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ABSTRACT

In orthodontics, braces are commonly used to correct dental misalignments. Third-order torque
refers to the application of torsion to correct angular inclinations of teeth. Its application involves
the use of a twisted archwire inside of an orthodontic bracket to generate the required forces and
moments to achieve tooth movement. Third-order torque is continually researched in hopes of
gaining fundamental knowledge with regards to its biomechanics. Understanding the interactions
between an archwire and bracket are important in the application of torque. The Orthodontic
Torque Simulator (OTS) is an in vitro simulator of third-order torque mechanics. Studying
archwire and bracket mechanics using the OTS can be aided with the use of three-dimensional
(3D) digital image correlation (DIC). The implementation of 3D DIC enables surface deformations
and strains to be measured throughout an applied third-order rotation, where the response of the
archwire can be quantified. The 3D DIC system was rigorously verified to ensure measurements
were representative of actual third-order mechanics. In applying third-order torque, comparisons
were made between 0.0197x0.025” stainless steel and titanium molybdenum alloy archwires.
Surface shear strains were used to characterise the archwire behaviour during third-order torque,
using both orthodontic brackets as well as a custom rigid dowel. It was found that surface shear
strains vary due to differing contact conditions. Further, archwires may undergo permanent
deformation as determined by the presence of residual shear strains. The application of 3D DIC
with third-order torque experiments aids in the assessment of archwire and bracket interactions

under applied loads, which can be used to better understand the biomechanics of third-order torque.
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CHAPTER1 INTRODUCTION

1.1 Motivation

Dental care and associated costs contribute to a large proportion of health spending in Canada. A
total of $11.7 billion was spent in 2012, making dental care the second largest expenditure in
private-sector health spending behind pharmaceuticals [1]. Orthodontics, a subset of dental care,
is the practise of moving and aligning teeth to improve occlusion (i.e. how teeth contact one

another) and aesthetics. In Canada, an estimated 799 orthodontists were practising in 2016 [2].

Malocclusions (inter- and intra-arch tooth misalignments) can degrade dental health, and are
caused when the dental arches in the maxilla (upper jaw) and mandible (lower jaw) do not interact
in an optimal manner [3]. Different factors can contribute to malocclusions, such as missing,
crowded, misshaped, or misaligned teeth, among others [3]. There are various ways to treat
malocclusions, including traditional fixed appliances (braces) and clear aligners. Additionally,
digital technologies aiding in the treatment process are becoming increasingly common [4]-[6].
Fixed appliances refer to orthodontic materials that are attached to a patient’s teeth over the span
of their treatment [7]. One such utilisation of fixed appliances is the edgewise system, commonly
referred to as braces. Braces include orthodontic brackets that are bonded to teeth and orthodontic
archwires that are shaped to induce tooth movement when engaged inside brackets. A schematic

showing the conventional edgewise fixed appliance is shown in Figure 1.1.



Teeth Archwire Brackets

Figure 1.1. Schematic of an example fixed orthodontic appliance. Brackets are shown
individually bonded to maxillary teeth and an archwire is engaged inside brackets.

Tooth movements arise as a result of the forces and moments applied to them. Forces and moments
result from archwire interactions within each bracket, whereby the deformed and consequently
strained archwire will impose forces onto brackets. These loads are transmitted to the tooth on
which the bracket is bonded. This leads to further force and moment transfer onto the periodontal
ligament (PDL), which is a unique tissue able to facilitate remodelling of the alveolar bone
surrounding the tooth. It is this mechanism that results in permanent change in tooth position in
the dentition [8]-[10]. Some concerns that may arise during orthodontic treatment may be
inflammatory root resorption, where applied forces from an orthodontic appliance may cause
inflammation of the PDL, resulting in the resorption of root tissue; or hyalinization, in which tissue
necrosis may occur [8], [11]. There is a necessity to study the nature of the forces and moments
generated throughout orthodontic treatment as it is crucial for long-term dental and periodontal

health [9].

Misalignments in the angular inclination of teeth in the labiolingual (towards the lips/tongue) or
buccolingual (towards the cheeks/tongue) directions for anterior and posterior teeth, respectively,

can contribute to malocclusions. A schematic showing the dental directions is shown in Figure 1.2,
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which labels the anterior and posterior teeth, as well as the relation between the mesial versus

distal and labial/buccal versus lingual directions.
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Figure 1.2. Schematic of teeth positions, indicating the anterior versus posterior teeth on
the left side of the figure and the mesial versus distal and buccal/labial versus lingual
directions on the right side.

To address this, the application of third-order torque resolves tooth angular inclination in said
labiolingual or buccolingual directions [12]. In orthodontics, third-order torque refers to the

rotation of a tooth about the axis along the mesiodistal direction (towards the middle of the

jaw/temporomandibular joint).

At the University of Alberta, an apparatus called the Orthodontic Torque Simulator (OTS) was
designed and built by Badawi ef al. [13]. The OTS is an in-vitro third-order torque apparatus made
to measure the reaction forces and moments exerted onto a bracket as an archwire is rotated along
its long axis. Modifications to system components have allowed for various studies associated with
third-order torque, including exploring the effects of a periodontal ligament simulant and bracket

misalignments, as well as measuring bracket deformation during torsion [14]-[16].



In studying bracket deformation during third-order torque, imaging techniques, specifically digital
image correlation (DIC) provides a viable option to track movements throughout applied loads.
DIC is an optical method used to measure the surface response of a test specimen developed during
a mechanical test [17]. Cameras are used to track changes in surface position over an applied load.
By applying a stochastic speckle pattern onto the surface of a specimen, regions can be uniquely
identified and individually tracked. Tracked regions can then be used to calculate full-field surface
displacements and strains over the entire correlated surface of the test specimen [17], and these
measurements can be taken in both two- and three-dimensional (3D) settings. The advantages of
using DIC include its non-contact measurement capabilities, as well as the ability to resolve small-
scale deformations and strains, both of which allow for mechanical testing and evaluation of
orthodontic materials in a full-field context. The implementation of a 3D DIC system to measure
surface deformations and strains of archwires during third-order torque is desirable and should be
pursued to better understand archwire and bracket mechanics during orthodontic treatment. In
doing so, system verification is a crucial step to ensure that measurements taken with DIC are true
to the physical behaviour of the orthodontic materials under torsional load. Access to this
additional information can aid in both qualitative and quantitative analyses and evaluations of fixed
appliance orthodontics. Qualitatively, the development of 3D deformation and strain can be
realised by comparing consecutive images over the applied torsion. Quantitively, the magnitudes
of deformations and strains on both archwires and brackets can be studied to reveal how different

materials may affect elastic and plastic deformation of orthodontic appliances during torsion.



1.2 Thesis Scope

This thesis involves two major components. First, the modification of the OTS to enable 3D DIC
to be performed during in-vitro third-order torque simulations, as well as the verification of the 3D
DIC system. Second, a study is performed on the OTS using 3D DIC to measure archwire
deformations and strains with clinically representative orthodontic archwires and brackets. 3D
deformations can be compared between groups to determine how torsion regimes are affected
within orthodontic contexts, such as localised twisting versus rigid body rotation of an archwire,
as well as comparing isolated deformations in x-, y-, and z- directions. The development of
surface strains, specifically shear strains, can be used to indicate whether archwire deformations
remain elastic or if there is a transition into plastic deformation. Previously, testing with the OTS
consisted of applying third-order rotation using a rectangular archwire inside commercial
orthodontic brackets and measuring the resultant torque. However, in characterising the
independent response of archwires to torsion with respect to deformation and strain development,
an additional custom rigid dowel was machined and used as an attempt to isolate the archwire
response from bracket effects. When applying third-order torque with the archwire engaged in the
rigid dowel, the archwire is expected to undergo a larger twist than with orthodontic brackets,
where typical bracket materials and geometries can lead to higher bracket compliance and reduced
torque [18]. Studying the archwire behaviour without the influence of orthodontic brackets and the
consequent change in torsion mechanics may better reveal how deformation and strain develops

on the archwire over a prescribed range of rotation.

In setting up a DIC system for use with the OTS, the methodology in performing DIC and the

verification of the system must be thoroughly investigated, including the preparation of the
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orthodontic materials for successful image correlation, camera calibration, and image processing
to obtain displacement and strain results. Once the system is functional and verified, a study with
clinical implications may be performed to characterise archwire and bracket behaviour during

third-order torque.

1.3 Thesis Outline

This thesis consists of five chapters. In Chapter 2, background information pertaining to third-
order torque and DIC techniques were reviewed and discussed, as well as relevant definitions and
identification of areas of research where 3D DIC can improve current understandings of third-
order torque mechanics. In Chapter 3, the process in setting up and verifying the DIC system are
detailed. In verifying the displacement and strain parameters as measured by the DIC system, an
idealised finite element analysis was performed by modelling the rigid dowel and a stainless steel
archwire with a bilateral torsional load, as per OTS procedures. In Chapter 4, a two-by-two
factorial study was designed and performed to compare differences in torque, deformation, and
strain when using the custom rigid dowel versus commercial maxillary central incisor orthodontic
brackets, as well as between stainless steel and titanium molybdenum alloy archwires. The
inclusion of commercial orthodontic brackets enabled the exploration of clinical implications that
may arise when performing 3D DIC, and also allowed for comparisons between the rigid dowel
with commercial brackets. Finally, in Chapter 5, conclusions are made with the results of the
studies summarised. Further, the limitations of the studies and recommendations on future work
are also highlighted. Additional materials complementary to this work are included in the
appendices. Appendix A includes data showing the reusability of the rigid dowel, Appendix B

shows data used in the backlash calculation of the OTS gear train, Appendix C covers the archwire
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speckling procedure for DIC preparation, Appendix D details the preliminary setup of the finite
element model of third-order torque with the rigid dowel and stainless steel archwire, Appendix E
includes all R code used throughout the thesis, similarly Appendix F includes all MATLAB code,
and finally Appendix G details the pilot study conducted for sample size calculation prior to

performing the full two-by-two factorial study.



CHAPTER 2 LITERATURE REVIEW

In orthodontics, tooth movements can be achieved through various treatment methods. One such
method is using edgewise appliances, conventionally known as braces, which have been
commonly implemented to generate tooth movements since their development in the 1920s [19].
Edgewise appliances function based on forces and moments generated by archwires ligated inside
brackets which are individually bonded to teeth. When undergoing orthodontic treatment,
movements must be carefully planned by the clinician to preserve the dental and periodontal health
of patients throughout treatment [9]. A common orthodontic correction involves the rotation of a
tooth in the buccolingual directions, which adjusts a tooth’s angular inclination in the dental arch.
To accomplish this movement, a third-order rotation is imposed on the archwire and ligated in the
bracket to rotate a tooth about the mesiodistal axis. However, in applying third-order torque,
careful considerations must be made to distinguish between controlled and uncontrolled tipping,
where the former is desirable in clinical contexts and the latter is not [20]. As discussed in the
introduction chapter, controlled tipping refers to rotation about a root apex, and uncontrolled
tipping refers to rotation about the centre of resistance, a theoretical point in the tooth root where
applied forces passing through the centre of resistance produce translations and forces about the
centre of resistance produce moments that consequently induce rotation [20]. The static analysis

of applied forces and moments determines the resultant tooth movement.

Characterising archwire behaviour during third-order torque elucidates how different factors
associated with orthodontic treatment can interact with each other during treatment. Some factors
that affect torque are archwire material and size, bracket manufacturer, bracket placement, and

ligation method, among others [18], [21], [22]. By being able to compare factors at various levels,
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more information can be gained towards a fuller understanding of the relationship between these
factors and resultant torque. This chapter details current methods in measuring third-order torque
in in vivo, finite element models, and in vitro, and details the digital image correlation (DIC)

process and its application in in vitro orthodontics research.

2.1 Definition of Third-Order Torque

With edgewise systems, third-order torque is applied using archwires with rectangular cross-
sections. When twisted and engaged inside brackets, the resultant interaction between the
rectangular archwire and the bracket slot induces third-order torque by generating a moment
couple. By applying third-order torque, rotational tooth movement may occur. The rotation of the
tooth moves about the root apex with controlled tipping, as opposed to uncontrolled tipping where
the rotation is about a tooth’s centre of resistance [20]. A schematic of the generation of third-

order torque using an edgewise appliance is shown in Figure 2.1.
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Figure 2.1. Tooth movement schematic using fixed appliances indicating (a) uncontrolled
tipping and (b) controlled tipping when applying third-order torque with a rectangular
archwire inside a fixed bracket.

Many investigations seeking to better characterise third-order torque have been performed in in
vitro settings, where controllable factors such as archwire size and material or bracket design are
isolated compared to explore their effects on resultant torque [21]. The pursuit of a comprehensive
understanding and characterisation of third-order torque mechanics will continue as orthodontic

technologies improve. With respect to fixed appliances, one aspect of third-order torque that has

not been explored in depth is the isolated mechanical response of archwires under torsion in an
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orthodontic context. In past studies, third-order torque is often measured as an output parameter
[21]; however, the development of deformations and surface strains on an archwire under torsion
is not fully understood. In particular, the small size of archwires and their unique geometries, in
addition to compliance in orthodontic brackets while under load, all introduce complexities in the
torsion regimes of archwires. By isolating the behaviour of an archwire during torsion application,
a better appreciation of the roles different factors play in the generation of third-order torque
application using fixed appliances can be formed, such as the differences between archwire
materials, or how bracket deformations affect archwire deformations and resultant third-order

torque magnitudes.

2.2 Assessment of Third-Order Torque

When an archwire is ligated within an orthodontic bracket, the previously mentioned factors can
all affect the resulting interactions between the two components. Therefore, it is paramount that
the effects of the factors on third-order torque are well-understood and can be utilised during
treatment. The moment couple generated when a twisted archwire is inserted into a bracket has a
large role in determining the nature of tipping, whether controlled or uncontrolled. Studies
regarding third-order torque often consider the torque capabilities of archwire and bracket
combinations under various experimental settings. Having a comprehensive knowledge base of
the mechanical responses of archwires and brackets can aid in clinical practise as treatments can
be applied with more efficiency and confidence in the procedure. Third-order torque studies have
utilised different experimental methods to attempt to better characterise third-order torque
mechanics. Due to the clinical implications of performing studies, both in vitro and in vivo

experiments are common in evaluating third-order torque efficacies and quantifying the effects
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that the orthodontic materials, dimensions, and usage has on third-order torque generation and
application. In addition, in silico methods such as finite element analyses have become more
common in simulating third-order torque experiments. Details regarding the current state of

research in third-order torque experiments are highlighted for each of the experimental methods.

2.2.1 Clinical Assessments of Third-Order Torque and Angular Inclination

In clinical settings, it is difficult to mechanically isolate third-order torque as there are many factors
that confound with torque expression. In practise, a majority of orthodontic treatments involves
more than just buccolingual/labiolingual tooth rotation/translation [19], [23]. With orthodontic
movements, considerations towards the forces and moments induced by the entire orthodontic
system 1is necessary to prevent the creation of new misalignments when fixing present
misalignments [24], [25]. Clinically, an orthodontist can apply third-order torque to fix a tooth’s
angular inclination and stop the torque application when they subjectively deem that the position
is either adequately or optimally rotated [22]. Each patient presents a unique dental anatomy and
must be independently monitored throughout treatment; however, patients with similar skeletal
and dental presentations can be grouped to better discriminate these anatomical differences [26].
Clinicians can have varying assessments of final tooth inclinations that can agree with or contradict
another clinician’s assessment [22]. The subjectivity associated with third-order torque
prescriptions makes it evident that clinician-selected treatment paths may ultimately result in
different outcomes. However, measuring contributions from the orthodontic materials used in
treatment such as archwire properties and bracket types can provide objective measures of clinical

efficacy.
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Measuring forces and moments generated by an orthodontic system directly during treatment is
difficult. Direct measurements during treatment requires a method that can implemented in vivo.
Friedrich et al. [27] developed an in vivo measurement system that utilised a custom modular
bracket attached to a load cell that could be detached from a tooth while still engaged with an
archwire; however, detaching a bracket from its bond to a tooth changes the loading conditions.
With third-order torque, the change in position of a bracket with respect to the dental root can alter
the axis in which the third-order torque is applied and shift the force vectors from the archwire.
The resulting differences and unbalancing of the forces and moments can cause the rotation about
the dental root to be about another point in the dentition, thus deviating from controlled tipping.
Instead of directly affecting the orthodontic system to make measurements, retrospective studies

are commonly employed to evaluate clinical results, including angular inclinations.

Retrospective evaluations involve assessing completed orthodontic treatments with respect to
initial tooth positions/alignments. Different methods to measure angular inclination post-treatment
have been employed. Moesi et al. [22] used dental casts to create physical models for clinical
assessment purposes, where models were given to independent clinicians for their personal
assessments and then compared across clinicians, which highlighted subjective differences. With
appropriate instrumentation, dental casts may provide an objective measure of angular inclination
[28]. However, such measurements are not always practical in clinical settings when determining
teeth positions during treatment due to their time involvement and generation of excessive casts
requiring storage/disposal. Sfondrini et al. [26] used radiographs to mark key points for measuring
tooth positions and angles for comparative analysis between different brackets. Comparing

conventional brackets to self-ligating bracket and aligners, it was found that conventional brackets
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led to higher variance in final incisal positions, though the systems tested all demonstrated clinical
reliability in upper incisor torque control [26]. Additional imaging techniques include three-
dimensional (3D) laser scanning of dental casts, and more recently cone-beam computed
tomography enable in vivo spatial measurements pre- and post-treatment for digital analysis [29],

[30].

The commonalities between these measurement techniques is that clinically assessed angular
inclinations may have varying degrees of final positions based on the clinician [22]. In particular,
incisor and canine inclinations in similar positions may have different assessments due to a
clinician’s perception of dental aesthetics [22]. Better quantification of archwire and bracket
mechanics during third-order torque may aid in allowing for more objective third-order torque
applications. Characterising third-order torque mechanics can be explored with in vitro
experiments to attempt direct and objective quantifications of differences between orthodontic

materials by measuring their responses.

2.2.2 Finite Element Modelling of Third-Order Torque

The onset of numerical methods such as finite element (FE) analyses into orthodontic contexts has
enabled studies on third-order torque to be simulated in silico using computer models. The models
can vary in complexity in terms of geometries and the application of boundary conditions. Testing
different model inputs and boundary conditions can give insight on the mechanical response of

archwires in third-order torque contexts.

The advantage of FE models is that they can be used to modify single factors and hold all other

factors in a model constant. Single-tooth FE models have been used to study factors such as bracket
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and archwire material properties and geometries, ligatures, and adhesives [31]. Models of higher
complexity have simulated periodontal ligament (PDL) and alveolar bone to better quantify
reaction forces and strains that arise from applied prescriptions [31]. Models can introduce small
differences in bracket positioning with respect to tooth morphology to explore the impact of
bracket position on third-order torque [32]-[34]. Further, models can consist of multiple teeth
along a dentition to better characterise the effect that third-order torque may exhibit on adjacent
teeth [35], [36]. Models with multiple teeth can enable explorations on additional variables such
as inter-bracket distance and how bracket geometries and placements on adjacent teeth can impact
the third-order torque application [36]. In broader applications of orthodontic treatment, models
have simulated the full fourteen tooth maxillary dentition that included PDL and alveolar bone,
and an archwire/bracket system with skeletally-anchored power arms [37], [38]. While the model
explored anterior teeth movement using a power arm orthodontic system, third-order archwire
rotation induced by the power arms was seen, where using archwires with minimal torsional play
in brackets can lead to controlled lingual root tipping of anterior teeth [37], [38]. FE models can
be effective for orthodontic simulations. Depending on the context of a study and the complexity
of a model, clinical variables can be simulated to compute their effects on the mechanical response

of the orthodontic materials used.

There are limitations in FE models as the applicability of each model is largely dependent on model
assumptions and the resulting errors. Especially with biomechanical studies, the transition to
clinical relevance may not be confirmed until additional in vivo studies are performed; however,
baseline models and comparisons may aid prescriptions and variable selection in future studies.

Utilising FE models can be beneficial in isolating the effects of independent factors. In the context
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of third-order torque, it can be useful to understand how the archwire and bracket interaction
affects torque magnitudes, as well as the mechanical response of an archwire when twisted with

complex boundary conditions.

2.2.3 In Vitro Third-Order Torque Measurements

In vitro experimental designs can isolate or systematically combine factors to better understand
the mechanical interactions between orthodontic materials during third-order torque and

consequently ascertain their independent or codependent contributions to torque expression.

At the University of Alberta, the Orthodontic Torque Simulator (OTS) has been used extensively
to conduct third-order torque experiments. Past studies include comparisons between archwire
material and bracket type [13], [39], torsional loading versus unloading [40], second-order bracket
position [15], and PDL simulant effects [14]. More recently, Romanyk et al. [41]investigated the
effects of buccolingual slot dimension on third-order torque by comparing three different
orthodontic brackets with two archwire sizes.et al. They also found that reducing bracket
dimensions resulted in earlier engagement between the archwire and bracket during the loading
phase; however, during unloading, it was seen that brackets with reduced slot dimensions resulted
in lower torque values than those with larger slot dimensions. It was proposed here, though not
directly measured, that these results were due to excessive deformation of the bracket door leading
to a reduced stiffness of the bracket [41]. In these studies, third-order torque was measured as a
function of the angular rotation of an archwire. The mechanical operation of the OTS evidences
the ability to isolate and compare different experimental factors. Further details of OTS operation

will be discussed in Chapter 3. In addition to third-order torque measurements, bracket
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deformations were measured by implementing optical imaging methods which will be detailed

later in this chapter [18], [42]-[47].

Other researchers have also used in vitro apparatuses to characterise third-order torque mechanics
[48]. Studies have been designed to compare differences in third-order torque based on slot sizes
[49], archwire materials [50], and square versus rectangular archwire cross-section torque
capabilities [51]. These studies allow for direct comparisons of third-order torque; however, an
important aspect of torque application is the dimensional differences between an archwire and a
bracket slot. An archwire must be smaller than a bracket slot for the practical purpose of fitting
within the bracket slot, and commonly there are dimensional differences between the two (i.e. they
are not perfectly matched). The differences result in torsional play, a physical phenomenon where
there exists a region inside a bracket slot such that inserting a twisted archwire does not result in
enough interaction and contact between an archwire and bracket to generate clinical torque
thresholds [21]. Studies commonly explore the effects of different factors on torsional play and
consequently on third-order torque [21]. Combinations and archwires materials, cross-sectional
areas, and bracket types have been tested to compare their effects on torsional play [52]-[54].
Further, archwire cross-sections are studied as the rectangular or square cross-sections include
rounded corners or bevels. Various studies measuring third-order torque attempt to directly address
the corner geometry by measuring the corner radii [55]-[58]. Sebanc et al. [55] found that
deviations between an applied torque to actual measured third-order torques may arise due to the
corner radii presenting different interactions with the bracket slot. The greater the amount of
rounding at the corners, the greater the deviation between ideal rotation angle versus measured

rotation angle. It was also found that larger angles of rotation magnified the amount of deviation
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which was again attributed to the amount of rounding at the archwire corners when manufactured
[55]. Meling and @Odegaard [57] found that bevel variations can differ based on archwire cross-
sectional areas, which could be attributed to allowable manufacturer tolerances; however,
manufacturers did not state their tolerances. Lombardo et al. [58] directly imaged archwire cross-
sections as a means to determine the amount of rounding that occurs at the corners. It was found
that a single archwire could have four corners with varying radii, and the radii were not always
representative of circular arcs. In applying third-order torque, the archwire corners have large
contributions to the resultant torque. It is evident that archwire manufacturing and the consequent
variation in cross-section profiles can affect applied third-order torque despite being an archwire

of the same size and material.

