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ABSTRACT 

Edgewise orthodontic brackets are designed with a geometric three-dimensional 

prescription that allows for specific angulation, inclination, and in-out positioning of 

individual teeth when a rectangular archwire is engaged and ligated into the bracket’s 

slot.  A precise archwire-bracket slot fit is necessary to produce these prescribed tooth 

movements.  As a result, any discrepancy in bracket slot size, archwire dimension, or 

bracket configuration diminishes tooth movement position accuracy.  The objective is to 

develop a novel microcomputed tomography approach to examine and more accurately 

measure the interdimensional fit of archwire-bracket slot engagement. 

.022x028 inch self-ligating Empower® orthodontic brackets were obtained from 

American Orthodontics.  Self-ligating refers to the manner with which the archwire is 

retained by the bracket.  The Empower® system incorporates a clip into the bracket 

construction that, when closed, retains an archwire.  Using TransbondTM XT light cure 

adhesive by 3M Unitek, these brackets were bonded to a stone model representing the 

maxillary left quadrant.  A .017x.025 inch nickel-titanium archwire was engaged in the 

bracket slots.  The sample was scanned using microcomputed tomography.  Three-

dimensional reconstruction, reorientation, and volumetric analyses were completed using 

the accompanying microcomputed tomography software. 

The archwire-bracket slot interdimensional fit measurements showed poor 

interaction between the archwire and bracket slot.  All archwire-bracket slot pairs were 

significantly different from the standard (P<0.05) with excessive remaining space after 
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engagement.  The majority of archwire-bracket slot pairs were significantly different 

from each other (P<0.05). 

The potential clinical significance of these findings involves incomplete 

expression of the prescribed tooth movements incorporated into orthodontic brackets.  

The poor interdimensional fit of the archwire in the bracket slot inhibits the attainment of 

appropriate tooth angulation, inclination, and in-out positioning.  The improved 

understanding of archwire-bracket slot interaction provided by this study can lead to 

better, more efficient treatment outcomes. 
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CHAPTER 1 

INTRODUCTION 

In his landmark study, Dr. Lawrence Andrews examined 120 casts of non-

orthodontic patients with normal occlusions, establishing his “six keys to normal 

occlusion.”  Andrews’ “six keys” provide orthodontists with principles on which to 

evaluate the successfulness of orthodontic treatment.  His guidelines include: molar 

relationship, crown angulation, crown inclination, absence of rotations, no spaces, and a 

flat occlusal plane.  More specifically, the proper molar relationship requires the distal 

surface of the distobuccal cusp of the maxillary first molar to occlude with the mesial 

surface of the mesiobuccal cusp of the mandibular second molar.  When considering 

crown angulation, which refers to the mesiodistal tip of the crown, the incisal third should 

be more mesial than the gingival third.  Crown inclination represents the position of the 

crown in the buccolingual dimension.  Incisors should have a labial inclination, while 

posterior teeth should have a lingual inclination.  The remaining three “keys” are more 

direct.  A proper occlusion should not have any rotations or spaces and a relatively flat 

occlusal plane should be achieved.1  By treating patients to Andrews’ occlusion 

guidelines, orthodontists can achieve a final desired occlusion.   

At the time Andrews developed his “six keys to normal occlusion,” 

accomplishing these goals, most notably crown inclination and crown angulation, 

required numerous bends in the archwires.  However, with the advent of the Straight 

Wire Appliance, orthodontics underwent a dramatic change.  This concept sought to 

eliminate the numerous bends traditionally used to attain Andrews’ desired tooth 



 

 

2

angulations, inclinations, and buccal-lingual position by incorporating these movements 

into the brackets.2  Orthodontic brackets are designed with a geometric three-dimensional 

prescription that allows for specific angulation, inclination, and in-out positioning of 

individual teeth when a rectangular archwire is engaged and ligated into the bracket’s 

slot.  For example, when considering the prescription of a maxillary central incisor, a 

Roth prescription claims to deliver 12 degrees of labial crown torque and 5 degrees of tip.  

A MBT prescription claims to provide 17 degrees of labial crown torque and 4 degrees of 

tip to the maxillary central incisor. Theoretically, a practitioner using prescription 

brackets should be able to engage a straight archwire and obtain much of the goals 

described by Andrews. 

A precise archwire-bracket slot fit is necessary to produce a bracket’s prescribed 

tooth movement.  As a result, any discrepancy in bracket slot size, archwire dimension, or 

bracket configuration diminishes tooth movement position accuracy.  Ultimately, these 

deviations in dimensions can inhibit orthodontists from achieving a final desired 

occlusion. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

2.1 Sliding Mechanics 

 Sliding mechanics are frequently used during orthodontic space opening and 

closure.  This technique requires the archwire to slide through the bracket slots as teeth 

move.  For example, in a case involving the extraction of first premolars, retraction of the 

anterior teeth requires the archwire to slide through the brackets of the posterior teeth 

during space closure.  For tooth movement with sliding mechanics, friction between the 

archwire and bracket must first be overcome.  Unfortunately, the inhibitory effect of 

frictional resistance is always present.  Friction occurs anytime one object moves in 

relation to another and is the result of electromagnetic forces between atoms.  At the 

molecular level, surface irregularities lead to localized regions of contact, known as 

junctions, between two objects.  The shear strength of these junctions determines the 

degree of friction.3  The clinician must not only be cognizant of this ever-present friction, 

but an awareness of possible archwire-bracket binding and archwire notching is also 

