Uses Harmonic Mean Sample Size = 10.000.
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