The application of third-order torque inherently has many sources of variation. When
manufacturing orthodontic materials, tolerances can result in different geometries and
consequently present different archwire/bracket interactions when applying third-order torque
[58]-[60]. The attempts to understand the extent to which different factors contribute to the
variation may lead to better implementations of third-order torque in clinical contexts. As
evidenced by the studies performed in literature, third-order torque measurements often address
torsional play and torque magnitudes. In addition, mechanical properties of orthodontic materials
such as archwire torsional stiffnesses [57], [61]-[63], sliding friction during third-order torque
[64], [65], and archwire characteristics after clinical use [66]. Efforts to directly characterise the
archwire and bracket interaction during third-order torque can produce more insight with regards
to the mechanical response of the materials. However, the fundamental characterisation of

archwire mechanics using archwire deformations and strains during third-order torque is not
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readily available in the literature. Since the behaviour of an archwire dictates the third-order torque
application, understanding the changes in archwire behaviour over the duration of an applied

tipping correction may be beneficial in advance third-order torque techniques.

2.2.4 Advanced DIC Measurement Techniques in Orthodontic Measurements

Directly measuring third-order torque provides information on the efficacy of treatments; however,
enabling optical methods such as DIC to be included during experimentation can provide
additional information regarding the interactions between orthodontic materials during load
application. This can improve orthodontic treatment by allowing a more comprehensive
understanding of material interactions and thus allowing for improved designs and applications in

the future.

Using DIC techniques in tandem with third-order torque has been previously explored with the
OTS. Mainly, bracket deformations from third-order torque were measured using various DIC
systems. Lacoursiere et al. [45] initialised optical measurements using the OTS and measured
bracket tie-wing separation throughout and after third-order torque applications using a single
camera system by tracking relative differences between tie-wing positions. Image subsets were
individually placed on each bracket tie-wing and displacement vectors were calculated throughout
the applied archwire rotation, and permanent deformation of the brackets was found from a single
load application, where the final distance between the top and bottom tie-wings were not the same
as the initial distance [45]. Major et al. [43], [46] also utilised 2D DIC to measure tie-wing
separation of self-ligating brackets using cross-correlation algorithms and also found evidence of

permanent deformation. The subsets were similarly placed on bracket tie-wings, and depending on
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the geometry of the brackets, the shapes of the subsets varied to best conform to the surface area
[43], [46]. Melenka et al. [18], [47] expanded the use of DIC with the OTS by initialising a 3D
DIC camera system. Using a stereo microscope as the imaging device, a stereo camera system was
implemented to perform cross-correlation image matching to obtain 3D displacements. Full-field
3D measurements of the bracket under third-order torque loading confirmed that bracket tie-wings
were subject to movement and permanent deformation of the brackets occurred after loading. In
addition, the movement of the archwire retentive component for self-ligating brackets were also
measured and were seen to undergo motion when under third-order torque loading [18], [47]. The
DIC studies previously performed using the OTS demonstrated bracket measurement capabilities
and showed agreement in their results, indicating that sufficiently large third-order torque

prescriptions can lead to permanent bracket tie-wing deformations.

These measurements were primarily focused on bracket deformations; however, archwire
deformations were omitted. The inclusion of measuring archwire deformations during third-order
torque is novel. Studying the mechanical response of the archwire may reveal additional insights

regarding its interactions with the brackets and consequently its effect on third-order torque.

2.3 Digital Image Correlation Background

DIC is a non-contact, full-field measurement technique that captures surface deformations and
strains on a specimen using optical cameras [67]. Images of a test specimen under a mechanical
load are captured in succession and are then analysed. Fundamentally, the DIC process is a subset
of computer vision; utilising image matching algorithms, images are matched and compared to

calculate full-field positional differences between successive images and compute the differences
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as deformations and strains [67]. DIC experiments generally consist of the setup of a camera
system to fit within the constraints of an experiment, camera system calibration to obtain the
intrinsic and extrinsic parameters, sample preparation for compatibility with DIC, performing the

experiment coupled with image acquisition, and finally image processing and analysis [67].

2.3.1 Two-Dimensional Versus Three-Dimensional Measurement Systems

DIC can be adapted to different experimental conditions, such as two-dimensional (2D) versus 3D
imaging based on the use of one camera or two cameras in a stereo camera setup [17], [67]. In
practise, using a single camera system to capture 2D measurements is only representative of
specimen displacements and strains when the specimen response to an applied load demonstrates
in-plane motion. To obtain measurements in 3D, a stereo camera system must be used. In a stereo
camera system, two cameras are placed such that they share one plane called the stereo plane. On
the stereo plane, a stereo angle is created between the sensor of one camera to the test specimen to
the sensor of the other camera. A schematic of the stereo plane and angle is shown in Figure 2.2.
Conventionally, stereo angles range between 15° to 35°, but can be larger if carefully considered

for the given region of interest and desired measurements [17], [68].
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Figure 2.2. Schematic depicting stereo angle created between two cameras and the test
specimen.
Regardless of the number of cameras, the images obtained by any camera follows the pinhole
camera model, whereby objects in 3D space are projected onto a 2D image plane. Information
regarding the third dimension (out-of-plane) is lost and non-recoverable [67]. By using a stereo
camera system, information lost from one camera’s point of view is kept intact with the second
camera. An example of how using two cameras enables 3D information to be resolved is shown in
Figure 2.3. When using one camera, two different points of a 3D object can project onto the same

point on an image, whereas when using two cameras, the same two points no longer collapse into

one point, thus recovering the 3D information.
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Figure 2.3. Schematic depicting how spatial information between two points A and B is
lost when using a single camera system and recovered when using a stereo camera
system.

When performing 2D DIC, the camera can be strategically positioned such that its image plane is
parallel to the surface of interest on the specimen. This aids in keeping the projection of the surface
onto the image free of distortions due to perspective. However, in a stereo camera system, the
camera perspectives between the two cameras are guaranteed to be different, as seen in Figure
2.3(b). This introduces a complexity where image matching must account for these differences in
perspective. Camera calibration allows for the perspectives to be accounted for such that image
matching can be achieved by applying transformations between two views [69], [70]. The
advantage of 3D DIC is that stereo camera systems can measure out-of-plane motion, which would
in fact be sources of error in 2D DIC systems. Stereo camera systems can resolve out-of-plane
motion and, in effect, eliminate projection errors that would arise when out-of-plane motion is
captured with a single camera. When using a stereo camera system, the stereo angle (the angle
created between the two cameras and the image origin) plays into the relationship between in-

plane displacement accuracy and out-of-plane uncertainty [17]. In practise, a smaller angle will

23



lead to more accurate in-plane measurements at the expense of increased out-of-plane uncertainty
[17]. It is necessary to find the optimal stereo angle based on the camera setup, the geometry of
the test specimen, and the overall field of view available to capture the region of interest [17]. The
optimal stereo angle should enable the field of view to fully contain the region of interest before
and during loading, and should be checked to ensure image correlation is achievable [17]. Using
stereo camera systems can be useful in measuring surface deformations and strains that display
non-planar responses. In utilising any camera system for measurement purposes, calibration is a

procedural step that enables the projection between physical space and captured image space.

2.3.2 Camera Calibration

The camera system consists of several components that should be optimised for imaging the test
specimen. To region of interest on the test specimen should fit within the field of view of the
camera setup, which can be dictated by the camera sensor size and type and the lens assembly [17],
[71], [72]. Selecting the right system components can lead to successful imaging during
experimentation, and each camera system needs to be fully defined to achieve image
correspondence. In performing both 2D and 3D DIC, camera calibration is a crucial step that

resolves intrinsic and extrinsic camera parameters.

Intrinsic parameters refer to the individual properties of a camera such as focal length, image
centre, and lens distortions, and extrinsic parameters refer to a camera’s orientation in space and
distance relative to the imaged object [17]. Calibration is often performed by capturing images of
a calibration target. Typically, a target will consist of a repeated pattern of known size and spacing.

Calibration targets can be either 2D or 3D [73], [74]. Using a 2D target may require multiple views
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to be imaged at various orientations and positions to manually introduce the out-of-plane
component [17], [73]. In contrast, 3D targets often include alternating ridges where the pattern can
be present at the top or bottom of the ridge. Therefore, across the calibration target, the pattern
includes different surface heights, resulting in less images required for the calibration image set
[17], [74]. The ridges automatically allow for the inclusion of the out-of-plane component that can
be used to resolve the camera parameters. A schematic of the two types of calibration targets are
shown in Figure 2.4, where the flatness of a 2D target is compared to the additional depth

component of the 3D target.

(b)

Figure 2.4. Schematic showing the differences between the pattern layout of a standard
circular pattern on (a) a 2D calibration target with all points being planar versus (b) a
3D calibration target with two planes with individual points exhibiting planarity in either
plane.

In either case, the purpose of the calibration target is to obtain images where the imaged pattern is
fully defined. Since the pattern is known, calculations can be made to directly solve for the intrinsic
and extrinsic parameters of a camera system [67]. In a stereo camera system, there exists the
additional requirement that the region of the calibration target imaged between the two cameras
consists of the same pattern such that they can be matched between the two camera views. This
can be controlled by having the calibration target being smaller than the field of view such that all

pattern features of the target are visible, or by including an identifying mark on the target such that
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both cameras capture the mark and thus capture the same region of the target. When capturing
images of the targets, the size, spacing, perspective, and distortions of the pattern features are all
used to solve for the camera parameters by following the pinhole model [67]. Solving a system
such that all pertinent camera properties are known is paramount for image correspondence [17].
With a calibrated camera system, test specimen preparation and image acquisition can then be

addressed.

2.3.3 Specimen Preparation

To make measurements on test specimens, the surfaces of interest must be prepared to allow for
image matching. In general, most test specimens are not immediately suitable for DIC purposes;
surface reflectivity, textures, and geometry can all factor into poor conditions for DIC. A surface
that is too reflective can have an adverse effect on the intensity of an image making it difficult to
process; surface textures, or the lack thereof, may result in too many repeated features or too little
features to obtain unique correspondence; and the geometry of a specimen make result in complex

deformations that make it difficult to measure using DIC [67], [75].

One technique commonly used to achieve correspondence consists of applying a stochastic speckle
pattern to the surface, which allows for unique regions of a surface to be tracked throughout an
applied load or movement [17], [67], [75]. The prepared surface should have a high contrast
pattern, which refers to the difference in intensity between dark versus bright speckles [17], [67],
[76], [77]. Speckles can be grouped together into subsets, which are regions that contain a unique
pattern of speckles. Consequently, subsets are also unique and the motion of a subset between

images can be computed into vectors for deformations and strains [17]. Tracking the motion of all
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subsets over an entire surface therefore results in the full-field deformations and strains that DIC
is capable of measuring. Various speckling techniques are utilised in DIC applications, with
common ones being the use of airbrushing and spraying, lithography, scratching and abrading,
among others [75]. Applying an appropriate speckle technique based on the specimen type and
scale without altering local material properties/behavior is an important step in obtaining valid
results in DIC measurements, as different techniques may alter the DIC process in terms of sample
preparation and image analysis [17]. Further, the relationship between the speckle size and subset
size should be carefully considered during image processing to increase the probability of
achieving correspondence. A subset should contain enough speckles within it such that the
resultant pixel intensities of the subset is unique [67]. The size of speckling features may be
controlled by changing the medium and application method or by changing the magnification of
the surface using the cameras to change the field of view within captured images [67], [75].
Ensuring that the surface of interest is compatible with DIC is a crucial step that can involve
experimenting to find the optimal combination of surface pattern application and image

processing.

2.3.4 Image Acquisition

When performing DIC experiments, image acquisition requires careful attention as high versus
low quality images can significantly alter image correspondence and consequently measurement
accuracy [17], [67], [77]. The process of capturing images of a test specimen through the duration
of an applied load can vary due to differences in experimental conditions. However, there are
necessary steps required to obtain an optimal DIC setup [17]. Preparations such as having adequate

lighting, a clean camera assembly from the lens to the sensor, ensuring the cameras are stationary,
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and aiming at the region of interest are all paramount for successful image acquisition [17]. With
respect to 3D DIC systems, it is also necessary to have camera synchronicity such that matched

images are temporally identical [17].

In assessing a captured image, the region of interest should be fully contained in the fields of view
of all cameras, with the speckling pattern visible under the experimental lighting conditions. Image
quality should be maximised by changing the physical parameters of the camera system and
lighting to achieve high contrast between the speckles and the background of the surface. While it
is possible to digitally alter the camera settings to obtain more contrast such as increasing the gain,
it is not ideal as doing so can introduce more noise into an image [17]. The image acquisition
process dictates whether an image set is of high or low quality with respect to DIC and should be

tested with to obtain optimal settings prior to actual experimentation.

2.3.5 Image Matching and Correlation

Many image matching algorithms have been utilised for DIC applications. In general, the different
image processing software packages can implement various algorithms that utilise different
matching criterion based on the application [17]. In principle, as the images are divided into
subsets, the speckles within a subset present a unique pattern that can be used to match with other
images both spatially and temporally. For all image matching, the desired outcome is image
correspondence. Matching criteria (or correlation criteria) are used to determine the local surface
response by matching subsets across images. Matching criterion can include sum of square

differences, cross-correlation, and least squares matching (LSM), among others [17], [69].
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The criteria have different mathematic methods applied to perform image matching. Algorithm
development may revolve around reducing computation time in image processing, increasing
correspondence probability, or other factors that can improve the DIC process [67]. As different
software packages utilise different criteria, considerations should be made towards the software
package, experimental setup, computing power available, and desired measurement accuracy in
performing DIC. Some algorithms may be more computationally efficient at the expense of having
less accuracy [78]. In practise, the algorithm selected for DIC can be contingent on any factor, and
the software package is often a common determinant [17]. The two more commonly used methods
are cross-correlation and the LSM method. Differences exist between the two methods such that
selecting the right method can lead to more accurate results based on the loading conditions during
testing [77]. Cross-correlation attempts to match subsets by translating subsets between two
images, whereas the LSM method minimises the squared differences between subsets based on
pixel grey values or intensity [77]. Cross-correlation is the most commonly used algorithm due to
its simplicity and consequent computational requirements; however, it can result in lower
accuracy. It is well-suited for simpler loading scenarios, especially when deformations remain
plane. The LSM method can provide more accurate local surface deformations since subsets can
be transformed in lieu of minimising squared differences rather than just translated [77]. The LSM

method will be further detailed in Chapter 3 as it pertains to the DIC process performed.

2.4 Conclusion

The application of third-order torque is a common process in orthodontic treatment. Many studies
are performed with efforts to better characterise third-order torque mechanics. There are clinical

considerations when applying third-order torque, such as archwire material, size, and geometry;
29



bracket type and torque prescription; and overall third-order torque application with respect to a
treatment timeline. All of these factors affect the mechanical interactions between the archwire,
bracket, and a patient’s dentition. It is necessary to inquire and obtain more information about the
mechanical response of the materials associated with third-order torque. Third-order torque is
readily applied during treatment; however, archwire characterisation during third-order torque may
be a viable consideration that can reveal additional insights with respect to the overall third-order
torque response. A twisted archwire inside a bracket may show behaviour that is consistent with
torsion of prismatic bars, or the geometric complexities of an orthodontic environment may

ultimately affect archwire behaviour.

Studying third-order torque in any form has a common goal of better characterising the underlying
mechanics of prescribing torque to a tooth. Using different techniques to quantify aspects of third-
order torque, whether in vivo, in vitro, or in silico, all contribute to the advancement of orthodontic
treatments. The study of archwire mechanics is currently lacking in that information about
archwires during third-order torque mainly consists of known material properties and measurable
responses; the direct mechanical response and behaviour of the archwire itself is not well
documented. In particular, archwire deformations and strains during third-order torque have not
been measured. The research will attempt to use 3D DIC techniques to image the mechanical
response of archwires during third-order torque to enable direct measurements of the mechanical
responses. The setup and verification of the 3D DIC system for use with the OTS will be
documented, upon which successful verification is followed with experimentation using

orthodontic materials. Archwire deformations and strains during third-order torque will be
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investigated using the 3D DIC system to better characterise and understand the interactions

between archwires and orthodontic brackets during third-order torque.
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CHAPTER 3 DEVELOPMENT AND VERIFICATION OF

THREE-DIMENSIONAL DIGITAL IMAGE CORRELATION

METHOD TO STUDY ARCHWIRE STRAINS DURING IN VITRO

TORSIONAL LOADING

3.1 Introduction

Research exploring third-order torque is a prevalent topic in the literature as it is a major
component of orthodontic treatment. The clinical aim of moving teeth is governed by the
magnitude and direction of forces and moments that an archwire will generate through its
interaction with the orthodontic bracket. Applying too little forces will not result in movement,
and too much can cause root resorption and damage to teeth and the periodontium [9]. Studying
third-order torque generated by orthodontic appliances gives a direct measure of the magnitude of
forces and moments generated. Using insights from third-order torque studies can lead to
improvements in the delivery of orthodontic treatment if the roles of different factors associated

with third-order torque can be isolated and measured.

In this chapter, work completed to develop and verify a three-dimensional (3D) digital image
correlation (DIC) system to measure surface displacements and strains during third-order torque
application is detailed. The 3D DIC system is designed and adapted for a current third-order torque
experimental unit called the Orthodontic Torque Simulator (OTS). Implementing DIC when
measuring third-order torque with the OTS may expand the understanding of third-order torque

mechanics by directly imaging the mechanical response of orthodontic materials. The DIC system,
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image processing process, and measurement verification using a finite element (FE) model and
torsion theory are explained. The inclusion of DIC during third-order torque measurement may
lead to a more complete understanding of the torsion mechanics associated with orthodontic
treatment. Third-order torque measurements, among others, can provide insight on how to plan
orthodontic treatment. Fundamentally, a rectangular archwire is twisted to a prescribed angle and
engaged inside an orthodontic bracket. The resultant interaction between the archwire and the
bracket slot induces a moment couple that results in tooth movement. In vitro systems can be used
to directly measure the resultant moments that arise from the interaction of a twisted archwire

inside a bracket.

3.2 Experimental Methods

The experiment consists of the implementation and verification of the 3D DIC camera system in
tandem with current OTS experimentation. The 3D DIC system provides a non-contact
measurement technique that allows OTS operations to be independent of image acquisition. The
intent of the 3D DIC system is to capture full-field images to measure surface deformations and
strains associated with third-order torque. The overarching purpose of experiments described and
performed in this chapter is to verify the use of the 3D DIC system used to measure mechanical

strains of orthodontic archwires developed during simulated third-order torque procedures.

As the measurement system presents a novel case of measuring the response of orthodontic
archwires under torsional loading, the system does not have traditional validation methods such as
comparisons to an established “gold standard”. Rather, the system was setup following best DIC

practises and archwire measurements would be rigorously verified [17], [67]. For the 3D DIC
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system setup for use with the OTS, the verification involved the utilisation of an FE model as well
as comparisons to theory of prismatic bars in torsion to ensure that measurements agreed across
the methods. Successful verification of the system enables confidence in using the 3D DIC system

to directly quantify the mechanical response of archwires.

3.2.1 Orthodontic Torque Simulator

The OTS is an in vitro testing apparatus designed and built by Badawi et al. [13] at the University
of Alberta to perform third-order torque experiments. The experiments performed in this thesis
will be similar to testing protocols previously utilised on the OTS [16]. Compared to previous
experimentation, the third-order torque mechanism of the OTS is unmodified and only
experimental parameters are varied for compatibility with 3D DIC measurements, mainly the
angular range and increments. For completeness, a short description of the OTS and its operation
is included. In using the OTS, a segment of straight rectangular archwire is bilaterally twisted
about a fixed orthodontic bracket. Reaction forces and moments are measured with a six-axis load
cell (Nanol17 SI-25-0.25, ATI Industrial Automation, North Carolina, USA) and collected with a
data acquisition system (DAQ 16-Bit E series NI PCI-6033E, National Instruments, Texas, USA).
Knowing the relative distance between the bracket and the load cell, the appropriate linear
transformations may be performed to convert the forces and moments measured by the load cell

to the location of the bracket [16].

The OTS is shown in Figure 3.1, which includes all relevant components pertaining to its operation

including the rotation mechanism (Figure 3.1(a)), the utilisation of a rigid dowel (RD) in place of
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conventional orthodontic brackets (Figure 3.1(b)), and the overlaid coordinate system (Figure

3.1(c)). The use of the RD is further detailed in a later section.

Dowel Housing
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Figure 3.1. System components of the Orthodontic Torque Simulator, showing (a) the
archwire rotation mechanism, (b) the bracket and archwire torsion interface using a
rigid dowel, and (c) the overall assembly with coordinate system.

3.2.1.1 Archwire Rotation Mechanism

In the system setup and verification experiments, 0.019°x0.025” stainless steel rectangular
archwires (Ormco Corporation, California, USA) were used. The rotation of the archwire consists
of several components. Figure 3.1(a) shows the OTS’s mechanism for rotation. The stepper motor
(Cool Muscle CM1-C-11L30, Myostat Motion Control Inc., Ontario, Canada) drives a gear train
consisting of a worm and spur gear which rotates the clamp housing. The rotation angle is
determined by the number of stepper motor rotations and the resultant reduction through the gear

train, whereby 1,000 motor steps equates to 3.75° of rotation. The clamp housing is shown in
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Figure 3.1(b), where archwire clamps are used to firmly hold the archwire in place, thus coupling
the rotation of the archwire to be equal to the rotation of the housing. The only degree of freedom
in motion that the archwire has once clamped is the motor-driven rotation about the x-axis as

labelled in Figure 3.1(c).