necessary.  By controlling these resistances to sliding, one can deliver more effective and 

predictable care.4 

 While friction between the archwire and bracket slot hinders sliding mechanics, 

the main factor responsible for inhibition of tooth movement is binding.  As a tooth 

moves along the archwire, the first movement is tipping of the crown.  The tooth tips 

until the archwire contacts the corners of the bracket slot.  At this time, binding occurs 
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and movement of the crown ceases.  The binding effect remains until root correction 

occurs when movement of the root of the tooth coincides with that of the crown.  This 

sequential crown tipping and root movement occurs throughout space closure.3 

Binding is dependent upon the critical contact angle, which is defined as the angle 

when clearance between the archwire and bracket no longer exists. An angle below the 

critical contact angle would indicate only frictional resistance is present.  Conversely, 

when the critical contact angle is exceeded, then binding and notching occur and increase 

resistance to sliding.  The critical contact angle is influenced by multiple factors.  

Increased archwire torque, archwire size, and bracket width all decrease the critical 

contact angle, making archwire-bracket binding more likely.4  As a result, any variation 

in archwire or bracket slot dimensions can have a substantial effect on sliding mechanics. 

2.2 Self-Ligating Systems 

Introduced as early as 1935, self-ligating systems have recently undergone a 

resurgence in popularity with the development of more than 23 new bracket types since 

the year 2000.5  Self-ligating brackets have a built-in mechanism, often a clip or door, that 

opens and closes to hold an archwire, making elastomeric or wire ligatures unnecessary.  

Self-ligating systems can be classified as active or passive depending on the door or 

clip’s interaction with the enclosed archwire.  In the active type, the built-in closing 

mechanism exerts force on the archwire, generating extra force to the tooth and helping 

improve rotation and torque control.  Examples of active self-ligating systems include 

Speed and In-Ovation.  In contrast, the closing mechanism of the passive type does not 

apply additional force to the archwire. Damon and Smartclip are examples of passive 
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self-ligating systems.  Of importance to the current study, active-passive systems also 

exist. An example is Empower brackets.  These systems perform in a passive manner 

until an archwire of sufficient dimensions is engaged, at which point the closing 

mechanism becomes active and places added force on the tooth.5 

Proponents of self-ligating brackets claim these systems are superior to 

conventional edgewise brackets systems in terms of treatment efficiency and 

effectiveness.  Data does show that chair time is 20 seconds less per arch when using a 

self-ligating system.  Self-ligating brackets also provide a final mandibular incisor 

inclination that is 1.5º less than conventional brackets.6  Advocates also claim less 

friction, lower forces, less pain, and better hygiene.5  However, the available scientific 

literature does not support these assertions.7   

2.3 Variation in Bracket Slot Dimensions 

Orthodontic brackets are manufactured in two sizes, 0.018 inch and 0.022 inch, 

and are labelled by their slot height.  0.022 inch brackets are manufactured to have a slot 

height of 0.022 inches and a slot depth of 0.028 inches.  0.018 inch brackets are produced 

to have a slot height of 0.018 inches and a slot depth of 0.025 inches.  Unfortunately, 

manufacturers do not state what technique they use to measure slot height.  Additionally, 

they do not provide tolerances on the bracket slot dimensions.  Manufacturing method 

plays a large role in potential dimensional variation.  For example, brackets produced by 

injection molding typically have more rounded corners than those created via machining 

procedures.8  Of particular importance to the current study, injection molding is capable 

of producing complex shapes in a very accurate manner.  Empower brackets are 
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manufactured via this technique.  Injection molding involves four steps: mixing of 

powder and binder, molding, de-binding, and sintering to increase mechanical 

properties.9  Quality control is also suspect as manufacturers state bracket height to one-

thousandth of an inch without declaring tolerances.10  Furthermore, European 

manufacturing companies use metric tooling with target values of 0.5 mm and 0.6 mm for 

0.018 inch and 0.022 inch slots, respectively.  As a result, the bracket slot dimensions 

provided by European manufacturers are oversized regardless.11 

Several recent studies have measured variations in bracket slot 

dimensions.8,12,13,14,15  The slot size of right central incisor brackets from three 

manufacturers of self-ligating systems was examined. The three bracket systems 

included: Damon Q from Ormco, In-Ovation-R from GAC, and Speed from Strite 

Industries.  When the bracket slots were assessed from a profile view, differences were 

noted between the three systems. Speed brackets showed significant rounding of the 

internal slot corners. Damon brackets exhibited mild rounding of the same corners. 

Conversely, In-Ovation bracket slots had practically square corners.  Additionally, while 

slot depth was not measured, profile views indicated that Damon brackets have a notably 

deeper slot than the other two brackets systems.8 

The bracket slot measurement results suggest large discrepancies in the 

dimensions of the three systems.  The measurements indicated that 63% of Speed 

brackets are undersized at the slot bottom, while 95% are undersized at the top of the slot.  

The dimension measurements for the In-Ovation brackets showed the bottom of the slot 

to be very close to the manufacturer’s specifications. However, the top of the slot was 
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oversized by 2.6 standard deviations, suggesting that greater than 99.5% of In-Ovation 

bracket slots are oversized when measured at the top.  This data shows that In-Ovation 

bracket slots have divergent walls, being more trapezoidal in shape. In contrast Damon 

brackets have the most rectangular slots.  The walls of their slots meet at virtually 90 

degree angles.  Additionally, the slot height at the bottom and top are very similar.  While 

the analogous bottom and top slot heights as well as the 90 degree angles combine to 

provide a rectangular slot, Damon brackets dimensions are still oversized.  When 

compared to the manufacturer’s specified slot height, Damon brackets were found to be 

1% oversized.8 

The bracket slot size in three lingual bracket systems has also been studied.  The 

three systems include: 7th generation from Ormco, STb from Ormco, and Incognito from 

3M Unitek.  All brackets had manufacturer-specified 0.018 inch (0.457 mm) slot heights.  