3.2.1.2 Bracket Positioning

As the OTS rotates an archwire, contact is established between the archwire and bracket and
resultant forces and moments are generated. To position the brackets to allow for force and moment
measurements, orthodontic brackets are attached to stainless steel dowels using adhesive, and the
dowels are placed into a housing designed to directly attach onto the load cell. The dowel is
inserted into the housing with a clearance fit, which allows for minor adjustments in the angle of
the dowel about the z-axis to align with the archwire. Once the position of the dowel is finalised,
it is fixed in place by set screws in the dowel housing. This fixes the relative position between the
bracket and load cell. When fixed, the bracket can be translated with the load cell, as both are
mounted on a translation stage (LTO1 Translation Stage, Thorlabs Inc., New Jersey, USA). The
stage allows for fine control of the bracket’s y-position. The stage is also coupled with a threaded
rod that allows for z-translation, and a rotational stage (PRO1 Rotation Stage, Thorlabs Inc., New
Jersey, USA) for z-axis rotation. In applying these translations, the rigid body motion of the load

cell and bracket are coupled and their position relative to one another remain constant.

3.2.1.3 Archwire-Bracket Interaction
The degrees of freedom of the archwire and the bracket enables the positioning of the archwire to
fit inside the bracket slot prior to third-order torque application. The translation stage is used to

place the bracket directly underneath the archwire before vertically translating the bracket upwards
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to enclose the archwire. Once the archwire is inside the bracket slot, the archwire is ligated and
the positions of the clamps are adjusted such that the distance between the tip of the clamp and the
edge of the bracket is 5 mm. This value represents the inter-bracket distance (IBD), where the
clamp tip is placed to the same position the edge of an adjacent bracket would be in a multi-tooth
system. Minute adjustments in bracket position in the y- and z-directions and rotation about the
z-axis are made to ensure that the forces and moments are minimised as per the zeroing protocol
of the OTS. The last step prior to third-order torque is to adjust the angle of the archwire about the
x-axis (third-order rotation). The goal of the angular adjustment is to ensure archwires are at the
same starting angular positions relative to the bracket slot walls where the archwire is passive in
the slot and does not impart reaction forces or moments onto the bracket. This is achieved by
rotating the archwire in the loading direction until a torque threshold of 4.00 N-mm is reached,
then rotating the archwire in the unloading direction until the same torque threshold of 4.00 N-mm
reached in magnitude, but in opposite direction. Then the archwire is rotated to the midpoint of the
two values based on motor steps. An archwire is considered passive inside a bracket if all reaction
forces are below 0.050 N and all reaction moments are below 0.200 N-mm. With the archwire
being in its passive position with respect to the bracket slot, third-order torque experiments can be

performed with various archwires and brackets from different manufacturers.

3.2.1.4 Rigid Dowel

Conventionally, commercial orthodontic brackets are used when measuring third-order torque.
However, to remove the effects of bracket manufacturing tolerances and bracket deformations
during third-order torque, a stainless steel RD was designed and machined, which can be seen used

with the OTS in Figure 3.1(b). The RD is designed to have minimal torsional play when used with
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0.0197x0.025” archwires and is also designed to not deform under third-order torque loading. This
isolates the third-order torque response as a result of archwire behaviour and removes the effects
from the response of orthodontic brackets. The dimensions of the RD were selected such that the
torsional play between the RD and a 0.019°x0.025” archwire would be minimised. The slot depth
(z-direction) was dimensioned to be between 0.030” and 0.040”. Evidently, the slot depth in the
RD is larger than the dimensions of the archwire. This was intentional to allow for vertical
adjustment of the RD to obtain a passive position prior to applying torque. The slot width (y-
direction), however, was limited between 0.0190” and 0.0195”. By having a tight tolerance on the

bracket width, it ensures that the archwire is aligned parallel to the RD walls prior to experiments.

In addition to the slot dimensions, the effective RD width in contact with the archwire was also
dimensioned to 2.8 mm, based on representative measurements of Damon Q (Ormco Corporation,
California, USA) brackets for a central incisor as measured using a digital caliper (Mitutoyo
America Corp., [llinois, USA). Lastly, the height of the RD in the z-direction was determined by
utilising OTS dimensions such that the location of the RD slot would be in the same position as an
orthodontic bracket slot when testing with orthodontic brackets. The dimensions of the RD as
designed can be seen in Figure 3.2. All solid modelling was completed using SolidWorks

(SolidWorks, Dassault Systémes SE, fle-de-France, France).
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Figure 3.2. Dimensions of rigid dowel shown in inches, bracketed values are in
millimetres.

Typically, when performing third-order torque experiments with an orthodontic bracket, a single
bracket is used per trial and would not be used again for data collection. This is to remove any
additional effects that may arise from applying a load to the bracket, such as permanent
deformation and consequent changes in bracket functionality. However, with the RD that was used
for testing, there were no indications that archwire behaviour significantly altered between
consecutive trials using the same RD. Preliminary testing was performed with the RD to confirm
that archwire behaviour did not change over time. Had there been an effect, resultant torque values
would lessen over time due to a widening slot. The preliminary testing included plotting the
maximum torque values achieved with the RD using various archwires of different materials and

rotation angles, and it was confirmed that the phenomenon of lessened torque over time was not
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seen during preliminary testing. This justified the use of the same RD for all trials. All data

associated with measuring maximum torque over time with a single RD is shown in Appendix A.

In using the RD with the OTS, the applied rotation of the archwire was expected to cause the
archwire to deform and twist as the angle of rotation increases. A schematic of the archwire from
one clamp tip to the other is shown in Figure 3.3. At the centre of the archwire, the interaction with
the RD was expected to behave close to a fixed support, which spans 2.8 mm. With 5 mm IBDs
on either side of the RD, the rotation of the archwire is symmetrically applied at both clamp tips,
where the rotation is in the same direction. Assuming ideal conditions such as fit between the
archwire and the RD slot, the archwire would undergo a pure torsional response with no rigid body

rotation.
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Figure 3.3. Schematic of expected deformation of an archwire during third-order torque
experiments with the Orthdontic Torque Simulator, showing the (a) initial straight
archwire segment and (b) twisted archwire segment when using the rigid dowel rotated
up to 30°.

3.2.1.5 Third-Order Torque Data Acquisition

In performing the third-order torque experiments, the range of archwire rotation and rotation
increments are program-controlled. In efforts to characterise archwire behaviour under torsion, a
large range of rotation combined with a small rotation increment was deemed most suitable in the
application of third-order torque. Smaller rotations allow for more data to be collected rather than
interpolated between increments. As such, the range of rotation and rotation increments were
prescribed as 30° and 1°, respectively. When applying third-order torque, the stepper motor
controls the angular position of the archwire. The rotation is not continuous and instead is broken
into increments with pauses in between. Measurements are only recorded during the pauses so that
resultant torque values are measured when the system is in a static state which is representative of

orthodontic treatment which proceeds in a quasi-static manner. Further, the gear train driving the
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rotation mechanism of the OTS will inherently have backlash as a result of the fit between gear
teeth. Since the gear train only consists of one worm gear and one spur gear, backlash in minimal
as it is only dependent on a single coupling between gears. As the worm gear drives the rotation
of the OTS, backlash will occur when the worm gear changes its direction of rotation. This
backlash was previously measured in internal tests and was determined to be 1.03°. Further detail
regarding the backlash testing can be found in Appendix B. Due to the rotation increment being
1°, it is important to account for the backlash to accurately portray third-order torque as a function

of rotation angle. The backlash is applied as a linear data transformation after data collection.

With both torsional loading and unloading of the archwire considered, an individual experiment
will consist of 62 third-order torque readings using the load cell: 31 readings each for loading from
0° to 30° and unloading from 30° to 0°. For system verification, 10 trials were performed to both
ensure repeatability as well as to acquire sufficient data for analysis. A new archwire was used for

every trial to ensure the tests were independent.

3.2.2 Digital Image Correlation

Determining the fundamental mechanical behaviour of an archwire being loaded with third-order
torque can be aided with DIC techniques. DIC is an optical method used to measure full-field
surface strain and displacements of test specimens under load [17]. Using a single camera system
to image a test specimen over the duration of a load application enables DIC to be performed to
measure two-dimensional (2D) surface strains and displacements. To obtain measurements in 3D,
a stereo camera system must be used. The images obtained by any camera follows the pinhole

camera model, whereby objects in 3D space are projected onto a 2D image plane. Information
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regarding the third dimension (out-of-plane) is lost and non-recoverable [67]. By using a stereo
camera system, information lost from one camera’s point of view is kept intact with the second
camera. Relevant preliminary DIC background was presented in Chapter 2. Further details

regarding DIC as it pertains the OTS is detailed in this chapter.

3.2.2.1 DIC of Archwires in Torsion

To measure the response of the archwire during third-order torque, the deformation will include
out-of-plane motion relative to the image plane (xy-plane). This is due to the rotation causing
portions of the archwire to rotate upwards in the positive z-direction, and other portions to rotate
downwards in the negative z-direction. In application, a torsional load is only plane if the image
plane is perpendicular to the axis of rotation. In the case of the third-order torque, it would be

equivalent to capturing the rotation of a cross-section of the archwire.

To capture the 3D deformations of an archwire under torsional load, it is necessary to use a stereo
camera system to enable 3D measurements, as it is not possible to use a single camera system that
can resolve the rotational displacements and deformations of the archwire. In setting up the stereo
camera system, the orientation of the cameras with respect to the OTS affects which archwire
surfaces can be imaged. Due to the geometry of the OTS apparatus, it was most appropriate to
install the cameras overhead of the OTS to prevent any physical interference from the cameras
when applying third-order torque while still providing a robust and repeatable setup. The overall
OTS apparatus with a stereo camera system installed is shown in Figure 3.4. This orientation of
the cameras results in the top-down imaging of the archwire surface; a schematic of this is shown
in Figure 3.5. Relative to both the OTS and DIC camera system’s coordinate system, the imaged

surface of the archwire is parallel to the xy-plane.
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During third-order torque application, the two ends of the archwire at the clamp tips are bilaterally
twisted by the OTS. Using DIC, the development of strains and deformations on the top surface
over the range of rotation of the archwire can be measured. Using strain and deformation of the
archwire in tandem with the torque measured by the load cell, the mechanical response of the

archwire under torsion can be characterised.

Orthodontic 5 :
Torque |
Simulator

Figure 3.4. Orthodontic Torque Simulator with stereo camera system mounted overhead.
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Figure 3.5. Isometric schematic indicating the surface (red) of a 0.019”x0.025” archwire
imaged with DIC during third-order torque application inside a rigid dowel.

3.2.2.2 Stereo DIC System Parameters

The stereo DIC system was mounted overhead the OTS with no interference or interactions with
the existing third-order torque application. Two area scan cameras (acA3800-10gm, Basler AG,
Ahrensburg, Germany) were used to capture images of the archwire during third-order torque
application. The resolutions of the cameras are 2748 px x 3840 px (width x height), and images
were taken at full resolution during experiments. On each camera, a set of extension tubes
(Polaroid, Minnesota, USA) were attached to increase the distance between the camera sensor and
lens by a total of 49 mm to increase the overall magnification. The camera lenses used were 85
mm telephoto lens (Opteka, New York, USA). The focuses of the lenses are adjustable and were
independently adjusted to maximise the intersection of the focal plane of each camera and the
plane of the archwire. The apertures of the lens were set to an f/stop value of f/10 to maximise the

depth of field while maintaining adequate light exposure. A diffuse light-emitting diode light
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source (T100, Neewer, New Jersey, USA) was placed adjacent to the OTS to saturate the region

of interest with white light.

3.2.2.3 Speckling

Preparation of the archwires for DIC includes speckling of the surfaces, which is the process of
applying a unique pattern onto the deformed surfaces such that image correlation between images
can occur [67]. Due to the size and geometry of archwires, the surface area of the top surface is
highly limited. Therefore, the speckling technique was carefully considered. The archwires needed

to exhibit a high contrast stochastic speckle pattern on the top surface as shown in Figure 3.6.

Example of speckle pattern
using a black background
and white speckles shown

Surface of interest on 0.0197x0.025" archwire

Figure 3.6. Schematic of a speckled top surface of a 0.019”x0.025” archwire segment with
the intent of performing digital image correlation during third-order torque application.
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Further, archwire widths are nominally 0.019”, but archwire cross-sections are rectangular with
rounded corners. As a part of the manufacturing process of rectangular archwires, the corners are
rounded [55], [57], [58], [79]. This further limited the surface area available to apply the speckle
pattern. In Figure 3.6, the corner radii are shown without speckling, but in practise, it is difficult
to speckle the top surface without speckling the corners. However, data recorded at the rounded
corners should not be considered for the intents and purposes of obtaining deformation and strain
values, as the change in geometry will have an affect on the local deformation behaviour. To
determine an appropriate speckling procedure for the archwire given the available surface area, a
test to determine speckle quality was performed by spraying pre-cut corrugated fibreboard samples
with surface areas large enough to cover the entire field of view of the cameras. The enlarged

surface area can be optically evaluated using the stereo camera setup with better fidelity.

The speckling procedure for the archwires was experimentally determined using various airbrush
media to obtain speckle patterns that were appropriate for the archwire surface. The experimental
procedure in archwire speckling is fully detailed in Appendix C. Ultimately, the speckles were
applied using silver-coated solid glass microspheres (Cospheric LLC, California, USA) and were
adhered onto the surface by airbrushing the microspheres onto the archwires. This was
accomplished by mixing the microspheres with a water and polyvinyl acetate glue solution and
agitating the solution to ensure the microspheres were suspended in solution rather than settled at

the bottom of the container. The outcome of the speckling is highlighted in Figure 3.7.
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Figure 3.7. Archwire speckling using silver-coated solid glass microspheres on top of a
matte black spray painted base layer.

3.2.2.4 DIC Camera System Calibration

To obtain image correlation, the camera system must be calibrated to solve its intrinsic and
extrinsic parameters. The intrinsic parameters include properties that are specific to an individual
camera, such as focal length, principal point (the image centre), lens distortions, and the conversion
of pixel to spatial dimensions. The extrinsic parameters include positional information of objects
in the system, such as the translations and rotations required to define where the cameras are with

respect to the origin defined from system calibration.

In calibrating the DIC system to obtain the intrinsic and extrinsic camera parameters, the RD and
archwire were first mounted to the OTS to locate the region of interest. The cameras were adjusted
to align the horizontal image centres to the archwire. The position and focal length of each camera
were then adjusted to ensure maximum overlap between the two field of views. With the positions
of the cameras finalised, a 2D calibration target (R2L2S3P3, Thorlabs Inc., New Jersey, USA) was
placed in the field of view, and the calibration procedure was performed. Lighting and camera
exposures were adjusted to obtain high contrast between the dots on the calibration target and the
background. Given that the calibration target is 2D, multiple views of the target must be captured.
The OTS allowed for vertical translation of the calibration target, which moved the target towards

the cameras. A dial gauge (TFT Tools Inc., California, USA) was used to measure the vertical
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translations. A total of five views spaced 0.010” apart were used in the calibration image set. In
positioning the calibration target, it is critical that the calibration volume contains the region of
interest of the archwire. With the calibration target mounted onto the OTS, the axis of rotation (x-
axis) was located by translating the target in the z-direction until it was aligned with the tip of the
clamp. Using the axis of rotation as a landmark, as the calibration target was translated vertically
upwards towards the camera, where the first view was taken slightly below the axis of rotation,
and the final view was captured slightly above. In other words, the resultant calibration volume
fully contained the surface of the archwire as well as the bounded the possible maximum
deformations an archwire could exhibit under torsion. An example of a calibration image pair

taken by both cameras is shown in Figure 3.8.
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(a) (b)
Figure 3.8. Calibration image pair as captured by the (a) left and (b) right cameras.
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The calibration image set was imported into a commercial DIC software package (DaVis 8.4,
LaVision GmbH, Goéttingen, Germany) to calibrate the DIC setup. The calibration images were
preprocessed using a non-linear intensity normalisation filter to optimise the contrast between the
dots and the background, which maximises the number of identifiable dots in each calibration
image. The calibration follows a pinhole calibration as opposed to a generic polynomial third-
order function. The advantage of using the pinhole calibration is that if there was uncontrolled
tilting of the calibration target during its vertical translation, the tilt can aid in the minimisation of
mapping error [80]. Conversely, using the generic polynomial third-order function mandates that
all calibration views are equidistant and coplanar. In prescribing vertical translations of the
calibration target with the OTS, it is entirely possible that there are minute deviations from

equidistance and coplanarity between views. Therefore, the pinhole calibration is the most suitable.

The corrected and dewarped image of the calibration target is shown in Figure 3.9. The overall
dimensions of the corrected image are 3027 px x 3938 px. For corrected images, the calibration
determined that the scale factor was 461.817 px/mm, and the origin of the coordinate system
relative to the corrected image was at (1104.97, 1858.37). All relevant intrinsic and extrinsic

parameters relative to this origin point are shown in Table 3.1.
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Figure 3.9. Corrected image of calibration target with dimensions rescaled to spatial
values. The origin of the image coordinate system is marked with a white circle at (0.0,
0.0) mm.
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Table 3.1. Reported intrinsic and extrinsic digital image correlation system parameters for
imaging the third-order torque of 0.019”x0.025” stainless steel archwires in a rigid dowel.

Parameter Left Camera Right Camera
Intrinsic

Focal length [mm)] 173.108 170.828

Principal point (x, y) [px] (1374, 1920) (1374, 1920)

First-order radial distortion -0.0160975 -0.0163834

Extrinsic (Relative to origin)

Translation (x, y, z) [mm] (-0.738576, 0.234537, (-0.871918, 0.239472,
225.579) 225.645)

Rotation (x, v, z) [°] (1.80951, -19.8467, (2.00260, 20.6696, 0.868717)
-0.739881)

The intrinsic and extrinsic parameters are fully described after calibration, and the coordinate
system of the cameras of the DIC setup is shown in Figure 3.10. In this coordinate system, captured
images are parallel to the xy-plane with the positive z-direction being upwards and vertical
towards the cameras. Coincidentally, this coordinate system matches the OTS’s physical

coordinate system as well.

Figure 3.10. Schematic of the coordinate system of all DIC images and results as
captured with the OTS.
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3.2.2.5 Image Capture

The testing procedure using the OTS is stepwise static, whereby reaction forces and moments as
measured by the load cell are logged after every incremental rotation when the OTS is in a static
state and not actively applying any rotation. Once the measurements are logged, the OTS continues
to the next angular position. The OTS program controls allow for adjustment of the angular
increments and time between rotation, resulting in said stepwise static torque application. The
image acquisition rate of the camera system therefore follows the same timing, capturing image
pairs after each rotation in the same intervals as the load cell. In addition to image acquisition rate,
the exposure times for the cameras were set to be 0.450 seconds, which was experimentally
determined as an exposure time that resulted in adequate lighting conditions in the images taken
throughout the range of rotation. The exposure duration can be long since the OTS remains static
throughout the exposure, meaning images will not be subject to any motion blur or other artefacts

of motion since the archwire remains at rest during image capture.

3.2.2.6 Image Preprocessing

The images of the archwire and RD obtained during third-order torque application were imported
into DaVis for image correlation. The calibration provided the appropriate image scales, but
additional preprocessing steps such as image pairing, masking, and filtering were performed.
Image pairing combined the images from the left and right cameras into image pairs, which match
temporally. Image masking was applied to reduce the region of interest to contain just the archwire,
and various filters were explored with the intent of increasing image quality for correlation. In
testing different image filters, it was found that linear filters decreased image quality and led to

the inability to achieve image correlation. Instead, non-linear filters were investigated, as their
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properties and performances with respect to image processing were appropriate for the nature of
the loading. When capturing images during third-order torque, the images taken of the archwire
consists of a surface that changes relatively quickly over the image set. Since each consecutive
image includes an additional 1° of rotation, the rapid movement can lead to large changes in
intensity, particularly as the rounded corners of the archwires become more visible in the field of
view. The intensity normalisation filter and the subtract sliding minimum filter were chosen as
candidates for appropriate filters for the image set, with the aim of higher quality images for
correlation. Both filters require a filter length as an input. The intensity normalisation filter
subtracts the local intensity average from a pixel and divides the result by the local intensity
standard deviation [80]. The subtract sliding minimum filter is a high-pass filter that computes
local intensity minimums and subtracts these values, effectively filtering out the average
background high intensity fluctuations and passing small intensity fluctuations, making the
background of an image more constant in intensity without affecting the resultant image

correlation [69], [81].

Between these two filters, a properly tuned subtract sliding minimum filter gave the best
performance. Given the size of the speckles on the archwire surface, a filter length of 11 pixels
was found the most suitable, balancing between the removal of high intensity fluctuations with
minimal confounding between adjacent speckles, as well as comparing image correlation quality.
A summary of the archwire image preprocessing steps are shown in Table 3.2 and a comparison

between a masked archwire image prior to and after non-linear filtering is shown in Figure 3.11.
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Table 3.2. Summary of preprocessing steps performed on speckled archwire images

Image preprocessing step Result
Pairing Combine images from the left and right cameras
Masking Region of interest reduced to remove non-critical pixels
Filtering Subtract sliding minimum with a filter length of 11 px.

b)
Figure 3.11. Comparison between raw archwire image with a filtered preprocessed image
using a subtract sliding minimum non-linear filter.

3.2.2.7 Image Correlation

Once all images within a given set were preprocessed, image correlation was performed for all
trials. The size of the interrogation window was selected with the width of the archwire in mind.
In the context of the field of view of the DIC setup, the width of an archwire would span
approximately 250 pixels. An interrogation window should be large enough to contain sufficient
information to make each subset unique from all other subsets [17]. For the archwire, the size of
the interrogation window was selected at 63 x 63 pixels in order to have sufficient information
within each subset. Seeding points were placed along the length of the archwire, with careful
attention to the contents within the windows being uniquely identifiable, as well as containing at
least three speckles/features to aid with image correlation [17]. An example of an archwire with

seeding points placed along its length is shown in Figure 3.12.
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(b)
Figure 3.12. Example of archwire with nine seeding points of 64 x 64 pixels (a) shown in
red boxes and (b) with reduced archwire opacity for seeding point clarity.

In determining the step size, it was important to consider the trade-off between vector density and
error in strain calculation. A lower vector density would lead to larger gaps in data but allow for
smaller strain errors as the vectors are further apart. It was decided that minimising strain error
was more desirable than a large vector density for purposes of system verification, therefore a step
size of approximately half the interrogation window size was selected at 31 pixels. When using
interrogation windows of 63 x 63 pixels, the accuracy of a calculated vector is between 0.02 — 0.05
pixels [81]. In calculating strain error, it is described as the error between two vectors divided by
the distance between the two vectors. Using the lowest accuracy value of 0.05 pixels for a vector
position, strain error is calculated as:

0.05 px X 2 vectors

= 0.003 = 0.39
31 px %

A strain error of 0.3% was deemed acceptable and would be adequate for further system
verification. 3D displacement and surface strain values obtained from DIC could be used for

further analysis.
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The twisting nature of the archwire results in the speckles moving at different rates over the span
of the archwire in the IBD. Speckles that are closer to the clamp tip will undergo the most
movement, as that region of the archwire will rotate closer to the maximum 30°, whereas speckles
closer to the RD will see less overall rotation. This mandated that deformations and strains were
calculated with the summation of differentials. Every consecutive image is correlated with respect
to the previous image, rather than with respect to the initial image. This differs from the technique
of correlating deformations and strains relative to the first image in an image set. By using the sum
of differentials, large deformations, as exhibited when applying torsion to an archwire, are

determinable over the entire range of rotation.

In performing image correlation, the least squares matching (LSM) method was utilised. The main
premise of LSM consists of computing optical flow by minimising the squared differences between
subsets while having the ability to account for translations, rotations, other geometries, and
radiometric transformations [69], [70], [77], [82]. To address these differences between subsets,
mathematical transformations such as affine, projective, or polynomial transformations can be
applied to subsets to obtain better correspondence [69], [70]. Whether two images differ spatially
or temporally, one image is assigned as the reference, where subsets are fixed while
transformations are applied to the complementing image, which is considered to have deformed
subsets [69], [70]. Subsets between images achieve correspondence when their grey values (or
intensities) of the subsets are in agreement, which is measured using a correlation coefficient [77],
[78], [82]. LSM is iterative as the subset transformations can be continuously applied until the
correlation coefficient is maximised and the match can be improved no further [69]. Once

correspondence is achieved, deformations, strains, and surface reconstructions can be performed
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[69]. One favourable aspect of LSM is that it can enable sub-pixel accuracy in measurements
requiring complex transformations [70], [77], [78]. However, it is necessary that images are of
higher quality with regards to surface illumination and contrast between speckles when compared
to other matching algorithms. Careful attention during image acquisition and preprocessing can
aid in obtaining correspondence more representative of the actual specimen responses [17], [69],
[77]. Therefore, optimisation of an experimental setup should be considered with a priority of
obtaining high quality images with respect to LSM requirements. Overall, the practicality of LSM
makes it a commonly used method for image matching purposes [70], [77]. In the context of
performing third-order torque experiments with the OTS, the loading and geometric responses of
the archwire is relatively complex compared to other mechanical loading scenarios, making the

LSM method a suitable option to achieve successful image correlation.

3.2.2.8 DIC Output Parameters

DIC can yield valuable insight on the strain and deformation behaviour of any test specimen, but
the geometry and orientation of a test specimen as well as the camera positioning dictate what
outputs are valid. In the case of the archwire, only the top surface is imaged, which results in the
inability to resolve strains involving z-components. This is because nowhere along the imaged
surface will adjacent vectors have an initial difference in the z-direction. Consequently, in
resolving the strain fields, all strains involving a z-component cannot be determined due to
definition of strain, where a change in length is divided by the initial length. In the case of strain
involving z-components, dividing by zero would not be computable. Computed vectors will only

have initial distances in the x- and y-directions. Therefore, the outputs that can be measured from
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DIC are surface displacements in the x-, y-, and z-directions, principal surface strains in the x-

and y-directions, and surface shear strain in the xy-plane.

3.2.3 Verification of DIC Measurements with Analytical and Numerical

Solutions

The use of 3D DIC to measure archwire characteristics during application of third-order torque is
novel in the literature. As such, scientific rigor should be exercised to investigate the accuracy of
this method. In its implementation, outputs from the DIC would have to be carefully considered
given the scale of the experiment as well as the out-of-plane motion of the archwire during rotation.
Due to the physical archwire deformations that arise during third-order torque, surface strains
would be computed over a surface that is not flat and instead indicates a twisted surface. Therefore,
performing an FE analysis may provide a numerical verification of the DIC measurements. An FE
model was set up to replicate the third-order torque loading conditions as prescribed by the OTS.
Only the archwire and RD were considered in the model, as model simplifications using
appropriate boundary conditions replicates the physical boundaries of the OTS without
complications introduced when using an orthodontic bracket. The analysis was performed using
academic finite element analysis software (ANSY'S Academic Research Mechanical, Release 19.2,
ANSYS Inc., Philadelphia, USA). In performing the FE analysis, a preliminary model was used to
contextualise the model parameters and get a better sense of the model geometry, boundary
conditions, and contact behaviour between the archwire and RD. The development and analysis of

the preliminary model is detailed in Appendix D.
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3.2.3.1 Finite Element Model

Using the results of the initial model, several aspects of the model were updated to increase model
accuracy and efficiency. First, as the stresses on the RD were localised around the slot, modelling
the entire RD was unnecessary. For simplicity, the model was updated to remove the cylindrical
portion of the RD while keeping the rest of the RD geometry, and the bottom face was set as fixed.
A schematic of the final model as used in the FE analysis with all geometric simplifications is

shown in Figure 3.13.

Figure 3.13. Isometric view of final model used in finite element analysis of third-order
torque between a rigid dowel and 0.0197x0.025” archwire.

The stainless steel on the RD was updated to become non-linear stainless steel, whereas the
stainless steel of the archwire was updated to match high-strength stainless steel as per
manufacturer specifications [83]. However, due to incompleteness in manufacturer-reported

properties, the only known property was that the stainless steel used to manufacture archwires
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were 300-series stainless steel with ultimate tensile strengths greater than 300,000 psi. Using this
information, material properties were sourced from an online database to match the ultimate tensile
strength [84]. Making conservative assumptions, a 304V high strength stainless steel was found,
which stated an ultimate tensile strength of 306,000 psi [84]. This stainless steel was then used to
fill out non-linear stainless steel properties for the archwire. Material properties for the archwire
and RD as used in the FE model are stated in Table 3.3. Bilinear isotropic hardening was applied
to both non-linear stainless steels using a tangent modulus value of 1.80 GPa once the yield
strength was reached, making the materials elastic-near-perfectly plastic [85]. Finally, the analysis

settings of the non-linear model are listed in Table 3.4.

Table 3.3. Non-linear stainless steel material properties used in the final finite element
analysis of third-order torque of a 0.019°x0.025” archwire in a rigid dowel [84], [85].

Body/Material Property Value [Unit]
Rigid Dowel/ Density 7,750 kg/m’
Non-linear stainless steel Young’s Modulus 193 GPa

Poisson’s Ratio 0.31

Yield Strength 210 MPa

Tangent Modulus 1.80 GPa
Archwire/ Density 7,916.5 kg/m?
304V high strength Young’s Modulus 196.5 GPa
non-linear stainless steel Poisson’s Ratio 0.29

Yield Strength 1,689.2 MPa

Tangent Modulus 1.80 GPa

Table 3.4. Analysis settings used in the finite element analysis of third-order torque of a
0.019”x0.025” archwire in a rigid dowel.

Setting Value

Solver type Direct

Weak springs On

Spring stiffness Program-controlled
Solver pivot checking Program-controlled
Large deflection On

Inertia relief Off
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3.2.3.2 Analytical Solution to Torsion of Prismatic Bars

In evaluating the results of the FE model, torsion theory of prismatic bars can be utilised. The
results that arise from an analytical solution can complement the findings with DIC and the FE
model. The purpose of performing the FE analysis was to obtain an understanding of how the
archwire deforms under torsion and to have the ability to directly compare DIC measurements
with FE results. By including an analytical solution, the FE solution can be cross-verified and
checked to ensure that the behaviour of the archwire is logical and matches what the analytical
solution presents. The archwire should show behaviour that matches that of prismatic bars in
torsion. Mainly, the maximum shear stress of a rectangular prismatic bar during torsion occurs at
the midpoint of the longer side of the rectangular cross-section [86]. This result can be confirmed
with the FE model, and the value of the maximum shear strain at the midpoint along the 0.025”
side of the archwire can be used as the parameter of interest in testing for convergence. A solution
to torsion of rectangular prisms was given by Saint Venant [87] using the semi-inverse method.
The solution assumes that cross-sections perpendicular to the long axis of a rectangular beam in
torsion will warp relative of the section plane, but the warping is equal for all cross-sections. A
brief description of Saint Venant’s solution is shown for a prismatic bar in torsion as defined in

Figure 3.14.
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Figure 3.14. Schematic of torsion (blue) applied to a prismatic bar with a coordinate
system defined with the z-axis as the axis of rotation.
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The displacements from the torsion of the cross-sections are:

u= —60xy,v=_0xz

Ox represents the angle of rotation at a distance x from the origin. Under torsion, the warping of

cross-sections is defined by:

w = 0Y(y,z)

The displacements and warps are used to define the strain components as:
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As surfaces are free to warp, it is seen that principal surface strains are zero, but surface shear
strains in contrast, are present [87]. This result is true for all prismatic bars, including rectangular
prism like archwires. However, this is only true in the case of the ends of the bar being free with
no additional forces. With the OTS, the archwire is bilaterally twisted, clamped on both ends, and
contacts the RD in a unique loading condition, thus deviating from the theory developed for
prismatic bars in torsion. For archwires twisted based on the OTS coordinate system, surface
strains in the x- and y-directions may be present in addition to expected shear strains on the xy-
plane due to the applied torsion. Given the torsion theory, the results from the FE model can be
verified. The response of the archwire and the characterisation of surface stresses and strains on
the archwire can show that the model conforms to the theory, and consequently the development
of surface strains on the archwire as measured by DIC could also be verified to ensure that strains

values are in agreement with the model.

3.3 Results

In applying the bilateral rotation to the archwire placed inside the RD, the outputs measured with
the OTS were third-order torque, and the outputs measured with DIC were surface deformations
in principal directions as well as principal and shear strains on the surface. Third-order torque as
measured by the load cell is described as the torque present at the base of the orthodontic bracket
where the adhesive would be applied. With the RD, the measured forces and moments are
transformed to the same theoretical position. The outputs measured using DIC are compared to the

FE model and torsion theory for verification.
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3.3.1 Third-Order Torque

The third-order torque data collected between the 10 trials performed with the RD is averaged and
plotted with standard deviations, shown in Figure 3.15. The direction of torque is presented as
negative to match the coordinate system of the OTS. All plot generation comparing two variables
was completed using R, and in particular using the R package “ggplot2” as a part of the “tidyverse”

package collection [88]-[90]. The associated R code can be found in Appendix E.
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Figure 3.15. Third-order torque for a 0.019”°x0.025” stainless steel archwire in a rigid
stainless steel dowel over a rotation of 30°. Error bars indicate one standard deviation.

The torsional play when using the RD is comparatively smaller than when using orthodontic
brackets [40]. It is seen that third-order torque rapidly arises, surpassing 10 N-mm of torque by 6°
of rotation, whereas previous testing of stainless steel archwires in Damon Q brackets displayed

torsional play in angles upwards of 10° and did not surpass 10 N-mm of torque until the archwire
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was rotated between 15°-18° [40]. A direct result of this is also more overall torque at 30° loading.
Further, variance between trials was found to be smaller, as evidenced by the small standard
deviations. With the same RD being used for all trials, it was paramount that the application of
third-order torque did not exhibit varying behaviour as trials progressed. Deformation in the RD
could result to a decrease in torque between consecutive trials. To ensure the validity of reusing a
single RD throughout third-order torque experimentation, maximum torque values were
referenced from previous experimentation and current experimentation to check that maximum
torque values did not decrease over time. As previously mentioned, the validation is detailed in
Appendix A. Given the outcome of the validation, it was justifiable to continue using the RD for

further third-order torque testing.

3.3.2 Archwire Deformations and Strain from DIC

Outputs from DaVis are exported as vector fields and were analysed using a post-processing
toolbox (PIVMat 4.10, F. Moisy, fle-de-France, France) created for use with MATLAB
(MATLAB 2019a, The MathWorks, Inc., Massachusetts, USA) [91]. The colour maps used in the
plots were imported from a MATLAB package [92]. The associated MATLAB code for DIC plot
generation can be found in Appendix F. Full-field outputs are available for all angles of rotation,
but for brevity, only results at 30° archwire rotation are shown in the full-field format. An example
correlated vector map of archwire y-displacements at 30° is approximately superimposed onto an
as-captured image of the archwire at 0° rotation, shown in Figure 3.16. The difference in angles
was intentional since DaVis similarly projects measurements at all angles onto the initial image,

which is the undeformed archwire. Displacements 6y, 6y, and &, and strains &y, €,y, and &, are
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shown in Figure 3.17 and Figure 3.18, respectively. Note that in all images, the x- and y-axes

represent spatial coordinates and the colour maps show the magnitude of the specified parameter.

The colour scales showing displacements in millimetres are at the same limits for the three
displacements; however, for strains, the colour scales showing strain in millimetres per millimetre
is only the same for principal strain the x-direction and surface shears strain on the xy-plane. For
principal strain in the y-direction, the rounded corners of the archwire cause the strain development
in the y-direction to have comparatively higher values due to the optical effect of rapidly changing
perspective of the speckles on the corner compared to the flat surface. In reality, these large strains
do not exist and are a consequence of the camera orientation and the initial interpretation of the
speckles on the corners. From the perspective of a camera, consecutive images may show speckles
on the rounded corners significantly deforming when in actuality there is little deformation
compared to rigid movement of the corner surface. In evaluating archwire behaviour, results on
the rounded corners were omitted both due to the perspective challenges as well as being close to
boundaries of the speckle pattern. For all images, colour map limits were determined by first
finding the maximum and minimum values for each parameter and fitting the limits to bound all
measured values for fair comparisons across the x-, y-, and z-directions. All parameters are

projected onto the un-deformed archwire.
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Figure 3.16. Superimposition of correlated archwire surface showing y-displacements at

30° onto raw captured image of undeformed archwire.
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Figure 3.17. Digital image correlation output showing surface deformations of the
archwire in the (a) x-, (b) y-, and (c¢) z-directions at 30° archwire rotation.



0.10
0.08
0.06
0.04
0.02

S
=
S

-0.02
-0.04
-0.06
-0.08
-0.10

0.50
0.40
0.30
0.20
0.10
0.00
-0.10
-0.20
-0.30
-0.40
-0.50

& (mm/mm)

XX

¢ (mm/mm)

yy



4010

3l | 0.08
0.06
20
0.04
1 i Pamn'
_ 0.02 e
E ol ] £
N
> E
_1 L 8 =
-0.02 =
2 1 -0.04
3t | -0.06
-0.08
4t
: : : ' : : : -0.10
2 -1 0 1 2 3 -
X (mm)
(c)

Figure 3.18. Digital image correlation output showing surface strains of the archwire
with principal strains in the (a) x- and (b) y-directions, and (c) shear strain on the xy-
plane at 30° archwire rotation.

At the 30° rotation point, the archwire should exhibit appreciable deformations on either side of
the RD while being limited within the RD slot. This is evidenced by all three directional
displacements. Due to being clamped on both sides, x-displacements were near zero, whereas the
y- and z-direction displacements exhibited the behaviour of a bilaterally twisted bar. The left and

right extremities of the correlated region both move negatively in the y-direction and positively in

the z-direction in the areas outside of the RD.

Strains on the top surface of the archwire were also near zero away from the rounded corners for
both principal strains in the x- and y-directions. When looking at surface shear strain on the xy-
plane, there is evidence that the left side tends towards a positive shear strain value whereas the

right side tends towards a negative value. To confirm this effect, the shear strains are replotted
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with a smaller range on the colour map shown in Figure 3.19. Note that there is a small region of
shear strain values greater than the maximum limit of the colour map, which is indicated by a
bright yellow spot; however, the new limits better indicate the positive and negative shear strain

development on the left and right sides of the archwire, respectively.
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Figure 3.19. Digital image correlation output showing surface shear strain on the xy-
plane at 30° archwire rotation.
In addition to the full-field strain plots, average strain values from the 10 trials for every angular
position during loading were obtained by creating a local vector map of the archwire on either side
of the RD. Due to the limited available surface area, vector regions were defined as being 1 mm
long in the x-direction, and two vectors long in the y-direction, (two vectors is the minimum when
extracting vector maps using PIVMat). The placements of the vector maps were determined by

locating the centre of the archwire using the plot of principal strain in the y-direction. The colour

map scale was adjusted to a smaller range, resulting in the centre of the archwire becoming more
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visually discernible as the influence from the rounded corners were more apparent. In the x-
direction, the regions were placed close to the edge as to avoid effects from the RD. An example
of the vector regions can be seen in Figure 3.20. All vectors in the region are averaged and the
same regions are used for both principal strains and shear strains. Probed regions changed in
location on a per trial basis, but the method of obtaining the regions by referencing the y-direction

principal strains first were consistent.

0.1

0

-0.1

(b)
Figure 3.20. Example vector regions used to extract average strain values on the
archwire (a) shown as red lines on either side of the rigid dowel and (b) the resultant
colour map of the left region.

The resultant strain plots indicate the average principal strains and shear strains measured on either
side of the archwire using the probed vector maps and are shown in Figure 3.21. It is seen that
principal strains in the x-direction are consistently zero throughout the rotation. In contrast, the
principal strains in the y-direction have significantly more variance. This is due to the influence
of the archwire corners and the subset size used during image correlation. Since the archwire
geometry is limited in the y-direction being 0.019” and even lesser taking the rounded corners into
account, principal strains measured in this direction should be omitted for analysis and verification.
Lastly, the shear strains on the surface show clear indication that shear strains increase with the

angle and differ in directionality when comparing the left and right sides.
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Figure 3.21. Average surface strains on a 0.019”°x0.025” stainless steel archwire from 0°
to 30° loading using probed vector maps to the left and right of the rigid dowel, with
principal strains in the (a) x- and (b) y-directions, and (c) shear strain on the xy-plane.
Error bars indicate one standard deviation.

Overall, the strains measured using DIC indicate that the behaviour of the archwire matches the

torsion theory described in Section 3.2.3.5, but additional comparison with FE results can further

verify the magnitudes and behaviour of the parameters obtained using DIC.

3.3.3 Finite Element Model

The FE analysis of the RD and the section of archwire led to several confirmations. First, results
from the FE model were compared to the theory of rectangular bars in torsion. Second, the FE

model was compared to the DIC results to confirm that the deformations and calculable strains
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from the images were in the right magnitude. Before any comparisons were made, the FE model

itself was checked to ensure that the solution converged.

3.3.3.1 Mesh Convergence

A mesh convergence test was performed using the final FE model. The von Mises stresses of the
final model did not exhibit the same discontinuities as seen in the preliminary model. To choose a
parameter for mesh convergence, it was noted that the torsional load was expected to result in an
area of infinitely increasing von Mises stresses around the contact surfaces. As the element size
decreases, the local von Mises stresses would tend to infinity given the same load. Instead,
maximum surface shear stress on the archwire was a viable parameter for convergence. This was
contingent on the maximum shear stresses occurring where they were expected to on the archwire:
at the midpoint of the 0.025” side of the archwire. To confirm this, a subsection of the archwire
2.5 mm in length was selected, where it contained all the nodes within the subsection volume. The
segment was placed such that it was sufficiently far from both boundaries of the contact surfaces
and the rotated face at the end of the archwire. The maximum shear stresses were plotted. The
subsection of the archwire and the resultant shear stresses in the subsection volume are shown in
Figure 3.22. It was found that the maximum shear stresses of the whole volume were internal in
the body, but probing surface shear stresses, it was confirmed that the maximum stresses were at
the midpoint. It was also seen that the shear stress profiles were consistent when probing any

arbitrary cross-section, which matched the theory.
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Figure 3.22. Subsection of 0.019”°x0.025 archwire used in the determination of shear
stresses in MPa during torsion with (a) the nodes selected highlighted and (b) the shear
stress distribution.

The shear stress along the midpoint was then probed by using a 2.5 mm line that extended along
the midpoint in the x-direction in the same location as the archwire subsection. The line and shear
stresses along the line are shown in Figure 3.23. The maximum shear stresses along the line ranged
from 987.11 to 987.74 MPa, which is a 0.063% difference. For all intents and purposes, the shear

stress along the line was considered constant, and the absolute maximum value would be used in

the mesh convergence test.
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Path Maximum Shear Stress Along Path 2
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Figure 3.23. Line selection along the midpoint of the 0.025” length of the archwire during
torsion with (a) the selection highlighted and (b) the shear stresses in MPa along the line.

The mesh refinement consisted of changing the element size on the archwire, and also using
contact refinements for the contact surfaces in the RD slot. For every increase in mesh refinement,
the size of the archwire elements both near and far from the contact were kept in close relation to
each other to ensure there were no sudden changes in body stiffness. In other words, the element
size of the archwire was kept consistent throughout its body, and the elements in the RD slot were
refined to match. Element sizes were decreased from 0.10 mm to 0.075 mm and finally to 0.06
mm. The maximum shear stress compared to the total number of nodes in the model can be seen
in Figure 3.24, and the actual values and percent changes between iterations can be seen in Table
3.5. From the mesh convergence test, there was confidence that the solution to the model was

properly converged.

79



=)
g
E. 1000 P * *
2
=
&2
S 750
<
7
[
7
2500
[ae]
DL
=
wn
g 250
g
e
=

0

0 20000 40000
Number of Archwire Nodes

Figure 3.24. Mesh convergence of finite element model comparing maximum shear
stresses in MPa with the number of nodes on the 0.0197x0.025” archwire.

Table 3.5. Maximum shear stress along probed line with percent changes between rigid
dowel mesh refinements

Archwire Nodes Maximum Shear Stress [MPa] Percent Change in Shear Stress [%]
11263 987.74 N/A

26194 989.12 -0.140

53654 989.43 -0.031

3.3.3.2 Surface Deformations and Strains

All following results from the FE model will utilise the model with the finest archwire mesh with
0.06 mm elements. The main parameters of interest are the deformations and strains on the top
surface of the archwire. These results can directly verify the archwire DIC measurements from
Section 3.3.3. Similar to the DIC measurements, the results shown are also at 30° archwire rotation
and include the top surface as well as the two rounded corners of the archwire. First, deformations

in x-, y-, and z-directions are compared. The results are shown in Figure 3.25 and are shown from
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a top-down view with the archwire in a non-deformed state to match the configuration of the DIC
images. In Figure 3.32, the colour maps are adjusted to match the DIC outputs for better
comparability, but it is noted the DIC surfaces and FE surfaces do not project on top of each other.
While the DIC images have the RD centred, the leftmost side of the FE archwire is at the very
centre of the RD and the rightmost side is at the clamp tip (not imaged with the DIC
measurements). With projection differences accounted for, it is seen that x- and y-displacements
match, as x-displacements are near-zero throughout the entire surface and y-displacements are all

negative and become more negative going from the RD towards the clamp tips.
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Figure 3.25. Finite element output showin(g)surface deformations in millimetres of the
archwire in the (a) x-, (b) y-, and (c¢) z-directions at 30° archwire rotation.
Surface strains from the FE model are similarly compared to the DIC measurements and are shown
in Figure 3.26. For both the principal strains in the x- and y-directions, the colourmaps are set to
match the x-direction in Figure 3.18, while the colourmap for the surface shear strain is set to
match that of Figure 3.19. Principal strains are confirmed to be near-zero, with maximum and
minimum strains being near boundary conditions and the rest of the surface area being bounded
by these values. Further, the y-direction principal strains on the rounded corners are shown to be

near-zero as well, confirming that the strains on the corners imaged using DIC were influenced by

the speckle/corner geometry interaction with the camera perspective.
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Type: Shear Elastic Strain(XY Plane)
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Figure 3.26. Finite element output showing surface strains of the archwire with principal
strains in the (a) x- and (b) y-directions, and (c) shear strain on the xy-plane at 30°
archwire rotation.