The three systems showed significant discrepancies from manufacturer-specified 

dimensions.  For the 7th Generation bracket system, the average slot dimensions 

measured 0.467 mm + 0.007 mm.  The STb bracket system average dimensions measured 

0.466 mm + 0.004 mm, while those for the Incognito system measured 0.459 mm + 0.004 

mm.  The median measurement was 0.466 mm for the 7th Generation and STb bracket 

systems, while the median measurement was 0.458 for the Incognito bracket system.  

Significant differences were also noted in slot precision among the three lingual bracket 

systems.  The Incognito system showed the highest slot precision, while the 7th 

Generation brackets had the lowest precision.12   
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While most studies measured only certain brackets within a series and limited 

their samples to a few bracket systems, a much larger analysis was conducted examining 

many systems and entire bracket series.  The following bracket systems were invesigated: 

A-Company .022 inch, Ormco Damon Q 0.022 inch, Unitek Victory 0.018 inch and 

0.022 inch, GAC In-Ovation 0.022 inch, Opal Avex 0.018 inch and 0.022 inch, SPEED 

0.022 inch, and American Orthodontics Masters 0.018 inch and 0.022 inch.  The 

measurements showed all the bracket systems were oversized with the exception of the 

American Orthodontics Mini Masters 022 system, which was undersized. When all 

0.022-inch bracket slots were considered, 36% of slots would not allow insertion of a 

full-size archwire and 15% were larger than 0.023 inches.  For the 0.018-inch bracket 

slots, 31% were too small for full-size archwire engagement and 20% were bigger than 

0.019 inches.13 

Maxillary left central incisor brackets from eleven bracket systems were also 

studied.  The eleven systems comprised: Twin Torque Roth, Clarity MBT, Victory Series 

MBT, Discovery Roth, Elegance Plastic Roth, Mini Mono MBT, Nu-Edge Roth, Mxi 

Advant-Edge Roth, Damon II SL Roth, Elite Mini Opti-MIM Roth, and Elite Mini Opti-

MIM MBT.14  In addition to bracket slot dimension measurements, slot walls were also 

classified as being parallel, divergent, or convergent.  Every studied bracket slot was 

found to be oversized.  Only three systems were within 5% of their manufacturer-stated 

dimensions with parallel slot walls.14  The remaining brackets systems were as much as 

27% oversized, while also exhibiting great variance within each system.  Additionally, 

only 4 systems exhibited parallel walls.  Two systems had convergent walls and five had 
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divergent walls.  The study concluded that imprecise manufacturing of brackets can 

negatively affect three-dimensional tooth positioning.14 

Twenty mandibular left first molar self-ligating buccal tubes were studied more 

recently.  The sample was equally distributed between four companies: Ormco Damon, 

American Orthodontics Empower, GAC International In-Ovation, and Forestadent 

BioQuick.  Measurements showed all tube lumens to be oversized.  A qualitative analysis 

was also performed to examine the internal slots for the presence of defects.  Each system 

exhibited irregular, beveled corners as well as the existence of rounded walls.15 

2.4 Variation in Archwire Dimensions 

 Few researchers have investigated variation in archwire size.16,17  A sample of 40 

square or rectangular archwires of different manufacturer-reported sizes was analyzed for 

potential discrepancies.  The sample was limited to stainless steel archwires typically 

used for the .018 inch edgewise technique.  Results indicated that most archwires are 

within 0.0005 inches of the manufacturer-stated dimensions.  The edge bevel of the 

archwires was also studied.  Typically, the edge bevel is approximately 0.0016 inches to 

avoid patient discomfort from sharp edges.  Most archwires were found to have 

significantly more edge bevel than 0.0016 inches and the bevels varied extensively in 

size.  The study concluded that these deviations in dimensions and edge bevel can affect 

the forces applied to the bracket, most notably, torque expression.16  Another study 

examining the height of 26 archwires obtained similar findings.  Stainless steel as well as 

cobalt-chromium archwires were included.  The sample also contained round, square, and 

rectangular archwires.  Measurements showed that every archwire differed from the 
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manufacturer-specified dimensions with 70% of the sample being undersized and the 

remaining 30% oversized.17 

2.5 Previous Measurement Techniques 

 A variety of methods have been used to measure bracket slot and archwire 

dimensions.8,12,13,14,16  One technique for measuring bracket slot dimensions employs a 

single-axis microscope calibrated to a one-mm scale using a stage micrometer.  However, 

this method is complicated by two factors. Firstly, any rounded or beveled corners make 

identification of precise slot edges troublesome. Secondly, when viewed with 

microscopy, reflection from laboratory lights caused the margins of the bracket slots to be 

indistinct.14 These factors make accurate measurement difficult. 

 Similar to a single-axis microscope, a Clark Microhardness Tester and a Clark 

Instrument Automatic Reading System have also been used to capture an image, scale, 

and measure bracket slot dimensions.  This instrument has a light microscopy component 

with an accuracy of 1 micrometer.13  This technique is troubled by the same 

complications faced with single-axis microscopy. 