Using the shear strains measured from the vector map regions in Figure 3.21, a similar probing
method was utilised for the FE model for a direct comparison. The top surface nodes of the model
were probed to fit an area of the same as the vector map and is shown in Figure 3.27. The length
of the probed area was kept at 1 mm and was placed in a similar location on the archwire as shown

in Figure 3.20. The average shear strain among the nodes were plotted against the shear strains

measured on the right side of the archwire and is shown in Figure 3.28.
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Figure 3.27. Finite element surface probe for average shear strain measurement.

0.02

0.01

—0.01 -

Shear Strain on xy-Plane [mm/mm]
(=]
8

—0.02

0 10 20 30

Angle [°]

Strain Measure

—+ FEA
—» DIC

Figure 3.28. Surface shear strains in probed region on the right side of the archwire as
measured by the finite element model and digital image correlation.
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The difference in shear strain as measured by DIC differed from that as simulated with the FE
model. This warranted an investigation into which model parameters in the FE model attributed to
the steeper slope. It was found that the geometry of the RD slot could affect the contact
development between the archwire and the RD slot as the archwire rotates. When using parallel
slot walls, the archwire rotation caused the archwire to go from a state of no contact to an
immediate full line contact along the entire slot wall. The physical RD had a slot width that was
narrower at the centre and widened further away from the slot. This geometric deviation from
parallel walls changes the contact with the archwire, as the contact is first made at the narrower

centre and propagates outwards along the slot as more rotation is applied.

The solid model of the RD was modified to change the RD slot geometry. Using an image of the
RD as captured during experimentation, geometric features of the RD were digitally edited to
produce a clear outline of the slot curvature. A centreline was drawn, and the image was then
superimposed within the solid model to remodel the slot geometry. Simplifications in the FE model
were applied as only the top surface of the RD was imaged; all internal slot geometry would have
to be assumed. The internal slot was modelled to have the same curvature as the top, essentially
creating a slot with consistent curvature from the top to the bottom of the slot. The process of
remodelling the RD is shown in Figure 3.29, and a comparison between the two versions of the

RD slot walls is shown in
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|
(c)
Figure 3.29. Rigid dowel slot geometry remodelling process using (a) a reference image,
(b) editing the image to get slot edge contours and (c) superimposing the edge contours
into the solid model.

Parallel Slot Walls Curved Slot Walls

(a) (b)
Figure 3.30. Isometric comparison between (a) parallel and (b) curved rigid dowel slot
wall models.
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The FE model was simulated again and the shear strain development on the archwire surface
demonstrated a slower rate of increase, shown in Figure 3.31. The outcome of the additional test
showed evidence that the slot geometry had a demonstrable effect on the slope of the shear strain

of the archwire and presents a possible explanation regarding the differences between the DIC and

FE results.
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Figure 3.31. Surface shear strains in probed region on the right side of the archwire as
measured by the finite element models with parallel and curved rigid dowel slot walls
compared to digital image correlation measurements.

3.4 Discussion

The addition of a 3D DIC system to the OTS with capabilities of measuring archwire deformations

and strains during third-order torque experiments provides an entirely novel dataset with respect
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to third-order torque mechanics. In previous studies performed with the OTS, third-order torque
was measured as the resultant torque from the interaction of an archwire inside an orthodontic
bracket [40], [41]. Orthodontic brackets introduce additional factors to third-order torque
mechanics such as bracket compliance and different contact areas between brackets and archwires.
Additional experiments measured bracket deformations during third-order torque using imaging
techniques [47], [93]. However, by removing the effects of bracket deformations as seen with
using the RD, the study of archwire deformation during third-order torque can be used to elucidate
archwire contributions to resultant torque in an idealised scenario. Further explorations of archwire
strains, particularly in residual strains after unloading may be used to analyse whether an archwire
reached its yield stress and underwent plastic deformation or if it remained in an elastic
deformation regime. Understanding the development of strain along an archwire under torsion in
tandem with third-order torque curves can lead to better appreciations of how varying components
associated with third-order torque (such as archwire material and size, or bracket types) can lead
to different clinical third-order torque applications. While the use of the RD significantly changes
the third-order torque response, particularly in the reduction of torsional play and the increased
maximum torque, measurements of surface strains on the archwire can be used to further expand

clinical options when forming archwires to generate third-order torque.

With respect to the bilateral torsion applied using with the OTS, the rotation mechanism is highly
isolated. With clamps on either end of the IBD, the boundary conditions are simplified to a pure
torsion of the archwire. Studying archwire mechanics in this configuration closely resembles
torsion of a prismatic bar aside from the contact made between the archwire and bracket. In reality,

this is not the case. Similar studies have been performed measuring torsion as applied in a bilateral
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manner, but instead of clamps holding the archwire additional orthodontic brackets were used [94].
This introduces more complexities in third-order torque mechanics, and the archwire may exhibit
different behaviours depending on the setup. The inclusion of adjacent brackets changes the
boundary conditions present on the archwire compared to clamps when analysing third-order
torque as a response due to bracket deformations, as well as manufacturing tolerances that can
introduce additional variability between trials. This is one example of why having the ability to
measure surface deformations, allowing for determination of strains, of an archwire under torsion
may lead to more comprehensive understandings of how archwire behaviour changes in various
third-order torque loading scenarios. The effects of different boundary conditions on an archwire
can be compared for valuable insight on archwire torsion mechanics. The full-field imaging of
surface responses to applied loads allows for the isolation of archwire and bracket effects with

respect to third-order torque.

3.4.1 Comparisons Between DIC Measurements and the FE Model Results

The FE model was used to verify the that the measurements obtained from DIC were sensical and
indicative of the physical behaviour of the archwire during third-order torque. There were
assumptions made with the FE model to simplify the boundary conditions that results in minor

deviations from the physical operation of the OTS.

With respect to z-displacements, there is a notable difference whereby the FE model indicates
positive and negative surface movements, whereas the DIC indicated the surface of the archwire
almost entirely moved in the positive z-direction. The archwire in the FE model perfectly rotates

about its central axis, which ensure that portions of the top surface will rotate upwards and other

91



portions will rotate downwards. Third-order torque applied using the OTS is assumed to follow
the same behaviour; however, there may by mechanical deviations and the archwire may not rotate
perfectly about its central axis in practise. Factors such as clamp geometry and tolerances, archwire
and rigid dowel manufacturing tolerances, and OTS assembly tolerances may all contribute to the
archwire having a different centre of rotation. However, the bulk movement of the archwire is still
a bilateral rotation, and as the archwire contacts the RD, a third-order torsional response is still
exhibited. This is confirmed as the z-displacements measured using DIC still indicate that the

archwire undergoes bilateral twisting.

There were similarities and differences in shear strain measurements between DIC outputs and the
FE model. In particular, the directionality and magnitude of the shear strains measured agreed,
whereas the slope of the strains measured in Figure 3.31 differed. The differences may be attributed
to the assumptions applied to the model as well as assumptions associated with using the OTS.
The stainless steel properties in the FE model, particularly that of the archwire, was assumed based
on high-strength 300-series steel. While representative of stainless steels used for archwires, it may

not be a direct match to manufacturer specifications of the archwires used during DIC.

The FE model results indicated that the surface of the archwire had two separate behaviours with
regards to shear strain, where shear strain initially increased with the rotation angle then plateaued
(Figure 3.31). This behaviour indicated that the archwire possibly reached its proportional limit
with respect to torsion over the region probed in the FE analysis, which would then lead to strains
developing in other regions of the archwire away from the region probed here. The archwire
material used in the FE model utilised a bilinear stress-strain curve with near-perfectly plastic

behaviour after the yield point (i.e. minimal strain hardening occurs once the material yields). This
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assumption may change the behaviour of the archwire once it reached its proportionality limit and
thus cause the plateau regions in the strain curves seen in Figure 3.31. It may be deemed that
further exploration of the FE model with refined parameters can be used to obtain better agreement
with DIC measurements, but this necessitates the use of a stress-strain curve that better matches
manufacturer specifications of the archwire to remove the assumption of a bilinear stress-strain

curve.

In comparing the two FE models with varying RD slot geometry, it was seen that the RD slot
geometry had an effect on shear strain. The slope of the strain was found to be lower when the RD
slot had curvature, and this was a possible explanation for the differences in slopes between the
DIC measurements and the FE analyses results. The inclusion of the curved RD slot walls changed
the onset of twist in the archwire compared to parallel slot walls. When using parallel slot walls,
the archwire was more constrained, with the onset of twist occurring sooner and over a larger
region of the archwire. Conversely, the curved slot walls changed the contact behaviour between
the archwire and the RD, where the contact initiated from the centre of the RD slot and propagated
outwards to the edge of the slot as the rotation was applied. As a result, at lower angles of twist,
less of the archwire was constrained leading to a decrease in developed strain (i.e. for a given
rotation of the archwire, having less material constrained at the boundary resulted in lower strain
values developed in the archwire). Though the inclusion of RD slot wall curvature led to closer
agreement with between the FE results and the DIC measurements, there was still a discrepancy.
With the knowledge that the slot wall geometry influenced strain development, it is important to
note that while the curvature modelled was based on physical imaging of the RD, it was assumed

that the same curvature propagated through the entire slot depth (i.e. the slot walls had the same
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curvature with no variation along the z-direction). The curve was modelled to represent the actual
curvature of the RD slot as seen from the top; however, there may be additional deviations from

the curvature within the slot wall that could further affect shear strain development.

Lastly, the boundary conditions in the FE model were applied to represent ideal conditions when
using the OTS; however, real-world deviations may also occur. Overall, the confirmation that the
measured displacements and strains from DIC match the FE outputs in magnitude and
directionality gives confidence that using the DIC system is functional and verified and the FE
model is representative of the third-order torque mechanics as applied with the OTS. Further, the
DIC and FE parameters both followed torsional theory of prismatic bars independently of one
another. This further strengthens and justifies the use of DIC to obtain surface measurements

during third-order torque application.

3.4.2 Further Uses of DIC with Orthodontics

The implementation of 3D DIC with orthodontics can lead to future explorations to characterise
archwire and bracket behaviour under various conditions and loading scenarios with full-field
measurements of surface responses. Previous tests utilising DIC with the OTS focused on tie-wing
separation and archwire retentive component movement throughout third-order torque loading
[18], [43], [45], [46]. Having the capability to image both the archwire and the bracket can lead to
a more comprehensive understanding between the interactions of an archwire and bracket as more
torque is generated. This can be useful as it may lead to the ability to directly capture the material
responses and interactions, thereby filling the gaps in current understandings and knowledge with

respect to third-order torque. Further, it may be feasible to incorporate various factors that have
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not been tested before. For example, temperature effects on rectangular nickel titanium archwires
were previously researched, but only measured resultant torque [61], [63]. However, the inclusion
of 3D DIC to measure nickel titanium archwire responses in various temperatures may reveal if

archwires strains develop due to thermal expansion of an archwire compared to applied torsions.

There are many other factors associated with third-order torque that may benefit from archwire
deformation and strain data, such as the aforementioned multiple bracket systems, temperature
effects on various archwire materials, and initial archwire geometries such as straight lengths
compared to lengths with loops or bent to fit dentitions. With all inquiries, the use of 3D DIC can
provide additional information on different variables when applying third-order torque and their
effects on orthodontic treatment that were not readily apparent without archwire deformation and
strain data. The power of 3D DIC when measuring archwire mechanics is evident and can be
utilised beyond the scope of third-order torque. The study of in-vitro third-order torque mechanics
using 3D DIC explores only one type of tooth movement during orthodontic treatment; however,
the technology can potentially be further expanded to investigate other aspects of orthodontics.
The rigorous verification of the current 3D DIC setup with the OTS enables confidence in the data
produced. Further testing of additional in vitro orthodontic experiments should mandate similar
verifications if explored. Archwire mechanics of other orthodontic movements can all be studied
in depth with deformation and strain data available for analysis. The setup of a 3D DIC system to
measure archwire behaviour under torsion is an initial step that can lead to the comprehensive

expansion of the knowledge base of archwire mechanics during orthodontic treatment.
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3.5 Conclusions

The initialisation of a 3D DIC setup to measure surface deformations and strains of rectangular
archwires under third-order torsion was explored. A speckling technique was developed to match
the scale of orthodontic materials and DIC images were collected during third-order torque
experiments. A verification of the system was performed by creating and FE model to simulate the
same torsional loading conditions as the OTS. Both results from DIC and the FE model were
verified using theory and solutions for prismatic bars in torsion and were found to behave
consistent to the theory when considering differences in loading conditions. In addition, the FE
model provided verification for the DIC system by revealing the magnitudes of surface
deformations and strains. With the DIC measurements in agreement with the FE outputs, it was

recommended that additional experimentation can move forward with an application-based study.
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CHAPTER 4 ASSESSMENT OF MECHANICAL RESPONSES

OF ORTHODONTIC APPLIANCES TO TORSIONAL

LOADING USING THREE-DIMENSIONAL DIGITAL IMAGE

CORRELATION

4.1 Introduction

The experimental protocol of using three-dimensional (3D) digital image correlation (DIC) to
measure surface deformations and strains of an archwire surface during third-order torque has been
established, as discussed in Chapter 3. Testing third-order torque with the rigid dowel (RD)
provided a way to verify the 3D DIC measurement system as well as to study the archwire response
to torsion where the archwire undergoes twisting over the inter-bracket distance (IBD). The lack
of torsional play and consequent mechanical response of the archwire with the RD was not
representative of clinically relevant situations. In past studies of third-order torque using the
Orthodontic Torque Simulator (OTS), it was seen that orthodontic brackets may be subject to
plastic deformation after applied third-order torque through an archwire [18], [43], [45]-[47]. The
permanent bracket deformations indicate that clinical edgewise applications of third-order torque
may have lower efficacies than expected due to mechanical losses in the system. The quantification
of the mechanical interactions between an archwire and bracket during third-order torque can lead
to better understandings of edgewise treatment, particularly with respect to material responses to
applied loads. Using 3D DIC with intents of measuring the archwire strain can produce more

information on the archwire and bracket interaction during third-order torque. The desire to use
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the 3D DIC system for more clinically applicable studies included third-order torque using
archwires of different materials as well as using clinically representative orthodontic brackets. An
attempt to simultaneously measure archwire and bracket deformations and strains was also made.
By directly measuring the surface response of orthodontic materials during third-order torque, a
more complete understanding of how different factors associated with archwire properties and

bracket behaviour can be revealed by analysing the full-field 3D DIC outputs.

4.2 Experimental Methods

To further investigate archwire surface deformations and strains using 3D DIC, a two-by-two
factorial design was created to include new factors: archwire material and bracket type, both with
two groups each. Stainless steel (SS) and titanium molybdenum alloy (TMA) archwires (G&H
Orthodontics, Indiana, USA) were compared, and self-ligating Damon Q brackets (Ormco
Corporation, California, USA) were used to compare with the RD. Archwires of different materials
produce different torque magnitudes. By choosing two contrasting materials, any correlation
derived from material properties on third-order torque can be determined based on the surface
response. The use of Damon Q brackets in comparison with the RD can reveal how the mechanical
responses of archwires differ when third-order torque application is representative of a clinical
setting with torsional play and bracket deformation versus an idealised contact regime using the

RD with minimal torsional play and no bracket deformation.

The third-order torque experiment parameters were kept consistent to that of the procedure in
Chapter 3, where archwires are rotated within the RD or bracket slot to a passive position, and 30°

of total rotation was applied in 1° increments in the loading and unloading directions. In
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performing the 3D DIC experiments, the camera system was setup in the same manner as Chapter
3, in which neither the intrinsic nor extrinsic parameters of the cameras were modified. By
maintaining the same camera system setup as previously used, it was known that image correlation
would be obtained along the archwire surface. With the physical system parameters remaining
intact, improvements to overall image correlation could be considered with respect to sample
preparation and image processing, which are detailed in following sections. To move forward with
the study, the experimental design of the two-by-two factorial was considered given that the
material factors and RD versus Damon Q brackets led to four distinct groups. Their effects could
be determined by performing a pilot study. The purpose of the pilot two-by-two factorial was to

determine the appropriate sample size necessary for the full study.

4.2.1 Pilot Study

Due to the large difference in archwire material properties and the resultant interaction with the
RD versus orthodontic brackets, third-order torque responses were expected to differ, and a two-
way analysis of variance (ANOV A) could be performed on the pilot study torque data to determine
sample size. With third-order torque being the only parameter of interest for sample size

calculation, DIC was omitted for the pilot study and was only utilised for the full study.

The pilot study consisted of five trials per group for a total of 20 trials, making it a balanced design.
Instead of a full randomisation between all 20 trials, archwire material was randomised, while all
testing with the rigid dowel was completed prior to testing with the Damon Q brackets. Statistical
analysis including randomisation sequencing and ANOVA was conducted with R (R Core Team,

2017) [88]. Figure generation through R was completed using the R package “ggplot2” as a part
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of the “tidyverse” package collection [89], [90]. All R code used throughout the chapter can be
found in Appendix E. The statistical analysis and sample size calculation resulted in a two-by-two
factorial design with 23 trials per group for a total of 92 trials. The analysis of the pilot study can

be found in Appendix G.

4.2.2 DIC Experimental Setup and Adjustments

The full study was a repetition of the pilot study with the inclusion of 3D DIC with 23 trials per
group. To ensure that data collected was independent, no third-order torque data from the pilot

study was used for analysis in the full study.

In preparation for the full study, considerations about modifying the DIC system parameters were
made to enable additional DIC data collection as compared to Chapter 3. First, a desire to also
capture the deformations of the Damon Q brackets necessitated that the brackets be prepared with
the same speckling procedure as the archwires using silver-coated silver microspheres. Second,
since the field of view of the cameras did not fully capture the IBD of the archwire in the previous
trials, the field of view was shifted such that the RD and brackets would be situated as rightward
as possible in the field of view, which increased the length of archwire visible in the left IBD. An
example of the increased surface area of the left IBD prior to and after shifting the dowel placement

with respect to the camera field of view is shown in Figure 4.1.
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Figure 4.1. Rigid dov(s?gl positions shown (a) centred and (b) shifted( ]i())wards the right side
of the field of view and the resultant increase in imaged surface area of the archwire in
the left inter-bracket distance.

The consequence was the entire right side of the archwire was no longer visible; however, the
assumption of the bilateral torsion being equal on both ends justified this change. In effect, a larger
region of the archwire could be captured. The deformations and strains were assumed to be similar
in magnitude (but not necessarily in direction as seen with surface shear strain) on the non-imaged
right IBD. Lastly, changes to image processing settings were considered to optimise the data
analysis. In particular, image correlation settings were explored to increase overlap between

subsets as a means to gain more data along the flat surface of the archwire, as well as

experimentally determining the optimal surface area for shear strain calculation.
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4.2.2.1 Sample Preparation

For tests performed with the RD, only the archwires had to be speckled, which matched the
procedure in Chapter 3. However, since the Damon Q brackets had to also be speckled, the
speckling procedure was modified for these trials. Prior to speckling, individual Damon Q brackets
were attached to stainless steel dowels using a two-part epoxy (LOCTITE EA E-60HP, Henkel

Corporation, Connecticut, USA).

The order of spray painting and speckling the Damon Q brackets were tested to determine the best
technique and order of operations. First, brackets were spray painted and speckled with the door
closed with and without an archwire ligated. It was found that without an archwire, spray paint
would be present inside the bracket slot, which was unacceptable as spray paint inside the slot
would alter contact mechanics between the archwire and bracket in subsequent tests. A comparison
of the bracket slot as spray painted with and without a ligated archwire is shown in Figure 4.2.
Evidently, having an archwire occupy most of the bracket slot was effective in preventing spray
paint from reaching the slot walls; however, using archwires prompted another consideration in
the preparation of individual brackets. An archwire used during bracket speckling could be
sacrificial and only serve to keep the bracket slots clean, or archwire segments could be spray
painted and speckled simultaneously with the intention of performing DIC and third-order torque
experimentation. The latter option was chosen to ensure the speckle quality and density achieved
between the brackets and archwires would be relatively consistent, thus enabling similar image
processing techniques on both components. However, this added a new complication of having to
hold the archwire such that it would not slide inside the slot during spray painting and speckling.

A viable solution was using elastic ligatures to hold the archwire in place and also act as a mask
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to prevent spray paint from coating undesired surfaces. This method proved successful in ensuring

that spray paint only coated external surfaces.

Figure 4.2. Damon%) bracket slot after spray painting, (a) with a(lllj)archwire inside the
slot and (b) without and archwire in the slot during painting.

4.2.2.2 Shifting Region of Interest

In the previous chapter, the field of view of the images had the RD as centred as possible as a
means to capture data on both sides of the twisted archwire. Shifting the field of view to contain
more of the left IBD of the archwire simply involved adjusting the position of the OTS relative to
the overhead cameras. Since capturing bracket deformations were also desired, the amount to shift
the field of view was tested by checking the camera images to ensure that brackets were always
fully visible in the field of view while being as close to the right border of the image as possible.
A comparison between the field of views are shown in Figure 4.3, which includes the field of view

with a Damon Q bracket. Between the RD images, it is evident that more archwire surface area is

available for image correlation. When viewing the Damon Q image, the bright white spot is the
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reflective unpainted archwire surface that was previously covered with the elastic ligature. When
using the elastic ligatures, a larger length of the archwire is unpainted relative to the length required
inside the bracket slot. Prior to clamping the archwire into position, the archwire is physically
shifted towards the right to ensure that the region of archwire enclosed inside the bracket slot is
unpainted, and that the extra length of unpainted archwire is only visible on the right IBD as to not

affect image correlation quality on the left IBD.

(a) (b) (c)
Figure 4.3. Field of views of 0.019”°x0.025” archwire inside the rigid dowel with (a) the
dowel centred versus (b) the dowel set towards the right, and (c¢) the archwire inside a
Damon Q bracket.

Initial test images not a part of the full two-by-two factorial study were processed to ensure that
image correlation was not negatively affected by the relatively high intensity reflection and
confirm that this setup procedure was viable for achieving image correlation for both bracket and

the left IBD of the archwire.
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4.2.2.3 Increased Subset Overlap During Image Correlation

Beyond the physical adjustments made to the 3D DIC system, the image processing workflow
using DaVis (DaVis 8.4, LaVision GmbH, Géttingen, Germany) was also adjusted. In Chapter 3,
results were computed using subset sizes of 63 x 63 pixels with an overlap of 31 pixels between
adjacent subsets, which led to relatively large distances between resultant vectors. The geometry
of the archwires presented a relatively small surface area for vector computation. With rectangular
archwires, the rounded corners were found to impact vector calculations and parameter outputs,
particularly those that involved a y-component. By increasing the subset overlap between adjacent
subsets, more vectors can be calculated without the influence of the archwire corners and instead
be fully contained on the flat surface of the archwire. The imaged size of the archwire mandated
that the subset size should be no smaller than 63 x 63 pixels to contain sufficient information to
ensure subset uniqueness; however, the overlap could be readily changed to increase the vector

density [17].

Using images taken during experimentation, the appropriate overlap values would be determined
by comparing image correlation quality using different overlaps. It is noted that a consequence of
increased overlap is increased vector computation, which in turns requires more processing power
and time. Ultimately, these factors would be considered when doing final image processing. The
overlaps used were 31 pixels, 15 pixels, and 8 pixels, which translate to approximately 50%, 75%,
and 88% overlap, respectively. Comparisons between these subset overlaps can be determined
before processing all the collected data. Further, overlapping subsets by greater amounts will
increase the vector density with the trade-off of larger error in strain calculations. The error

increases due to the distance between adjacent vectors decreasing when more overlap is present.

105



Since the position of each computed vector inherently has its own error, decreasing the distance
between two vectors will increase the error of the computed distance, which directly affects the

strain calculation [69]. The strain error varies as follows:

0.05 px X 2 vectors
31 px overlap: 31 px = 0.003 = 0.3%

0.05 px X 2 vectors
15 px overlap: 15 px = 0.007 = 0.7%

0.05 px X 2 vectors
8 px overlap: 8 px =0.013 =13%

The change in strain error with increased overlap is not significant in comparison to the strain
errors when there is less overlap. Therefore, given the geometry of the archwires, any of the subset
overlaps can be justified, and will be selected based on the image correlation quality and

consequent vector computation on the archwire surface.

4.2.2.4 Optimising Shear Strain Surface Area

In calculating the shear strain, the surface area can be manually adjusted. The vector field outputs
from DIC were exported and analysed with MATLAB (MATLAB 2019a, The MathWorks, Inc.,
Massachusetts, USA) using a post-processing toolbox (PIVMat, 4.10, F. Moisy, le-de-France,
France) [91]. The MATLAB code for DIC plot generation can be found in Appendix F. Since
surface shear strain involves using vectors with x- and y-components, the influence of the archwire
corners can affect the resultant strain values when taking an average strain value over a rectangular

surface area. As such, it is necessary to determine what the optimal area for strain averaging would
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be, particularly in the y-dimension of the rectangle. The y-dimension can be as small as two

vectors in length or include the entire 0.019” dimension of the archwire with corners included.

Determining an optimal area prioritised removing the influence of the vectors on the archwire
corners in the strain averaging, but also sought to maximise surface strain values among the various
areas that could be averaged for strain values. A single trial using an SS archwire with the RD was
selected, and a range of rectangular areas on the left IBD were compared. First, a horizontal
centreline was determined by placing a 2 mm line on the top surface of the archwire as centred as
possible. Note that the centreline may have different positions across different trials as archwire
and bracket positions relative to the field of view would have minute differences. The length of 2
mm was determined by going through all trials and ensuring the length of correlated archwire for
every instance spanned at least 2 mm was with no discontinuities (i.e. missing vectors that were
unable to be computed). This was found to hold true, but a maximum length of 2 mm also ensured
that its placement would be adequately far away from the contact region between the archwire and
the RD/Damon Q brackets, but also fit the archwire surface without surpassing the left boundary
for all trials. The 2 mm line thus represented the length of the rectangles in the x-direction and was
kept consistent for all rectangular areas. In the y-direction, the height started from 0.0 mm
(effectively a line) and was increased incremental in both the positive and negative y-directions
relative to the centreline. The increments were determined based on the subset overlap. Surface
strains were measured for every increment, and the rectangle was increased in size until the number
of vectors in the area did not increase between increments. In effect, this ensured that the largest
rectangle included all surface strain vectors over a 2 mm span, which contained vectors on the top

surface as well as all vectors from both corners. Plotting shear strain versus the number of vectors
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was expected to reveal an optimal area could be determined and used for all shear strain outputs.
An example schematic showing average shear strain as a function of archwire surface area is
shown in Figure 4.4 (the plot uses artificial data for illustrative purposes only). From Saint
Venant’s solution to prismatic bars in torsion, the shear strain should remain constant as long as
the surface area being averaged remains on the flat portion of the archwire [87]. When the rounded
corners are included, the average shear strain would deviate from the established average due to

different strain values being included in the average.

e

X
X

Possible deviations when
rounded corners are
included and introduce
erroneous vectors

N

Number of vectors increases as more surface area 1s included
>
Figure 4.4. Possible behaviour of surface shear strain when averaging vectors on the flat
archwire surface versus when vectors on the rounded corners are included. The points
shown are artificially placed for illustrative purposes only.

Shear Strain on xy-Plane

Selecting a surface area to take shear strain averages should include a large vector count to better
represent the flat portion of the archwire, and careful attention to only average vectors along the
flat portion is necessary to properly measure the surface shear strain without introducing erroneous

values.
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4.2.3 Full Study

The full study was carried out in a similar fashion to the pilot study with the addition of 3D DIC.
Archwire material order was randomised using R, in which trials with the RD were completed
prior to the trials with Damon Q brackets. Due to the large number of trials, multiple camera
calibrations were performed throughout testing to reduce the chances of random perturbations to

the system that may affect image correlation.

A new calibration was performed at the start of each day of testing, as testing could not be
completed in one consecutive testing period. Calibrations were also performed whenever there was
a break in testing to ensure the cameras were stationary for all images taken within a calibration
period. This effectively grouped sequences of trials into separate camera calibrations in a random
manner. While the number of trials per calibration varied, it was paramount that extrinsic camera
parameters remained constant within a sequence for each calibration. Slight changes in extrinsic
parameters between calibrations would not pose a problem as each calibration was unique to the
sequence of trials it contained. Overall, eight separate camera calibrations were performed
throughout testing. The scale factors were averaged across the eight calibrations and was found as
464.457 + 1.850 px/mm, and all extrinsic parameters of the cameras were found to be consistent

with negligible differences.

For the intents and purposes of performing 3D DIC during third-order torque experiments, the
camera positions and resultant camera calibrations were in close agreement based on the
consistency of the scale factors. Given that multiple unique images of the calibration target were

captured for every calibration, the resultant scale factors indicate that the calibration volume and
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camera positions remained consistent. Captured images were matched with the appropriate
calibration, ensuring that the DIC performed would produce outputs that were true to each
individual test. Since captured images of individual trials correspond directly with a camera
calibration, there was confidence that extrinsic camera parameters would not be a source of
variance between trials. This is due to the DIC process mandating that an experimental image set
must align with the camera calibration, as the projections from physical space to pixel space would
be incorrect in the event that extrinsic camera parameters change between calibration and

experimentation.

4.2.3.1 Statistical Methods

The two-by-two factorial design presents two factors at two distinct levels. The null hypotheses of
this design are that the main effects from archwire materials (SS and TMA) and bracket types (RD
and Damon Q brackets) will show no statistical differences on third-order torque. The third-order
torque measured at maximum rotation, as measured at 30° loading, will be used to perform a two-
way ANOVA to compare means for each group and test if there is a statistical difference between

the levels in each group.

4.3 Results

The results of the study include the third-order torque measurements and the ANOVA of maximum
third-order torque, the analysis of the optimisation of the 3D DIC image processing process with
respect to imaging archwires and brackets with the OTS, and finally the analysis of the 3D DIC

surface measurements of the archwires and brackets.
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4.3.1 Third-Order Torque

The absolute values of third-order torque at 30° loading are individually shown in Figure 4.5, with
archwire material separated between columns and bracket type separated by colour. The points are
randomly dispersed horizontally using a jitter effect and each point represents an individual trial.
Third-order torque values over the range of rotation were averaged and plotted in Figure 4.6. Each
group had different torque curves for loading and unloading, which confirmed the differences

between archwire materials and the RD versus Damon Q brackets.
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Figure 4.5. Individual maximum torques of 0.019”x0.025 archwires at 30° loading among
all trials in the full study.
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Figure 4.6. Third-order torque responses of 0.019°x0.025” archwires rotated to 30° with
the configurations of (a) stainless steel archwire with rigid dowel, (b) titanium
molybdenum alloy archwire with rigid dowel, (c) stainless steel archwire with Damon Q
bracket, and (d) titanium molybdenum alloy archwire with Damon Q bracket, n = 23.
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4.3.1.1 Two-Way ANOVA of Maximum Torque

Using R, a two-way ANOVA was performed on the maximum loading torque at 30° and is shown
in Table 4.1. All p-values were less than 0.1, indicating strong evidence against the null hypothesis
and confirming there exists a strong statistical difference in third-order torque between both
factors: the SS and TMA archwire materials and the RD and Damon Q bracket types. DIC
measurements were omitted from post-hoc statistical analysis; however, large differences in third-
order torque were observed, and thus the relationship between torque response and surface

response can be considered between the factors in the study.

Table 4.1. Two-way ANOVA table of the two-by-two factorial design used in the full study

Df Sum Sq Mean Sq F-value p-value
Material 1 3978 3978 158.1 <0.001 oAk
Bracket 1 14058 14058 558.8 <0.001 oAk
Residuals 89 2239 25

Signif. codes: 0 “***>(0.001 “***0.01 “*> 0.05°.> 0.1 *’ 1

4.3.2 Image Subset Overlap

In testing for the optimal amount of subset overlap, a trial using an SS archwire with the RD was
selected. All subsets were 63 x 63 pixels, and all other image correlation settings kept constant,
the overlap increased from 31 to 15 and finally 8 pixel shifts, where smaller shifts result in larger
overlaps between adjacent subsets. Comparisons of directional displacements and shear strains
measured at 30° loading are shown in Figure 4.7. The colour map scales were kept the same for
all measures for comparison purposes. It was seen that increasing the overlap did not change the

values obtained for any of the parameters. Rather, a result of increasing the amount of overlap was
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a change in the correlation smoothness at the edges of the archwire. Since the main parameter of
interest for comparing groups was surface strain, selecting an overlap of eight pixels was justified
as it would enable more vectors to be computed that laid on the top surface of the archwire, which

were free of influences from the rounded corners of the archwire.
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Figure 4.7. Comparisons of full-field outputs at 30° loading of a stainless steel archwire
torqued with the rigid dowel. Varying subset overlaps for (a) x-, (b), y-, and (c) z-
displacements and (d) surface shear strain on the xy-plane are shown.

4.3.3 Shear Strain Surface Area

The optimal surface strain area was found by exploring the effects of averaging different
rectangular areas on the same archwire from a SS trial using the RD. Given the overlap of 8 pixels,
the height of the rectangle could be incrementally increased by 0.01 mm in both the positive and
negative y-direction relative to the centre of the rectangle. In effect, surface shear strain values
were averaged using rectangular areas that ranged from being a rectangle 2 mm long with zero
height through to rectangle that was 2 mm x 0.60 mm, which represented an area that contained
all vectors in the y-direction across the 2 mm span. Surface shear strain was plotted versus the

number of vectors contained inside each rectangular area. This is analogous to a mesh convergence
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test when performing finite element analyses; however, rather than seeking a converging

parameter, the desired outcome is instead the optimisation of a parameter, which in this case was

shear strain. The plots of surface shear strain versus the number of vectors is shown in Figure 4.8,

which shows strain for both loading and unloading. In the plot, each line represents the surface

shear strain measured at a single angle of rotation. Essentially, following a line from left to right

shows the effect of increasing the rectangular area used to calculate the average shear strain for

any given angle. It was seen that using rectangles that were smaller resulted in larger maximum

shear strains, and as the rectangular area increased, once vectors located on the rounded corners

were included, the resultant shear strains rapidly decreased, and eventually increased. Both the

decrease and increase could be attributed to erroneous vectors along the rounded corners that were

not indicative of surface shear strain on top surface of the archwire.
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Figure 4.8. Surface shear strain comparisons from a stainless steel archwire rotated 30°
with the rigid dowel using (a) loading and (b) unloading values. Average shear strains are
plotted on a per angle basis against the total number of shear strain vectors within a
rectangular area.

From the plots, there was clear indication that selecting an appropriate size for shear strain
averaging was paramount as measured values could greatly fluctuate. The process of measuring
surface strains using varying rectangular areas was repeated for all trials to select the final
rectangular area used. However, it was known that using areas that included the corners would not
be beneficial in obtaining shear strain, and the results from Figure 4.8 confirmed this. As a
consequence, the rectangular size was capped at an upper area of 2 mm by 0.30 mm, which was
certain to include some influence of the rounded corners. Instead of using results from every angle,
only surface shear strains at 30° loading were used. Each group contained the 23 trials and the

averages and standard deviations showing the effects of changing the rectangular area are plotted

in Figure 4.9, and the values of shear strain measured for each rectangular area are presented in
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Table 4.2. In all cases, the shear strains were largest when using smaller areas. As area increased,
the shear strain values decreased, which was attributed to vectors located on the archwire corners.
To ensure that reported strain values were not influenced by vectors on the corners, an area of 2
mm by 0.10 mm was selected for all shear strain measurements. The area of the rectangle was
large enough to be representative of surface shear strain over an area of the archwire rather than
just over a line. In addition, selected percentage differences in measured strains relative to the
strains measured with the line are shown in Table 4.3. When using a 2 mm by 0.10 mm area, the
percent difference in strain measurement relative to the values as obtained with a 2 mm line were
ranged between 0.24% to 3.99%. In comparison, the percent differences were significantly larger
when increasing the rectangular area height to 0.20 mm or 0.30 mm, where maximum percent

differences were 10.92% and 24.03%, respectively.
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Figure 4.9. Average surface shear strain of all groups measured at 30° loading versus the
height of the rectangle used to obtain the averages.
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Table 4.2. Comparisons of average surface shear strain values computed over rectangular
areas when changing the y-dimension of 2 mm by y mm rectangular areas

Archwire Y-Dimension Mean Shear Stagdqrd
Bracket . ) Deviation
Material [mm] Strain [mm/mm]

[mm/mm]

0.00 0.0109 0.0014

0.02 0.0109 0.0013

0.04 0.0108 0.0013

0.06 0.0108 0.0012

0.08 0.0106 0.0013

0.10 0.0106 0.0012

0.12 0.0105 0.0012

Stainless Steel 0.14 0.0103 0.0011

0.16 0.0101 0.0011

0.18 0.0100 0.0011

0.20 0.0098 0.0010

0.22 0.0096 0.0010

0.24 0.0094 0.0009

0.26 0.0092 0.0008

0.28 0.0090 0.0009

. 0.30 0.0087 0.0009

Rigid Dowel 0.00 0.0123 0.0021

0.02 0.0122 0.0020

0.04 0.0120 0.0019

0.06 0.0120 0.0018

0.08 0.0119 0.0017

0.10 0.0118 0.0016

o 0.12 0.0117 0.0016

lel;fggﬁm 0.14 0.0116 0.0015

Allo 0.16 0.0114 0.0014

Yy

0.18 0.0113 0.0013

0.20 0.0112 0.0012

0.22 0.0110 0.0012

0.24 0.0108 0.0012

0.26 0.0106 0.0012

0.28 0.0104 0.0012

0.30 0.0102 0.0011
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Standard

Archwire Y-Dimension Mean Shear ..
Bracket . ) Deviation
Material [mm] Strain [mm/mm]
[mm/mm]
0.00 0.0059 0.0018
0.02 0.0059 0.0017
0.04 0.0059 0.0017
0.06 0.0059 0.0017
0.08 0.0059 0.0016
0.10 0.0059 0.0016
0.12 0.0058 0.0016
Stainless Steel 0.14 0.0058 0.0015
0.16 0.0056 0.0015
0.18 0.0055 0.0016
0.20 0.0054 0.0016
0.22 0.0053 0.0015
0.24 0.0051 0.0015
0.26 0.0050 0.0015
0.28 0.0049 0.0015
Damon Q 0.30 0.0047 0.0015
0.00 0.0079 0.0011
0.02 0.0079 0.0010
0.04 0.0078 0.0010
0.06 0.0078 0.0009
0.08 0.0078 0.0009
0.10 0.0077 0.0008
o 0.12 0.0077 0.0009
lel;fggﬁm 0.14 0.0076 0.0008
0.16 0.0075 0.0008
Alloy
0.18 0.0074 0.0008
0.20 0.0072 0.0008
0.22 0.0071 0.0008
0.24 0.0069 0.0007
0.26 0.0067 0.0008
0.28 0.0064 0.0008
0.30 0.0062 0.0008

121



Table 4.3. Percentage differences of measured average shear strains using different
rectangular areas relative to measured average shear strain values using a line.
Percentage differences compared to 2 mm line

Group Area, X by y [mm by mm]
2 by 0.10 2 by 0.20 2 by 0.30
SS/Rigid Dowel 3.41% 10.92% 22.28%
TMA/Rigid Dowel 3.99% 9.49% 18.79%
SS/Damon Q 0.24% 8.23% 22.16%
TMA/Damon Q 2.55% 8.91% 24.03%

With the 2 mm by 0.10 mm area selected, there was confidence that the average strain
measurements were maximum shear strain values, the probed area would remain on the flat surface
of the archwire rather than the rounded corners, and enough vectors would be included in every
average to be representative of shear strain over the flat surface of the archwire (away from
boundary conditions). An example of a probed 2 mm by 0.10 mm area is shown in Figure 4.10,

which includes the resultant vectors used in the shear strain averages.

Rectangular shear strain
probe area

(a)
0.05
™ ol s TR W."in
-0.05

(b)

Figure 4.10. Surface shear strain of a 0.019”x0.025” stainless steel archwire rotated at
30°, (a) indicating the probed area for shear strain averaging and (b) the resultant vector
map containing all vectors in the probed area.

The goals in the optimisation were to obtain maximum shear strain values, while also ensuring that

vectors used in the shear strain calculation were not influenced by the corners. Therefore, the area

selected for the average shear strain calculations was justified as the goals were met.
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4.3.4 Deformation and Strain

The use of 3D DIC gives full-field information on surface deformations and strains that evolve
over the range of rotation. With RD trials, only the top surface of the archwire was imaged for DIC
purposes. However, by imaging the top surface of the archwire in tandem with the top surfaces of
the Damon Q brackets, more information can be obtained over the rotation, particularly regarding

bracket deformations.

4.3.4.1 Archwire Deformations

Archwire deformations during third-order torque can be compared both qualitatively and
quantitatively. The DIC outputs present full-field representations of deformations in the x-, y-, and
z-directions. As such, it is possible to compare the full-field deformations by qualitatively
examining the nature of the deformations en masse. Probing unique values of deformation in
specific locations along the archwire may also quantify relevant information with respect to the
archwire behaviour; however, doing so was omitted as probing surface strains were the primary

parameter of interest.

Insights such as directly quantifying the amount of deformation an archwire undergoes during
third-order torque can be gained by probing unique regions. In other loading scenarios, it can also
be useful to probe values to directly measure displacements. With respect to third-order torque,
the range of motion of an archwire was determined by the OTS and the archwire displacements
for all groups would be similar in magnitude and bounded by the rotation. In the case of the

experimental design of this two-by-two factorial, it is more valuable to compare the full-field

123



displacements of the archwires by looking at x-, y-, and z-displacements, which reveals the

behaviour of an archwire when rotated inside a bracket.

Comparisons of archwire displacements using single trials from each group are shown in Figure
4.11. It was seen that archwire behaviour varied greatly between the RD and Damon Q brackets.
The displacements when using the RD were more indicative of the archwire being twisted from
the applied rotation, whereas the displacements when using Damon Q brackets were representative
of rigid body rotation. Displacements in the x-direction were found to be negligible for all trials,
whereas displacements in the y- and z-directions showed the expected response to an archwire
being rotated; y-displacements tended in the negative direction and z-displacements tended in the
positive direction. The left side of the archwires were all shown to undergo a negative y-
displacement in the direction of rotation. However, the visual gradients seen with the RD trials
show that the magnitude of the y-displacements decreases towards the RD, suggesting a twist in
the archwire. Conversely, the magnitude is more consistent throughout the length of the archwires
for the Damon Q trials, which suggests rigid body rotation. The same effect is seen with
displacements in the z-direction, as the RD trials exhibits the same decrease in displacement
magnitude going from the left towards the RD, and the Damon Q trials show relatively more
consistent displacements throughout the span of the archwire. However, unlike the RD trials, the
entire region of the archwire in contact with the Damon Q bracket is occluded; therefore, only the

archwire behaviour within the IBD can be compared.
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Figure 4.11. Comparisons of full-field displacements at 30° loading for all groups in the
(a) x-, (b) y-, and (c¢) z-directions using a single trial per group. Damon Q bracket
surfaces are shown with features such as tie-wings and the archwire retentive
component.

4.3.4.2 Archwire Strains

In terms of surface strains on the archwire, only shear strains were of interest, as was confirmed in
Chapter 3 showing the principal strains were negligible, which agreed with the analytical solution
for torsion of prismatic bars [87]. As the qualitative results from surface deformations of the
archwire suggested different torsion regimes when using the RD versus Damon Q brackets,

measuring archwire surface shear strains can further elucidate the differences.

Measured surface shear strains are shown in Figure 4.12. It was found that shear strain

development between the RD groups versus the Damon Q groups were not the same. Specifically,
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shear strains arose with the RD groups after 4° of rotation and continued to increase as the angle
increased. However, shear strains with the Damon Q brackets were seen to initially start in the
negative direction before reaching a minimum at approximately 9° of rotation before changing
direction and increasing with the angle. This phenomenon was explored and was found to be due
to the initial angular position of the archwire in the passive position. When comparing the initial
angle of an archwire at 0° rotation, it was seen that the imaged surface of the archwires in the RD
were parallel to the xy-plane, whereas archwires in the Damon Q brackets were not. This was due
to the bracket slot geometry altering the passive position of the archwire, where minimising third-

order torque resulted in the archwire being at an angle relative to the xy-plane.

When comparing the groups in Figure 4.12 against on another, it was seen that the RD resulted in
higher shear strains than Damon Q brackets, and TMA archwires exhibited more shear strains
compared to SS archwires. SS archwires have higher shear moduli compared to TMA archwires,
and there is an inverse relationship between shear modulus and shear strains. The shear strains
measured are therefore expected with respect to comparing shear strain magnitudes across the two
materials. When looking at unloading, it was seen that the SS/RD group exhibited residual shear
strain at the end of the unloading phase, suggesting that plastic deformation of the archwire was
present when using SS archwires. However, for the other three groups, residual strains are not

apparent, and the unloading strains closely match the loading strains.
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Figure 4.12. Surface shear strains measured using 3D DIC from third-order torque of
0.019”x0.025” archwires during (a) loading and (b) unloading.
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4.3.4.3 Bracket Deformations

With respect to the Damon Q brackets, strains were not a parameter of interest as strain
development on the external bracket surfaces were assumed to be negligible. In contrast,
deformations can show how the tie-wings of the bracket move over the applied rotation of the
archwire. In previous studies, it was seen that deformations in the x-direction were minimal and
thus were not of interest for this study [18], [47]. However, deformations in the y- and z-directions
are of interest as they show how the bracket deforms over the applied rotation as well as if there is

a presence of permanent bracket deformation after unloading.