 Another approach for measuring bracket slot height involves adding precision pin 

gauges in 0.002 mm increments.  The end point is determined when the gauges become 

attached to the bracket by friction.  With this method, an assessment of wall parallelism 

and the presence of internal defects cannot be completed.12  The drawback of measuring 

bracket slot height with this method is that the variation in height throughout the slot 

depth cannot be determined. 
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 A recent study acknowledged the difficulty in measuring bracket slot dimensions 

due to nonparallel walls and rounds corners and sought to improve upon earlier studies 

that used only two-point slot height measurements to define slot variability.8  Aiming to 

describe several measurable slot profile characteristics, the mesial profiles of brackets 

were photographed through a microscope.  Five points were then selected along each of 

the three slot walls and plotted on a 2-dimensional coordinate system.  Then, a best fit 

line was created for each of the slot walls.  Using this method, one is able to calculate 

several measurements, defining slot height as well as slot taper.  While this technique 

improved upon past procedures, two significant limitations existed.  Firstly, because only 

five points were chosen for each wall, a complete profile analysis was not accomplished.  

Defects could have been present that the five selected points did not include. Secondly, 

the study examined only the mesial profile of the bracket slots.  If the distal profile had 

been accounted for, different results are likely.8 

 Studies measuring archwire dimensions employ a micrometer obtaining sizes to 

the nearest one-thousandth of a millimeter.16,17  However, these studies measure the 

archwires at only a few locations, providing an incomplete analysis of archwire variation.  

Additional measurement locations would have offered a more thorough understanding of 

size variation and its potential effect on sliding mechanics.  The degree of edge bevel was 

determine using light microscopy.16 

 The primary weakness of all previous measurement methods, whether they be for 

bracket slots or archwires, is that they assume a single section or a few segments to 

represent the entire object.  As a result, a thorough understanding of variation among 
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these appliances cannot be obtained.  A more complete measurement technique is 

required, one that offers truly complete analytical capabilities so that discrepancies along 

the entire archwire or within the whole bracket slot can be evaluated. 

2.6 Microcomputed Tomography Applications 

Wilhelm Roentgen developed X-rays in 1895, providing diagnostic and 

investigative capabilities that had a remarkable effect in many healthcare fields.18  Since 

Roentgen’s invention, radiological technology has advanced immensely.  Traditional 

radiography produces two-dimensional images, which are the result of measurable 

attenuation as X-rays pass through an object.19  With traditional radiography, a 

considerable amount of potential information is lost as a three-dimensional object is 

depicted as a two-dimensional image.  The resultant superimposition of structures makes 

the study of any one internal structure difficult.20 In contrast, X-ray computed 

tomography is able to produce three-dimensional reconstructions.  Invented in the 1970s, 

X-ray computed tomography scanning takes images from many angles and reconstructs 

them into three-dimensional spatial distribution maps of object density.  Computed 

tomography scanning provides images comprised of 1 mm voxels.19  Additionally, this 

technique is able to obtain absolute values of absorption coefficients, enabling objects of 

similar density to be differentiated.20  This technology was improved in the 1980s with 

the development of X-ray microcomputed tomography (micro-CT).  Compared to 

computed tomography, micro-CT has increased spatial resolution with the ability to 

provide images composed of 5-50 µm voxels.19  Micro-CT is different from computed 

tomography in three ways.  Firstly, with micro-CT, the object is rotated instead of the X-
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ray source or detectors.  Secondly, a two-dimensional detector is employed rather than an 

array of detectors, producing direct three-dimensional reconstructions.  Third and lastly, 

the object to be scanned must be small enough to be placed in the scanner.21 Similar to 

traditional computed tomography, micro-CT permits thresholding, which allows a range 

of grey scale values to be analyzed as a single entity.  This capability increases the 

investigative abilities when studying morphology and architecture.21  Micro-CT has a 

wide range of applications as it is capable of scanning soft tissue, mineralized tissue, and 

ceramic and synthetic polymeric materials.  Micro-CT systems combine microfocal spot 

X-ray sources and high resolution detectors, allowing for samples rotated through many 

viewing angles to be reconstructed in a three-dimensional model for analyses.  

Reconstructions are spatial distribution maps of linear attenuation coefficients.19  The 

major advantage of employing micro-CT is that the highly detailed reconstructions 

providing internal examination are obtained without damaging the studied sample.21 

Traditionally used in medicine, micro-CT has more recently been employed in 

dental research.  With a wide range of applications, scans have been used to study root 

canal morphology, mineral concentrations of teeth, and implant osseointegration.19  

A 3-dimensional method using micro-CT has been introduced for evaluating the 

fit of implant superstructures.  This technique was developed because traditional 

measurement techniques involving visualization through microscopy are a significant 

source of human error and variability.  For the 3-dimensional spatial gap measurement, 

spiral scan microtomography was employed.  After scanning and reconstruction, the gap 

between superstructure and abutment was measured in terms of volume using 
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CTAnalyzer software, which used a volume-rendering algorithm to compute the volume 

of air between the two objects.22 

Micro-CT has also been used to evaluate the dental implant-to-abutment interface.  

This method is not only able to measure implant-abutment contact areas, but also identify 

microgaps along the entire interface.  The developers of this approach concluded that 

micro-CT is superior to traditional methods of analysis because it allows one to obtain 3-

dimensional images in a non-invasive and non-destructive manner.23 

More importantly to the current study,  micro-CT has been utilized to measure 

variation in the dimensions of bracket slots. This novel approach offers exceedingly 

detailed examination of samples.  Additionally, this micro-CT analysis provided a means 

for 360o study of bracket slots as reconstructions allowed for complete examination of all 

internal borders.  This research served as the foundation for the current study.15 
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CHAPTER 3 

AIMS OF THE INVESTIGATION 

� To evaluate the ability of micro-CT for measuring the interdimensional fit of 

archwire-bracket slot couples. 

 

� To measure the interdimensional fit of archwire-bracket slot couples using micro-

CT and compare findings with manufacturer specifications. 

 

� To establish a method for evaluating archwire-bracket slot engagement using 

micro-CT. 
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CHAPTER 4 

MATERIALS & METHODS 

A stone model of an ideal maxillary arch exhibiting proper tooth alignment, 

angulation, and inclination was selected for the study.  .022x028 inch self-ligating 

Empower® orthodontic brackets were obtained from American Orthodontics.  Self-

ligating refers to the manner with which the archwire is retained by the bracket.  The 

Empower® system incorporates a clip into the bracket construction that, when closed, 

retains an archwire.  Using TransbondTM XT light cure adhesive by 3M Unitek, these 

brackets were bonded to the maxillary left quadrant of the stone model.  Because brackets 

were bonded to an ideal arch, an archwire should then fit passively within the bracket 

slots.  The Empower self-ligating system is a passive-active system.  When archwires of 

smaller dimensions are engaged, the brackets act in a passive manner.  However, when an 

archwire of sufficient dimensions is engaged, .017x.025 inch in .022 Empower’s case, the 

brackets behave in an active manner.  Because the current study aims to investigate the 

importance of inter-dimensional fit, a .017x.025 nickel-titanium archwire was selected 

and engaged.  The stone model was then trimmed to minimize the proportions of stone to 

be scanned.  This was done for two reasons. Firstly, size constraints exist when 

performing micro-CT.  The sample must be small enough to fit within the instrument’s 

carrier. Secondly, by reducing the volume of scanned stone, a higher resolution scan 

could be obtained as the amount of scatter radiation is lessened. 

Each sample was positioned in a carrier using parafilm and scanned by micro-CT 

(SkyScan 1172 DataViewer software; Skyscan, Aartselaar, Belgium) with 11 megapixel 
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resolution.  The scanning parameters were: accelerating voltage of 100 kV, current of 100 

μA, medium camera size, exposure time of 855 ms per frame, Al + Cu filter, frame 

average of 8, and rotation step at 0.4 (360° rotation).  The image pixel size was 6 μm. 

After scanning was completed, 3-dimensional reconstruction of the sample was 

accomplished using SkyScan’s volumetric software, NRecon. The NRecon software 

allows for the reconstruction of cross-sectional images obtained with micro-CT by 

implementing a Feldkamp algorithm that recognizes SkyScan data automatically. For 

reconstruction, a ring artifact correction of 10 and a beam hardening correction of 40% 

were applied. 

Following reconstruction, the SkyScan DataViewer software provided three 

orthogonal views in the x,y, and z planes.  A 2-dimensional registration was obtained for 

each plane by reorienting and aligning the sample (Figure 1).  For the present study, each 

bracket-archwire couple was positioned to deliver transaxial images for subsequent 

volumetric analysis.  

   

Figure 1: Alignment and orientation of samples in x, y, and z planes using 

DataViewer software. 
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The transaxial images attained with DataViewer were then exported to the 

SkyScan CTAn software. The CTAn program is able to provide precise, detailed analysis 

of reconstructions. More specifically, it allows for morphometry and densitometry 

examination with tools capable of image enhancement and segmentation. In order to 

measure the interdimensional fit of the six bracket-archwire couples, CTAn was used to 

select Regions of Interest (ROI), ensuring that the bracket slot lumen was the focus of 

study (Figure 2).  Based on sample density, gray-scaled threshold levels of 61 to 255 

were applied so the software recognized the archwire and brackets as equivalent material 

(Figure 3).  This binary selection technique allowed the volume of space remaining after 

archwire engagement to be measured using SkyScan CTAn software.   

 

Figure 2: Region of Interest (ROI) shown in red. The ROI was modified for 

each transaxial image to ensure the focus of the subsequent analyses was 

limited to the bracket slot lumen. 
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Figure 3: Binary selection using density thresholds set to 61-255 permitted 

archwire-bracket slot engagement space measurements to be obtained. 

Ten measurements along the archwire-bracket slot interface were taken for each 

archwire-bracket slot pair (Figure 4).  All measurements were recorded in an Excel 

Spreadsheet.  The control for each pair was based on manufacturer specifications and 

defined as follows: bracket slot dimensions – archwire dimensions = space remaining 

after archwire engagement, which was calculated to be 0.000191 in2.   
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Figure 4: Locations of transaxial images used for UL4 analysis. 

4.1 Statistical Analyses 

Descriptive statistics, means, and standard deviations were calculated for each 

archwire-bracket slot pair. A 1-way ANOVA was performed using a level of significance 

of 0.05 to identify if significant variation existed among the archwire-bracket slot pairs.  

Each pair is defined as a single bracket and the archwire segment engaged in it.  