Since the Damon Q brackets were not centred in the field of view of the cameras, image correlation
of all four tie-wings was not always possible as the bracket position could result in occlusions of
the right tie-wings, which led to an inability to correlate. Therefore, bracket deformations in the y-
and z-directions were measured using only the left tie-wings (which were always correlated) for
all trials to maintain consistency. In probing the displacement vectors, 0.5 mm by 0.7 mm
rectangular areas were placed on both the top left and bottom left tie-wings. The size was
determined to ensure probed regions would be saturated with vectors, and that no correlation
boundaries would be present in the regions. Since the parameter being measured with the brackets
were only displacements, it was not critical that the size of the rectangle be optimised. Figure 4.13
shows an example of y- and z-displacements at 30° archwire rotation using trial of a TMA
archwire with a Damon Q Bracket, and also shows the rectangular areas used on the brackets for

averaging probed displacements.
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Figure 4.13. Full-field displacements of a 0.019”x0.025” titanium molybdenum alloy
archwire rotated at 30° with a Damon Q bracket in the (a) y- and (z) directions, as well as
rectangular areas used to probe displacements of the left tie-wings of the Damon Q
bracket.
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The y- and z-displacements of the tie-wings were compared by taking the difference between the
top and bottom tie-wing displacements, which was similar to the previous method performed by
Melenka et al. [18], [47]. The measured displacements while loading and unloading are shown in
Figure 4.14. Torsional play in the bracket slots are evidenced by the tie-wing displacements, as
tie-wing motion was not seen until approximately 9° of archwire rotation. However, it is noted that
third-order torque can be generated prior to tie-wing movements, therefore torsional play should
not be determined by bracket deformations but rather with measured resultant torques, as seen with
Figure 4.6. When loading, it was seen that SS archwires caused more tie-wing movement in the y-
direction compared to TMA archwires, and similarly in the z-direction, though displacements in
the z-direction are much smaller in magnitude compared to the y-direction. Further, when
examining the displacements during unloading, there was evidence that the applied rotation of the
SS archwires resulted in permanent deformation of the brackets, as both displacements in the y-
and z-directions did not return to zero. In contrast, the tie-wing displacements when using TMA
archwires returned to zero after unloading. Measured displacements at 30° loading and 1°

unloading are shown in Table 4.4 for comparison.
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Figure 4.14. Measured relative displacements of left tie-wings on Damon Q brackets
during third-order torque showing the (a) loading and (b) unloading y-displacements
and the (c) loading and (d) unloading z-displacements.
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Table 4.4. Average tie-wing displacements in the y- and z-directions at maximum loading
and minimum unloading.

y-Displacement + z-Displacement +
Angle Group Standard Deviation Standard Deviation
[mm + mm] [mm + mm]
30° Loading SS/Damon Q 0.0160 +0.0017 0.0021 +£0.0014
TMA/Damon Q 0.0081 + 0.0006 0.0015 £ 0.0008
1° Unloading SS/Damon Q 0.0005 + 0.0003 0.0005 + 0.0008
TMA/Damon Q 0.0000 £ 0.0002 0.0001 + 0.0005

4.4 Discussion

Performing 3D DIC to capture both archwire and bracket movements simultaneously generated
full-field surface deformations and strains over the range of the applied rotation. Deformation
characteristics of the orthodontic materials during third-order torque were captured and presented.
Further, the measurements of archwire shear strains allows for comparisons of strain development
across the groups in the two-by-two factorial design. While the factorial was initially designed to
compare third-order torque values due to its known behaviour, additional insight was gathered
using 3D DIC. The experimental setup displayed capabilities of measuring surface deformations
and strains at the scale of orthodontic appliances and can be used to gain an appreciation into how

different factors affect orthodontic prescriptions.

4.4.1 Third-Order Torque

Using SS archwires and the RD led to higher torques compared to TMA archwires and Damon Q
brackets, respectively. In terms of clinical application, the results from using the RD would not be
relevant as such a component does not exist in orthodontic practise; however, the material

comparisons between SS and TMA may still be valuable in evaluating and selecting materials for
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third-order torque application. In contrast, the results from using Damon Q brackets are of greater
clinical interest. Torsional play with Damon Q brackets were similar between archwire materials,
where the onset of third-order torque occurred at approximately 10° (seen in Figure 4.6 (c) and
(d)). With respect to third-order torque, the use of 1° rotation increments gave a complete picture
of the differences between loading and unloading torque curves. Unloading curves are more useful
in clinical contexts and capturing the exact angle that torque vales drop below thresholds can be
useful in clinical practise. Both materials fell under 5 N-mm of torque after approximately 15°
unloading despite having different maximum torques. Clinically, knowing how various archwire
materials behave during unloading at various angles of archwire twist can change treatment
options; however, with increased variations under clinical settings, other factors may impact the
application of third-order torque. In this study, the torque values for both archwire materials

rotated with Damon Q brackets agreed with previous literature that utilised the OTS [15], [40].

In the experiment, the use of the RD enabled archwire comparisons to be made independent of
orthodontic bracket behaviour. The RD slot provided a rigid boundary that constrained the
archwire significantly more than orthodontic brackets would. The reduction of torsional play as
well as the increased stiffness affected the third-order torque generation over the applied rotation.
The onset of third-order torque with the RD was more rapid with higher overall torque magnitudes.
This result may influence the design and manufacturing of future archwire and brackets, where
third-order torque application can be designed considering both archwire material and bracket

designs.

From a manufacturer perspective, changes to the geometry around the contact region between the

archwire and bracket can alter third-order torque mechanics. Brackets can be made with different
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geometries such that the insertion of a twisted archwire can produce higher or lower torque
magnitudes, which may include reducing slot areas to reduce torsional play or increasing the
stiffness of the bracket to enable larger torque magnitudes. Archwires can be manufactured with
different geometries when considering third-order torque. By understanding how the archwire and
bracket interact, changes to archwire geometry can allow better torque control, such as having

more consistent rounded corners, or altering the corners based on the desired torque.

Clinically, having a better understanding of archwire behaviour during third-order torque with
respect to its bracket interactions can allow for more optimised treatments that may be personalised
for individual patients. Small changes in the angle of twist can have large effects on the resultant
torque generated. A clinician can have more treatment control and consequently make treatment
more efficient when these differences are well quantified and highlighted. The quantification of
archwire third-order torque capabilities indicated that all orthodontic components contribute to
overall third-order torque, and understanding the behaviour of system through various points of

third-order torque application can be used clinically to enable more effective treatments.

4.4.2 Deformation and Strain

With respect to the 3D DIC measurements, the study allowed for the investigation of rectangular
archwires behaviour during third-order torque. Measured deformations and strains can be used to
develop a more comprehensive knowledge of the roles different factors have on third-order torque.
Measuring deformations and strains throughout the range of rotation can reveal information not
readily apparent prior to using 3D DIC such as plastic deformation, among other things. In

performing this study, the explicit factors considered were archwire material and bracket types,
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but the utilisation of 3D DIC also mandated that rounded corners of archwires also needed to be

considered due to their direct impact on DIC measurements.

4.4.2.1 Archwire Deformations

Using the results from archwire displacements, there was evidence to suggest that third-order
torque mechanics varied between using the RD compared to Damon Q brackets. While there may
be some degree of twist when rotating an archwire inside the Damon Q bracket, it is not to the
same extent as rotating an archwire with the RD. Therefore, third-order torque application with
orthodontic brackets using the OTS may not follow conventional torsion of prismatic bars. This
finding was made possible using 3D DIC as the surface response of the archwire was directly

observed during third-order torque.

Bracket deformations during third-order torque result in the archwire undergoing a combination
of less twisting and more rigid body rotation compared to rotation with the RD. Evidently,
compliance in the brackets can play a large role in prescribing the degree of twist required during
clinical treatment, as third-order torques values can be influenced by the amount of deformation a
bracket undergoes in addition to the archwire material. In clinical settings, the interactions
presented between an archwire and bracket is not isolated within the dentition and will include

additional reactions throughout the dental arch.

Studying the deformations of an archwire with 3D DIC can allow clinicians to better understand
the mechanics of third-order torque prescription when preparing archwires. With respect to
archwire deformations during third-order torque as performed with the OTS, the 3D DIC

measurements highlighted the differences between groups in full-field contexts. Further analysis
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with archwire deformations can be performed by using the DIC measurements to compare
deformations; however, that was considered out of scope for this study as strains were of higher

interest in characterising archwire mechanics.

4.4.2.2 Archwire Strains

When applying third-order torque with the RD, it was seen that the SS archwire has residual strain
during unloading. The presence of residual strain suggested that the SS archwires underwent
plastic deformation when rotated to 30°. In clinical practise, a clinician twists an archwire prior to
ligating it inside brackets. In doing so, plastic deformation should be considered since it can change
how third-order torque is applied to a patient’s tooth. The ability to quantify the residual strain
seen in an archwire after third-order torque can be used to further investigate how varying torque
prescriptions can affect the mechanical response of an archwire within clinical settings. This can
directly impact the efficacy of orthodontic treatment given different material responses can result

in different interactions between the archwire and bracket.

In the study, the shear strain measurements using 3D DIC indicated that the strain development
had conflicting behaviour when using Damon Q brackets. The initial strain direction was opposite
of what was expected, and it was not until torsional play was removed (by rotating the archwire
such that third-order torque was appreciable) that the strain increased in the expected direction.
The initial decrease in strain was attributed to the camera perspective of the archwire in the passive
position. Since the imaged surface of the archwire was not parallel to the xy-plane of the DIC
coordinate system, the initial image captured at 0° rotation showed a skewed surface of the
archwire as the reference image. As the archwires began rotating, the change in perspective

resulted in artificial strain in the negative direction. Once the archwires reached a vertical position
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(where the imaged surface of the archwire was parallel to the xy-plane), strain developed in a
positive manner (seen in Figure 4.6). This result suggests that artificial shear strain may be
measured when the initial image is skewed. It was seen that the strain rate differed once appreciable
third-order torque was reached. In future studies, calibration curves of strains measured using an
archwire with no contact with a bracket may be utilised to further explore the effects of strain
measurements when dealing with rigid body rotations, or different dowels may be manufactured
to account for the bracket slot angle such that when ligated in a passive position, the imaged surface

of archwire would be parallel with respect to the xy-plane of the DIC coordinate system.

Characterisation of archwire behaviour during third-order torque can be useful in determining
which factors affect resultant torque values. The ability to resolve archwire behaviour during third-
order torque using 3D DIC allows for full-field snapshots of the orthodontic materials throughout
the applied rotation. The benefit of having full-field deformations and strains is that the
measurements can be directly compared to the analytical solution of torsion for prismatic bars,
where specific behaviours such as negligible principal strains can be verified. The added
complexities of orthodontics make it such that third-order torque of archwires deviates from the
analytical solution, but the power of 3D DIC is highlighted by being able to directly image the
surface response of the archwire through the entire range of rotation. This gives the opportunity to
better characterise the archwire behaviour by being able to systematically compare differences that

arose during third-order torque between the groups in the study.

The full-field measurements of shear strain using 3D DIC demonstrated a practical, robust, and
repeatable method of extracting strain data over a highly limited surface area. The method of

extracting shear strain data was thoroughly tested to determine the most appropriate way to
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compare full-field data of twisted archwires. In practise, the full-field nature of DIC outputs can
make it difficult to analyse. In using DaVis, virtual strain gauges can be used to compare principal
strains [69]; however, the analysis of shear strains was limited to qualitative full-field comparisons
and thus warranted the use of MATLAB. The optimisation of the area probed for shear strains was
methodical, and ultimately demonstrated the capabilities of 3D DIC, where the extraction of full-
field outputs can be used to make scientifically sound comparisons across the groups. In addition,
a consequence of using a rectangular area for shear strain measurement with a high number of
vectors in the average calculation is that the signal-to-noise ratio is reduced [69]. While this was
not an initial goal for the determination of the rectangular area, it was an outcome that
complements the method. Given the subset overlap and final size of the rectangular area, there was

confidence the signal-to-noise ratio was improved compared to smaller areas.

The DIC measurement capabilities of the archwire surface can be appreciated when evaluating the
novelty of the 3D deformation and strain measurements with respect to third-order torque.
Previous literature studying third-order torque have sought to isolate the impact of different clinical
factors on resultant third-order torque, such as bracket slot sizes[49], archwire materials [50], and
archwire cross-sections [51]. These factors all have their own influences on resultant torque and
can also be explored for the influence on archwire and bracket interactions. The influence from
the geometry of orthodontic materials may be further explored in third-order torque contexts by
studying the surface response of the archwire. The direct characterisation of the mechanical
response of an archwire during third-order torque can produce information that can aid in the

development of future fixed appliances.
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4.4.2.3 Bracket Deformations

The measurement of tie-wing displacements during third-order torque highlighted how different
archwire materials impact the movements of the tie-wings. The distance between the tie-wings
were greater when using SS archwires than with TMA archwires. Further, evidence of permanent
deformation in the brackets were only seen with SS archwires. This result indicated that the
differences in material stiffness of the archwires led to different tie-wing movements during the
range of rotation. Further, the maximum distance between tie-wings were larger with SS archwires
at 30° loading, which suggests that the torsion regime of the SS archwire may be different from
the TMA archwire. The SS archwire may undergo comparatively more rigid body rotation, thus
expanding the bracket slot more than the TMA archwire. Comparisons of bracket deformations
shows the same tie-wing behaviour as previous literature; however, permanent deformations

differed as maximum rotation angles were not consistent between studies.

Initial and final angular positions of 0.019°x0.025” archwires rotated with Damon Q brackets were
previously tested with various combinations of loading, which included rotations from -15° to 63°
in 3° increments, 0° to 45° in 3° increments, as well as a series from 0° through varying final angles
of 16°, 20°, 24°, 28°, 32°, and 40° in 2° increments [18], [43], [46]. For all studies, the angular
position of 0° refers to passive position of the archwire with minimal forces and moments imparted
onto the bracket, and all studies ended the experiment returning to the initial angle. The permanent
bracket deformations from third-order torque were presented with different rotational
prescriptions. As such, the presence of permanent bracket deformation as measured by the current
3D DIC setup is validated with respect to bracket behaviour, and the camera system may be used

for further investigations measuring both the mechanical responses of archwires and brackets.
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Measured deformations and strains of archwires and brackets using 3D DIC yielded a vast number
of outputs that can be readily used for further analysis and comparison. By having an appropriate
field of view that includes both the archwire and bracket, multiple parameters from third-order

torque were simultaneously measured and analysed.

4.5 Conclusion

From this study, the viability of using 3D DIC concurrently with the OTS during third-order torque
experiments was detailed. Using an overhead stereo camera system, the OTS operating procedure
can be modified to capture images throughout the duration of the experiment. The use of a two-
by-two factorial design introduced additional factors such that 3D DIC measurements can be
performed and compared. The inclusion of Damon Q brackets as a group showed similarity with
past experiments as third-order torque values and tie-wing displacements were comparable with
previous literature [47]. The current 3D DIC setup has an expanded field of view which enabled
more full-field measurements to be taken throughout an experiment such that archwire and bracket
deformations and strains were simultaneously able to be imaged. The 3D DIC results revealed
differences in the material responses of the archwires and the brackets between groups when
rotated to 30° with the OTS. SS archwires exhibited evidence of plastic deformation by showing
residual surface shear strain after unloading when using the RD. In addition, SS archwires caused
Damon Q brackets to permanently deform as the tie-wings did not return to their original positions.
In contrast, the TMA archwires showed no residual shear strains, and also did not cause Damon Q

brackets to permanently deform.
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The capabilities of the 3D DIC system were highlighted, and further studies using it can be
recommended to fill additional knowledge gaps. The techniques presented in sample preparation
and image processing show a meticulous approach to performing 3D DIC with the OTS. The
results from 3D DIC are valuable in obtaining more information regarding the mechanism behind

third-order torque by measuring both archwire and bracket responses.
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CHAPTER S CONCLUSIONS, LIMITATIONS, AND FUTURE

WORK

5.1 Conclusions

Using the Orthodontic Torque Simulator (OTS) to perform in vitro studies involving third-order
torque has contributed to understanding the biomechanics of edgewise orthodontics. The inclusion
of three-dimensional (3D) digital image correlation (DIC) with the OTS enables additional datasets
involving archwire and bracket deformations to be obtained during third-order torque experiments.
The implementation of the 3D DIC system mandated a verification of the system prior to using it
for experimental measurements. By capturing 3D DIC images during third-order torque
experimentation with clinically representative orthodontic materials, the characterisation of
archwire behaviour throughout an applied rotation was measurable through surface deformations

and strains.

5.1.1 3D DIC System Verification

To use 3D DIC with the OTS, a meticulous verification of the camera system and its image
correlation capabilities was performed to ensure valid measurements of archwire movements
during third-order torque. Due to the size of orthodontic appliances, sample preparation involved
the development of a speckling technique to capture surface motions during the applied rotation
from the OTS. The DIC apparatus was designed to be capable of tracking archwire deformations
and strains by using a sufficiently large field of view, as well as a large stereo-angle between the

two cameras, allowing for out-of-plane motion to be measured. DIC measurements were evaluated
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by comparing measured parameters with both a finite element (FE) model using representative
geometry and an analytical solution for torsion of prismatic bars. The 3D DIC system was used to
measure various material responses such as deformations in the x-, y-, and z-directions, as well as

principal strains in the x- and y-direction and shear strains on the xy-plane.

5.1.2 Third-Order Torque Experimentation using 3D DIC

The DIC setup was then used to measure 3D surface deformations and strains along the IBD of
archwires during third-order torque application using the OTS. The stereo camera setup had a field
of view that enabled bracket tie-wing displacements to be measured alongside the surface response
of the archwire. Stainless steel (SS) and titanium molybdenum alloy (TMA) archwire materials
were compared using both the RD and Damon Q brackets in a two-by-two factorial design. In
measuring full-field responses of both the archwire and bracket during third-order torque, the
simultaneous quantification of archwire deformations and strains as well as tie-wing displacements
were made possible. A robust technique to analyse the full-field data was developed to ensure that
unique trials were measured in the same manner. In particular, the measurements of surface shear
strains mandated careful attention regarding the archwire geometry and how strain was computed
given limited surface area. By outputting full-field data into vector maps, probing results became

highly repeatable with a well-defined procedure.

In the experiment, archwires were rotated to 30° and back to 0° with the OTS and archwire and
tie-wing deformations and archwire shear strains were plotted. It was found that SS archwires may
undergo plastic deformation when rotated in the RD, as indicated by residual shear strains, and SS

archwires can cause permanent deformation of tie-wings to occur when using Damon Q brackets.
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The work completed highlighted the viability of performing 3D DIC to capture both in-plane and
out-of-plane motion with the OTS. The stereo-angle of the current system allowed for both
archwire and bracket motions to be captured at the same time, despite having distinct z-heights

relative to the cameras.

The 3D DIC system used for experimentation was designed to enable out-of-plane measurements,
as third-order torque results in the twisting of an archwire. The twist propagates over the span of
the archwire, in effect resulting in no region of the archwire exhibiting planar motion. The 3D DIC
procedure presented addresses the complexities of the mechanical movements of third-order
torque, including the size and geometries of the orthodontic materials, and the expected loading
behaviour. The outcome of performing 3D DIC during third-order torque experimentation showed
the capabilities of directly measuring surface deformations and strains to get a more

comprehensive understanding of third-order torque biomechanics.

5.2 Limitations and Recommendations

Performing 3D DIC with the OTS during third-order torque included several limitations. Although
the camera setup had a large field of view for this application, there was still a limit whereby the
entire twisted region of the archwire could not be fully imaged. In order to capture the full inter-
bracket distance, the field of view would have to be shifted, meaning bracket deformations may
not be measurable to the same extent as shown in this study. It may be of interest to see what
occurs to the archwire at the boundary condition of the clamp tip, which can serve as a confirmation
of the operational effects of the OTS on third-order torque. Currently, the cameras are mounted

such that the archwire spans the smaller width of a captured image as opposed to the longer length.
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Adapting the camera mounts to have the cameras rotated 90° such that the image length and width
are switched may allow for the archwire to span the length of an image; however, it remains to be
determined whether this will adversely affect the depth-of-field of the images. In the event that the
depth-of-field becomes less suitable in capturing both the archwire and bracket, it may be
necessary to use Scheimpflug adapters in the system setup. However, including Scheimpflug
adapters inherently increases the magnification while reducing the field of view, where the latter
effect may negate any benefits gained from rotating the cameras. This can be studied and compared

to have a definitive result for future system setup.

Further, the microscopic scale of the experiment could result in measurements being influenced
by the thickness of the applied spray paint coating and speckling. The effects of paint thickness on
3D DIC measurements were not explored in this study, but it is noted that a thinner layer of paint
would be more representative of the surface responses relative to thicker layers. While spray
painting the archwires, careful attention was used to apply as little paint as possible that still
resulted in full coverage of the highly reflective archwire surfaces; however, it was evident that
the paint layer had a non-zero thickness. In the small-scale applications of third-order torque (and
other orthodontic contexts), it may be desirable to find alternative sample preparation techniques
for better efficiency and representation of the surface response. One such technique may be micro-
speckle stamping. Stamping can result in smaller speckles compared to the silver-coated
microspheres, but there would have to be considerations regarding the reflective surface of the

archwire regardless of the speckling.

It was seen during experimentation with Damon Q brackets that the passive position of the

archwires resulted in an initial angle such that the imaged surface of the archwire was not parallel

147



to the xy-plane of the DIC system. This resulted in artificial strain measurements prior to the onset
of third-order torque. The strain was actually indicative of rigid body rotation due to the initial
perspective of the archwire relative to the cameras. In performing additional studies, rigid body
rotation calibrations should be performed to assess how artificial strain develops as a consequence

of non-ideal initial archwire angles.

The verification of the DIC setup using FE analysis involved the development of an FE model that
had associated assumptions. While representative of the designed and expected load application
of the OTS, there were still physical discrepancies and variability in the OTS operations that
resulted in deviations from the boundary conditions as presented in the FE model. Obtaining more
accurate geometry of physical materials can reduce the assumptions and simplifications made with
the model. In particular, the archwire cross-section and rigid dowel slot geometry were both
simplified for the FE model. In actuality, these geometries have more complexity and deviations
from nominal dimensions that can affect archwire deformation and strain development over an
applied rotation. The FE model was used to verify the DIC measurements regarding magnitudes
and directionality; however, additional refinements to the FE model can be explored to obtain a
better representation of the physical operations of the OTS. Having a refined model can be used to

verify additional parameters that may be investigated in the future.