Therefore, six archwire-bracket slot pairs existed in the study.  Unpaired t-tests were used 

to identify where variation existed among the six archwire-bracket slot pairs.  A series of 

unpaired t-tests was also performed to determine whether each of the six archwire-

bracket slot pairs’ values attained via microCT study were significantly different than 

control standards. 
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CHAPTER 5 

RESULTS 

 Descriptive statistics for the archwire-bracket slot pairs showed marked 

differences in remaining area after engagement (Table 1).  A 1-way ANOVA (Table 2) 

comparing the means of the six archwire-bracket slot pairs was performed and yielded 

highly significant results (P<0.001), indicating statistically significant differences in the 

areas remaining after engagement. 

Table 1: Summary of Descriptive Statistics 

Groups Count Sum Average Variance 

UL6 10 0.00273 0.000273 1.26778E-09 

UL5 10 0.00266 0.000266 3.82222E-10 

UL4 10 0.00267 0.000267 2.33333E-11 

UL3 10 0.00293 0.000293 5.56667E-10 

UL2 10 0.00209 0.000209 1.43333E-10 

UL1 10 0.00241 0.000241 5.44444E-11 

 

Table 2: One-Way ANOVA Comparing the Mean Values 

Source of Variation SS df MS F P-value F crit 

Between Groups 4.28483E-08 5 8.56967E-09 21.1790389 1.16759E-11 2.386069862 

Within Groups 2.185E-08 54 4.0463E-10       

              

Total 6.46983E-08 59         

 

 As a subsequent analysis, unpaired T-tests (Tables 3-13) were completed to 

determine if any of the archwire-bracket slots pairs were different from than each other 

(P<0.05).  Results of this analysis indicate significant differences exist between UL1 vs. 

UL2 (Table 3), UL1 vs. UL3 (Table 4), UL1 vs. UL4 (Table 5), UL1 vs. UL5 (Table 6 ), 

UL1 vs. UL6 (Table 7), UL2 vs. UL3 (Table 8), UL2 vs. UL4 (Table 9), UL2 vs. UL5 
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(Table 10), UL2 vs. UL6 (Table 11), UL3 vs. UL4 (Table 12), and UL3 vs. UL5 (Table 

13).  According to Table 3, UL1 vs UL2 results yielded significant results with P(T<=t) 

two tail = 3.09622E-06.  According to Table 4, UL1 vs UL3 results yielded significant 

results with P(T<=t) two tail = 3.6021E-05.  According to Table 5, UL1 vs UL4 results 

yielded significant results with P(T<=t) two tail = 7.22104E-08.  According to Table 6, 

UL1 vs UL5 results yielded significant results with P(T<=t) two tail = 0.002608104.  

According to Table 7, UL1 vs UL6 results yielded significant results with P(T<=t) two 

tail = 0.01935408.  According to Table 8, UL2 vs UL3 results yielded significant results 

with P(T<=t) two tail = 1.71793E-07.  According to Table 9, UL2 vs UL4 results yielded 

significant results with P(T<=t) two tail = 7.22069E-09.  According to Table 10, UL2 vs 

UL5 results yielded significant results with P(T<=t) two tail = 1.0652E-06.  According to 

Table 11, UL2 vs UL6 results yielded significant results with P(T<=t) two tail = 

0.000220768.  According to Table 12, UL3 vs UL4 results yielded significant results with 

P(T<=t) two tail = 0.006614075.  According to Table 13, UL3 vs UL5 results yielded 

significant results with P(T<=t) two tail = 0.012660231. 

Table 3: t-Test Comparing UL1 vs. UL2 
  

  UL2 UL1 

Mean 0.000209 0.000241 

Variance 1.43333E-10 5.44444E-11 

Observations 10 10 

Hypothesized Mean Difference 0   

df 15   

t Stat 

-

7.195504214   

P(T<=t) one-tail 1.54811E-06   

t Critical one-tail 1.753050356   

P(T<=t) two-tail 3.09622E-06   

t Critical two-tail 2.131449546   
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Table 4: t-Test Comparing UL1 vs. UL3  
  

  UL3 UL1 

Mean 0.000293 0.000241 

Variance 5.56667E-10 5.44444E-11 

Observations 10 10 

Hypothesized Mean Difference 0   

df 11   

t Stat 6.65186235   

P(T<=t) one-tail 1.80105E-05   

t Critical one-tail 1.795884819   

P(T<=t) two-tail 3.6021E-05   

t Critical two-tail 2.20098516   

 

Table 5: t-Test Comparing UL1 vs. UL4 
  

  UL4 UL1 

Mean 0.000267 0.000241 

Variance 2.33333E-11 5.44444E-11 

Observations 10 10 

Hypothesized Mean Difference 0   

df 16   

t Stat 9.322783153   

P(T<=t) one-tail 3.61052E-08   

t Critical one-tail 1.745883676   

P(T<=t) two-tail 7.22104E-08   

t Critical two-tail 2.119905299   

 

Table 6: t-Test Comparing UL1 vs. UL5 
  

  UL5 UL1 

Mean 0.000266 0.000241 

Variance 3.82222E-10 5.44444E-11 

Observations 10 10 

Hypothesized Mean Difference 0   

df 12   

t Stat 3.783249542   

P(T<=t) one-tail 0.001304052   

t Critical one-tail 1.782287556   

P(T<=t) two-tail 0.002608104   

t Critical two-tail 2.17881283   
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Table 7: t-Test Comparing UL1 vs. UL6 
  

  UL6 UL1 

Mean 0.000273 0.000241 

Variance 1.26778E-09 5.44444E-11 

Observations 10 10 

Hypothesized Mean Difference 0   

df 10   

t Stat 2.782900971   

P(T<=t) one-tail 0.00967704   

t Critical one-tail 1.812461123   

P(T<=t) two-tail 0.01935408   

t Critical two-tail 2.228138852   

 

Table 8: t-Test Comparing UL2 vs. UL3 
  

  UL3 UL2 

Mean 0.000293 0.000209 

Variance 5.56667E-10 1.43333E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 13   

t Stat 10.03992032   

P(T<=t) one-tail 8.58965E-08   

t Critical one-tail 1.770933396   

P(T<=t) two-tail 1.71793E-07   

t Critical two-tail 2.160368656   

 

Table 9: t-Test Comparing UL2 vs. UL4 
  

  UL4 UL2 

Mean 0.000267 0.000209 

Variance 2.33333E-11 1.43333E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 12   

t Stat 14.20704051   

P(T<=t) one-tail 3.61035E-09   

t Critical one-tail 1.782287556   

P(T<=t) two-tail 7.22069E-09   

t Critical two-tail 2.17881283   
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Table 10: t-Test Comparing UL2 vs. UL5 
  

  UL5 UL2 

Mean 0.000266 0.000209 

Variance 3.82222E-10 1.43333E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 15   

t Stat 7.862588377   

P(T<=t) one-tail 5.32602E-07   

t Critical one-tail 1.753050356   

P(T<=t) two-tail 1.0652E-06   

t Critical two-tail 2.131449546   

 

Table 11: t-Test Comparing UL2 vs. UL6 
  

  UL6 UL2 

Mean 0.000273 0.000209 

Variance 1.26778E-09 1.43333E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 11   

t Stat 5.387649919   

P(T<=t) one-tail 0.000110384   

t Critical one-tail 1.795884819   

P(T<=t) two-tail 0.000220768   

t Critical two-tail 2.20098516   

 

Table 12: t-Test Comparing UL3 vs. UL4 
  

  UL4 UL3 

Mean 0.000267 0.000293 

Variance 2.33333E-11 5.56667E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 10   

t Stat 

-

3.413967254   

P(T<=t) one-tail 0.003307037   

t Critical one-tail 1.812461123   

P(T<=t) two-tail 0.006614075   

t Critical two-tail 2.228138852   
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Table 13: t-Test Comparing UL3 vs. UL5  
  

  UL5 UL3 

Mean 0.000266 0.000293 

Variance 3.82222E-10 5.56667E-10 

Observations 10 10 

Hypothesized Mean Difference 0   

df 17   

t Stat -2.78648471   

P(T<=t) one-tail 0.006330115   

t Critical one-tail 1.739606726   

P(T<=t) two-tail 0.012660231   

t Critical two-tail 2.109815578   

 

 As a final analysis, unpaired T-tests (Tables 14-19) were performed to determine 

if differences in space remaining after archwire-bracket slot engagement existed between 

the studied sample and the standard (P<0.05).  Results of this analysis indicate all of the 

studied archwire-bracket slot pairs were significantly different than the standard.  

According to Table 14, UL1 vs Standard results yielded significant results with P(T<=t) 

two tail = 4.93675E-09.  According to Table 15, UL2 vs Standard results yielded 

significant results with P(T<=t) two tail = 0.001037725.  According to Table 16, UL3 vs 

Standard results yielded significant results with P(T<=t) two tail = 2.51804E-07.  

According to Table 17, UL4 vs Standard results yielded significant results with P(T<=t) 

two tail = 2.68532E-12.  According to Table 18, UL5 vs Standard results yielded 

significant results with P(T<=t) two tail = 7.01839E-07.  According to Table 19, UL6 vs 

Standard results yielded significant results with P(T<=t) two tail = 4.65004E-05.  The 

differences in remaining space after engagement between the sample and standard are 

plotted in Figures 5-10.  Collectively, Figures 5-10 show that not one of the measured 
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transaxial images gave dimensions equal to the standard.  Fifty-eight were oversized, 

while two were undersized. 

Table 14: t-Test Comparing UL1 vs. Standard  
  

  UL1 Standard 

Mean 0.000241 0.000191 

Variance 5.44444E-11 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 21.42857143   

P(T<=t) one-tail 2.46838E-09   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 4.93675E-09   

t Critical two-tail 2.262157163   

 

Table 15: t-Test Comparing UL2 vs. Standard 
  

  UL2 Standard 

Mean 0.000209 0.000191 

Variance 1.43333E-10 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 4.754434894   

P(T<=t) one-tail 0.000518862   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 0.001037725   

t Critical two-tail 2.262157163   
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Table 16: t-Test Comparing UL3 vs. Standard  
  

  UL3 Standard 

Mean 0.000293 0.000191 

Variance 5.56667E-10 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 13.67107178   

P(T<=t) one-tail 1.25902E-07   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 2.51804E-07   

t Critical two-tail 2.262157163   

 

Table 17: t-Test Comparing UL4 vs. Standard 
  

  UL4 Standard 

Mean 0.000267 0.000191 

Variance 2.33333E-11 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 49.75367897   

P(T<=t) one-tail 1.34266E-12   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 2.68532E-12   

t Critical two-tail 2.262157163   

 

Table 18: t-Test Comparing UL5 vs. Standard 
  

  UL5 Standard 

Mean 0.000266 0.000191 

Variance 3.82222E-10 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 12.13118699   

P(T<=t) one-tail 3.50919E-07   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 7.01839E-07   

t Critical two-tail 2.262157163   
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Table 19: t-Test Comparing UL6 vs. Standard 
  

  UL6 Standard 

Mean 0.000273 0.000191 

Variance 1.26778E-09 0 

Observations 10 10 

Hypothesized Mean Difference 0   

df 9   

t Stat 7.282697731   

P(T<=t) one-tail 2.32502E-05   

t Critical one-tail 1.833112933   

P(T<=t) two-tail 4.65004E-05   

t Critical two-tail 2.262157163   

 

 

 Figure 5: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL1 vs. Standard. 
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Figure 6: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL2 vs. Standard. 

 

Figure 7: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL3 vs. Standard. 
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Figure 8: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL4 vs. Standard. 

 

Figure 9: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL5 vs. Standard. 
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Figure 10: Illustrates the differences in remaining space after archwire-

bracket slot engagement for UL6 vs. Standard. 

 

 

 

 

 

 

 

 

 

 

 

0

0.00005

0.0001

0.00015

0.0002

0.00025

0.0003

0.00035

1 2 3 4 5 6 7 8 9 10

Archwire-Bracket Slot Engagement: UL6 vs. 

Standard

UL6

Standard

In
ch

es
2

 

Transaxial Image 



 

 

33 

CHAPTER 6 

DISCUSSION 

 Measurements obtained via micro-CT show that the studied sample exhibited 

poor interdimensional fit between the archwire and bracket slot.  When compared to the 

standard, all archwire-bracket slot pairs showed a significantly greater amount of 

remaining space after engagement.  These findings can result from several scenarios.  

Increased space after engagement can be a consequence of an undersized archwire, 

oversized bracket slot, or a combination.  Additionally, these results are supported by the 

existing literature.  Many previous researchers have studied variation in bracket slot 

dimensions and found oversized measurements.8,12,13,14  Undersized archwires have also 

been reported in the literature.16  The potential clinical significance of the poor 

interdimensional fit shown in the current study is a lack of three-dimensional control of 

tooth movement, resulting in less than ideal tooth position at the end of orthodontic 

treatment.  This poor control necessitates the application of various bends to the archwire 

to obtain an ideal orthodontic finish.  Similarly, previous studies have not only noted poor 

overall torque expression, but also a lack of torque control during incisor retraction due to 

variations in archwire and bracket slot dimensions.10,15 

 Not only was poor interdimensional fit of archwire-bracket slot pairs shown using 

microCT, but the majority of these pairs were significantly different from each other.  

While all pairs exhibited increased remaining space after archwire engagement, it varied 

among each of the six pairs.  Therefore, even if a larger archwire was engaged, the 

brackets would still deliver varying degrees of the brackets’ prescription.  Each pair 
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would provide incomplete expression of the prescription, and to differing degrees.  The 

potential clinical significance of this involves treatment using sliding mechanics.  

Because of the dissimilarity of archwire-bracket pairs, teeth may move at different rates 

and with varying control of movement.   

 The current study has introduced a novel technique for examining archwire-

bracket slot engagement using microCT.  The method provides researchers the 

opportunity to study interdimensional fit in a three-dimensional manner.  While previous 

studies8,11,12,13,15,16 focused on measuring dimensional variation in brackets or archwires 

alone, this system permits interdimensional fit measurements to be obtained after 

engagement.  An additional advantage of this technique over previous methods is that it 

allows one to view archwire-bracket slot fit internally where the majority of contact 

exists instead of only from the mesial or distal perspective.  These advantages, combined 

with an exceptionally detailed reconstruction to 6 μm scale, make study with microCT far 

superior to previous procedures.  The implementation of this technology provides the 

capability to attain high resolution, three-dimensional structural data that was previously 

not obtainable with traditional two-dimensional analyses. 

6.1 Limitations and Future Direction 

  While this investigation has provided valuable insight into the interdimensional 

fit of archwire-bracket slot engagement, it is not without limitations.  The small sample 

size has given a better understanding of engagement, especially for the Empower® 

system.  However, the limited number of archwire-bracket slot pairs does not provide a 

thorough evaluation of this system.  Future studies should include a larger sample size 
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including diverse brackets systems, varying archwires, and both .018x.025 and .022x.028 

slot dimensions.  The angle between the archwire and bracket slot could also be measured 

to afford a better awareness of torque expression. 

 When considering the microCT measurement technique, two limitations existed.  

First, the size of the sample to be scanned is restricted.  As a result only a single quadrant 

of teeth can be scanned at one time.  Additionally, the stone model must be trimmed 

extensively to limit scatter radiation that would otherwise obscure imaging.  Secondly, 

the time requirement for the microCT scan, especially for the high resolution scans 

obtained in this study, is lengthy.  A single scan can take up to 10 hours to complete, 

making gathering data a tedious endeavor. 
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CHAPTER 7 

CONCLUSIONS 

• This investigation has provided a novel technique to analyze archwire-bracket slot 

interdimensional fit. 

• Microcomputed Tomography is capable of providing three-dimensional imaging 

for internal study of orthodontic materials. 

• Archwire-bracket slot pairs showed poor interdimensional fit with all pairs 

exhibiting a significant excess of space after engagement when compared with the 

standard. 

• For the majority of archwire-bracket slot pairs, the interdimensional fit was 

significantly different from the remaining pairs. 

• Future studies should use microCT to analyze a larger sample of various bracket 

systems and archwires.  A microCT procedure should be developed to more 

thoroughly investigate torque expression through the measurement of angles 

formed between the archwire and bracket slot. 
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