5.3 Future Work

There are various improvements to the 3D DIC system that can be utilised for future studies.
Having expanded 3D DIC measurement capabilities can contribute to more comprehensive

understandings of the interactions between the various factors associated with third-order torque.
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Additional experiments can be performed with archwires of various materials, cross-sections,
IBDs, as well as using other orthodontic brackets designed for third-order torque. The capabilities
of 3D DIC measuring archwire deformations and strains can lead to further experimentation where
archwire behaviour is suspected to play a significant role in third-order torque mechanics. This can
lead to critical comparisons between orthodontic materials and aid with the clinical application of
third-order torque. Further, results from 3D DIC can be used in tandem with new FE models that
include additional model parameters such as bracket geometries. A valid 3D DIC measurement

system can provide additional confidence in the accuracy of the FE analyses.

With respect to the physical DIC apparatus, the stereo setup was capable of measuring deformation
and strain fields of a single surface of the archwire. It may be seen in future testing that imaging
multiple surfaces or focusing on the rounded corners is desirable. A reconfiguration of the 3D DIC
system to include additional cameras or reorientation of the existing cameras with respect to the
OTS may be explored to image different regions of interest and consequently additional

interactions between an archwire and bracket during third-order torque.

The OTS has been used extensively to study third-order torque mechanics. The inclusion of 3D
DIC with the OTS enables more experimentation and data collection regarding third-order torque.
In particular, the direct characterisation of orthodontic materials can be used to complement the
insights gained from measured forces and moments that arise during loading. The work presented
detailed the comprehensive system setup and DIC analysis of third-order torque experiments using
the OTS. Further experimentation, including the recommendations and future work avenues listed
can improve the performance of 3D DIC with the OTS, allowing for more complex third-order

torque mechanics to be investigated.
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APPENDIX A RIGID DOWEL REUSABILITY

The same rigid dowel (RD) was used throughout experimentation with third-order torque. To
justify the use of a single RD, it was necessary to confirm that the RD did not exhibit plastic
deformation or wear from applied torques that would lead to decreased torque magnitudes as

testing progressed.

A.1 Initial RD Usage in Previous Experiments

The RD used during experimentation with digital image correlation (DIC) had previously been
used in internal testing with nickel titanium archwires. In the previous third-order torque tests with
the RD, 0.0197x0.025” nickel titanium archwires were rotated to a maximum angle of 46° in 2°
increments. Eight trials were tested with the archwires, using a new archwire with every test. The
torque values at 46° loading are plotted in sequence and shown in Figure A.1. Note the absolute

values of torque are shown to better indicate trends of decrease torque if such a trend exists.
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Figure A.1. Maximum torque magnitudes over sequential third-order experiments using
0.0197x0.025” nickel titanium archwires rotated to 46°.

The average torque measured between the eight trials was -25.34 N-mm, with a standard deviation
of 0.44 N-mm. It was seen in the testing that the maximum torque magnitudes did not sequentially
decrease over the span of testing. This provided confidence that a single RD could be used for

testing.
A.2 RD Usage During Experimentation

Since the RD was used throughout DIC experimentation, maximum third-order torque data could

be analysed to see if any significant drops in torque was perceived as testing progressed.
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A.2.1 Chapter 3 RD Usage

In Chapter 3, 10 trials using stainless steel (SS) archwires (Ormco Corporation, California, USA)
with the RD were tested in sequence, rotating to 30° in 1° increments. The torque values at 30°

loading are shown in Figure A.2.
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Figure A.2. Maximum torque magnitudes over sequential third-order experiments using
0.0197x0.025” stainless steel archwires rotated to 30°.

Over the 10 trials with SS archwires, the average torque was -91.09 N-mm with a standard
deviation of 1.99 N-mm. The torque values did not decrease sequentially even at higher torque

magnitudes.
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A.2.2 Chapter 4 RD Usage

In Chapter 4, 23 trials were each performed using SS and titanium molybdenum alloy (TMA)
archwires (G&H Orthodontics, Indiana, USA), rotating to 30° in 1° increments. During testing,
the sequence between SS and TMA archwires was randomised; however, for further confirmation
that the RD was reusable, the results were separated by material and maximum torques were

plotted in order of testing. The torque values at 30° loading are shown in Figure A.3.

100

3
W

W

Third-Order Torque [N-mm]
[\ 4
[ (e}

0

0 2 4 6 8 10 12 14 16 18 20 22 24
Trial Number

(a)

166



100

~
(9,

Third-Order Torque [N-mm)]
o W
[ (e}

0 2 4 6 8 10 12 14 16 18 20 22 24
Trial Number

(b)

Figure A.3. Maximum torque magnitudes over third-order experiments using
0.019”°x0.025” (a) stainless steel and (b) titanium molybdenum alloy archwires rotated to
30°. Plots are separated by material and resequenced in order of testing.

The average torque and standard deviations for the SS archwires were -73.48 N-mm and 2.10
N-mm, respectively; and were -45.28 N-mm and 1.16 N-mm for the TMA archwires, respectively.
Though the testing was not sequential as archwire materials were randomly interchanged, evidence
of a decreased torque magnitude over the testing for each material should still be apparent if the

RD degrades over time. Ultimately, there was no indication that there was a relationship between

maximum torque magnitude and continued testing using a single RD.
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A.3 R Code

b

Figures created using R were done so using the “ggplot2” package as a part of the “tidyverse’
package collection [89], [90]. Means and standard deviations were calculated using the

“DescTools” package [95].

For all four plots shown, data was tabulated within one data frame, where the columns were

organised as:

Material: Indicates the archwire material as “NiTi” or “StSt” for the first two plots,

and “SS” and “TMA” for the latter two as character variables

Trial; Indicates trial number as a numeric variable

Torque: Indicates measured maximum third-order torque as a numeric variable

The R code is shown below:

# Load libraries
library(tidyverse)
library(DescTools)

# Create variable containing string of where data is saved

filepath <- file.path(
"[personal filepath redacted]"

)

# Set working directory

setwd(filepath)

# Initiate vector with material labels
mat <- c("NiTi", "stst", "ss'", "TMA")

# Use for loop to create plots for all four material instances
for (i in mat) {

data <- read csv("RD MaxTorqueValidation.csv")

data$Torque <- -Il*data$Torque

data <- filter(data, Material == i)
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Desc (data)

pl <- ggplot(data = data, mapping = aes/(
x = data$Trial,
y = data$Torque
)) +
geom point () +
geom line() +
ylim (O, 100) +
scale x continuous(limits c(0, length(data$Torque)),
breaks = seq(0, RoundTo(length(data$Torque), 2,

ceiling), 2))+

labs(x = "Trial Number", y = "Third-Order Torque [N-mm]") +

theme light() +

theme (

text = element text(size = 12, family = "serif")

)
pl
ggsave (pasteO("RDValidation ", i, ".png"), width = 6, height = 4, units =
"in", dpi = 320)
}
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APPENDIX B ORTHODONTIC TORQUE SIMULATOR GEAR

TRAIN BACKLASH

The Orthodontic Torque Simulator (OTS) uses a stepper motor to drive the rotation of the clamp
housing. The motor shaft is coupled to a worm gear, and the clamp housing is coupled to a spur
gear. When the stepper motor changes direction, there is backlash in the gear train where the
clearance between gear teeth elicits a small amount of worm gear rotation prior to re-establishing
contact with the spur gear. This backlash results in a small discrepancy of angular position between
the program inputs and the physical OTS. The effect of backlash can increase over time as the

mechanical components are subject to wearing.

To quantify the backlash in the OTS, an experiment was conducted by a previous lab researcher
to measure the differences in angular input versus the actual measured angle. The OTS was rotated
from 0° to 15° and back to 0° in 3° increments, in which the angles were measured in the loading
and unloading directions. The experimental procedure included rotation with and without and

archwire clamped in the housing, and 30 trials were performed for either condition.

In calculating the backlash, angular measurements at 0° and 15° were discarded to isolate the
measured values from the change in direction and consequent backlash. If these values were
included, it may have been possible that the angular measurements were not actually realised in
the physical system due to backlash not being fully removed during the change in direction. The
remaining angles between 3°, 6°, 9°, and 12° were used to take the differences in measured angles
when loading and unloading, and the differences were averaged for each trial. Finally, all values

were averaged for loading and unloading, and averaged once more to compute backlash as 1.0298°.
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For all OTS trials, an angular correction of 1.0298° is applied to unloading angular positions to
account for the backlash. This is seen graphically when examining charts with measurements as a
function of angle. The measured differences from the backlash experiments are reported in Table
B.1.

Table B.1. Average differences in angular position when loading and unloading the OTS

with and without an archwire in the clamp housing.
Trial Average Difference with Archwire [°]  Average Difference without Archwire [°]

1 1.00 0.90
2 1.10 1.20
3 1.05 1.10
4 1.10 1.05
5 0.95 0.95
6 1.00 1.10
7 1.25 0.95
8 1.05 0.90
9 1.15 1.05
10 1.35 1.05
11 1.45 1.00
12 1.35 1.00
13 1.10 1.00
14 1.30 1.20
15 1.00 1.05
16 1.00 1.10
17 1.20 0.95
18 1.00 0.95
19 1.05 1.00
20 0.90 1.00
21 1.15 1.05
22 1.05 1.20
23 0.95 1.05
24 1.05 1.10
25 1.05 1.05
26 1.10 1.05
27 0.95 1.00
28 1.00 1.00
29 1.00 1.05
30 1.15 1.00
Average 1.0581 1.0016
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It can be recommended that as additional experimentation is performed using the OTS, backlash
should be updated to account for further degradation of the gear train tolerance from continued

use.

172



APPENDIX C SPECIMEN SPECKLING PROCEDURE

The initial speckling technique involved using matte black spray paint (Sherwin-Williams, Ohio,
USA) applied in thin layers to ensure an even coating on the corrugated fibreboard surface. The
speckles were created using diluted white acrylic paint. The paint was applied using a siphon-fed
airbrush (Paasche H-Series, Paasche Airbrush Co., Wisconsin, USA). The input air pressure and
distance between the airbrush nozzle and test specimen were sequentially varied to determine the
nature of the speckle deposition on the spray-painted surface. The air pressure was varied between
20-60 psi in 10 psi increments, and distance between the nozzle tip and specimen was held constant
at 10 cm. The speckled corrugated fibreboard samples were compared to evaluate the size and
distribution of the speckles. It was found that the samples sprayed at 60 psi had the most uniform
speckle size and the least amount of blotchiness. Moving forward using 60 psi as the input air
pressure, distance was then varied at 5, 10, and 20 cm by measuring the distance between the
samples and airbrush nozzle with a standard ruler prior to spraying. When the nozzle was at 5 cm,
speckle density was too high, and when the nozzle was at 20 cm, speckle quality was not as
consistent as at 10 cm. Ultimately, speckling with an air pressure of 60 psi and spraying at a
distance of 10 cm was the most suitable. The differences in speckles when varying nozzle pressure
while keeping nozzle distance constant at 10 cm are shown in Figure C.1; and similarly, differences
in speckles when vary nozzle distance while keeping nozzle pressure constant at 60 psi are shown
in Figure C.2. When the speckles were applied from the shortest distance of 5 cm, it was found
that the speckle density became too high and the contrast between the speckles and the background

was poor. When spraying from larger distances of 10 cm or 20 cm, the effect was mitigated, and
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the speckle density resulted in better contrast and speckles showed small variation in size over the

surface area.
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Figure C.1. Differences in speckle patterns on corrugated fibreboard when varying
nozzle pressure from (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 psi while keeping nozzle
distance constant at 10 cm. Red boxes indicate example regions of low speckle density,
green boxes indicate regions of low consistency in speckle size.
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Nozzle pressure: 60 psi
Nozzle distance: 20 cm

(a) | (b) ©)

Figure C.2. Differences in speckle patterns on corrugated fibreboard when varying
nozzle distance from (a) 5, (b) 10, and (c) 20 cm while keeping nozzle pressure constant at
60 psi. The red boxes indicate regions of high speckle density and resultant lower
contrast.

' Nozzle pressure: 60 psi «. Nozzle pressure: 60 psi
Nozzle distance: 5 cm " Nozzle distance: 10 cm

Given the results from the initial speckling tests, 0.019”x0.025” stainless steel archwires were
speckled to determine if the speckling distribution as seen on the corrugated fibreboard was
transferrable onto the archwire surfaces. Archwires prepared with a similar base coat of matte
black spray paint were then speckled using an air pressure of 60 psi and nozzle distance of 10 cm.
However, the resulting speckles were found to be highly irregular with respect to the surface area
of the archwire. The inconsistencies seen in the speckle patterns were deemed unsuitable for image

correlation. An example of the resulting speckle pattern can be seen in Figure C.3.
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Figure C.3. Archwire speckling with white acrylic paint. Inconsistencies in speckle size
are highlighted in circled regions.

The limited available surface area of the archwire necessitated a different speckling technique. The
white acrylic paint was replaced with a different medium. Silver-coated solid glass microspheres
(Cospheric LLC, California, USA) were explored for their consistent size and high reflectivity.
Manufacturer specifications indicated that within a given sample, over 90% of all microspheres
would conform to diameters between 1 and 7 microns [96]. When dispersed, these microspheres
are invisible to the naked eye; however, with appropriate camera systems and lighting conditions,
they appear as white speckles when imaged. The microspheres were deposited onto the archwire
using the same siphon-fed airbrush as before. To evaluate the distribution of the microspheres, a

similar process using corrugated fibreboard was performed.

Initially, the microspheres were added to water to provide a fluid base to airbrush. It was
determined that the microspheres would not adhere to the spray-painted surface when applied in
this manner. To ensure adequate microsphere adhesion onto the surface, a solution of water and
polyvinyl acetate (PVA) glue was prepared. The ratio between water and PVA was determined by
incrementally adding PV A into water until the solution exhibited adhesive properties, which was
established at a 10:1 ratio of water to PVA. The microspheres were then added at approximately
1% by mass. Using this mixture, the microspheres showed better adhesion when deposited onto
painted surfaces. In this application of speckling with microspheres, it is noted that the air pressure

and distance between nozzle tip and archwire have different effects on the speckle pattern
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compared to the acrylic paint. Since the size of the microspheres are as manufactured and do not
change when speckled, air pressure and distance only affect the density of the microsphere
distribution. Therefore, to control the density of microspheres deposited onto the surface, single
passes with the airbrush at 10 cm and 60 psi were used, and the samples were checked under
cameras after every pass. This was repeated until the speckling density displayed a stochastic

pattern with high contrast between the speckles and the background.

Furthermore, it was found that the orientation of a speckled specimen would influence the final
speckle pattern. The microspheres would settle over time when suspended in solution. If a
specimen is oriented vertically such that the microspheres are deposited onto a sloped surface, then
over the duration it takes the solution to dry, the microspheres will sink due to gravity. Conversely,
microspheres that were deposited directly above onto a specimen oriented horizontally did not
exhibit the same sinking phenomenon. The differences in specking pattern on the corrugated
fibreboard samples in the two orientations can be seen in Figure C.4. Note that speckle densities
are not consistent between the two orientations, but the undesired settling of microspheres is

evident for the vertical specimen and is not apparent for the horizontal specimen.
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(a) (b)
Figure C.4. Resultant speckle pattern comparisons using silver-coated microspheres for
(a) vertically and (b) horizontally oriented test specimens during speckling.

Given the findings from speckling experimentation with the microspheres, the speckling procedure
applied to archwires consisted of using the microsphere mixture and spraying on archwires that
were laid flat. Straight archwire samples were prepared by arranging several segments of archwires
together, such that when spray-painting and speckling, only the top surfaces of the archwire would
be exposed. Further, the archwire segments were masked on either end to limit the exposed surface
area. The length of the exposed area was 12.8 mm, which matched the span of the rigid dowel
(RD) width and the two inter-bracket distances on either side. This length also allowed for fine
horizontal adjustment of the archwire position when under the field of views of the cameras.
Applying the microspheres was completed over several passes with adequate drying time in
between passes. The archwires were checked for speckle quality between consecutive applications

of microspheres. The archwire speckling can be seen in Figure C.5. In using the microspheres, the
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speckle size and distribution on the archwire surface is more consistent in comparison to acrylic
paint speckling; therefore, this speckling technique was used for all consequent tests. In addition,
the RD was also spray-painted matte-black to prevent high intensity reflections of light into the
camera sensors during testing. A comparison of the RD prior to and post spray-paint application
is shown in Figure C.6. The contrast in speckles on the archwire is more evident when the RD is

spray-painted, as the exposure is more consistent throughout the field of view of the image.

Figure C.5. Archwire speckling with silver-coated solid glass microspheres.

[ ™~

(a) (b)
Figure C.6. Image exposure comparisons of the rigid dowel (a) without and (b) with
black spray-paint application. A prepared archwire is included in proper position to
compare speckle quality.
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APPENDIX D PRELIMINARY FINITE ELEMENT MODEL

SETUP

In performing the finite element (FE) analysis for third-order torque mechanics using the rigid
dowel (RD), iterations of the model were performed and simulated to better replicate the physical
application of the Orthodontic Torque Simulator (OTS). The geometry of the model was simplified
to include just an archwire and the RD, removing all other components of the OTS. In doing so,
appropriate boundary conditions were considered and applied onto the model, which are detailed

in this appendix.

D.1 Initial Model Geometry

D.1.1 Symmetry

The OTS applies third-order torque by rotating an archwire from both ends of the clamp tips. This
bilateral torsion enables the utilisation of symmetry in the FE model. Based on the coordinate
system shown in Figure D.1, the yz-plane was the plane of symmetry for third-order torque.
Therefore, both the archwire and the RD were modelled such that a symmetric boundary condition
could be applied onto the surfaces coincident to the yz-plane. The symmetry applied to the model

can be seen in Figure D.2(a) and (b).
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Figure D.1. Schematic of the OTS coordinate system with reference to the archwire and
rigid dowel.
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Figure D.2. Geometry of rigid dowel and archwire showing the (a) isometric view and
(b) faces of symmetry.
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D.1.2 Rigid Dowel Geometry

The RD was modelled based on the dimensions as prepared for manufacturing as seen in Figure
D.3. The variations in geometry between the manufacturer drawing versus the FE model of the RD
included the symmetric modelling where only half the RD was modelled, and small fillets in the
archwire slot were included to reduce the stress concentrations at the corners of the slot when

performing the FE analysis.
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Figure D.3. Manufacturing drawing of rigid dowel, dimensioned in inches (bracketed
values are in millimetres).

In the case of dimensions with tolerances, the slot width was modelled with a dimension 0f 0.0195”
to include a small gap on either side of the archwire when it is inserted into the slot. The slot depth

was modelled as 0.035” to be taken as the midpoint between the allowable tolerances.
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D.1.3 Archwire Geometry

In practise, an archwire is not a perfect rectangular prism, as the corners are rounded during the
manufacturing process. The archwire was modelled to include rounded corners to better match
archwire geometry seen in commercial archwires. The dimensions of the rounded corners were
determined by superimposing the cross-section of the solid model with an actual image of an
0.0197x0.025” archwire cross-section from literature [58]. It was assumed that the four bevels
would be circular and have the same dimensions, though in manufacturing archwires, bevel
dimensions may deviate from a circle as well as from each other [58]. The comparison between
the modelled archwire with the commercial archwire can be seen in Figure D.4. The length of the
archwire was modelled such that it spanned from the centre of the RD up to the clamp tips, thus
including the inter-bracket distance (IBD) between the edge of the RD and clamps. Therefore, in
the symmetric model, the length of the archwire totalled 6.4 mm from the plane of symmetry up
to the end of one IBD. The archwire was positioned inside the RD slot such that it was both

vertically and horizontally centred within the slot, which is shown in Figure D.5.
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Figure D.4. 0.019”x0.025” rectangular archwire cross-sections as modelled for finite
element analysis.

Geometry

Figure D.5. Archwire placement inside rigid dowel slot.
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D.2 Material Properties

In the model, program-default stainless steel was applied to both the RD and archwire [85]. Using
these properties with the initial analysis would indicate whether non-linearities in material
properties would have to be considered for the final model. The material properties of the steel are
shown in Table D.1. The material properties were cross-referenced with online material databases

and it was found that the values closely matched conventional 304 stainless steel [97].

Table D.1. Stainless steel material properties used in the simplified finite element analysis
of third-order torque of a 0.019°x0.025” archwire in a rigid dowel [85].

Property Value [Unit]
Density 7750 kg/m?
Young’s Modulus 193 GPa
Poisson’s Ratio 0.31

Yield Strength 207 MPa
Ultimate Strength 586 MPa

The element mesh for both components were quadratic order, with the archwire using hexahedral
elements and the RD using a hexahedral-dominant mesh with quadrilateral and triangular face
meshing. Archwire elements were sized to 0.1 mm, and RD elements were left at program defaults;
however, the contact region included a mesh refinement on all RD slot surfaces. The refinement
was applied to approximately match the element sizing seen on the archwire. The resultant mesh

is shown in Figure D.6.
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Figure D.6. Finite element mesh shown with an (a) isometric view and (b) zoomed view of
refined elements in the contact region.

D.3 Boundary Conditions

The boundary conditions, in addition to the symmetry for both components, included the behaviour
of the RD and the archwire independent of one another, and the behaviour of the resultant contact
during torsion. For the RD, the constraints were applied to fix the RD in space. This was done by
fixing surfaces in the bottom half of the RD. The length of the fixed cylindrical face was 6.0 mm
to match the depth of the dowel holder of the OTS and the entire bottom face was also fixed. For
the archwire, the exposed face at the end of the archwire (5 mm away from the RD edge) was
rotated 30° about the x-axis. This effectively matches the rotation applied by the OTS clamps,
assuming a perfect fit between the archwire and clamp, and also assuming the clamp’s rotation

exactly about the centre of the archwire. The overall boundary conditions applied to the RD and
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archwire can be seen in Figure D.7. Lastly, the contact between the two components was applied
as frictional contacts with a coefficient of friction set at 0.7 to match stainless steel. The contact
surface properties were applied to the RD slot walls and the corresponding archwire surfaces that
were expected to contact the walls during simulated rotation. The interface treatment was set as
adjust to touch, which closes initial gaps between the RD and archwire such that contact pairs
make contact in an initial stress-free state [98]. This setting was included to close the initial gaps
between the RD and archwire as a means to maintain contact between the two bodies instead of

having the solution not converge due to an unsolvable contact state [98].

I Fixed Support | Right Rotation

Components: 0. Free, Free mm

Rotation: 30., Free, Free °

Location: 64, 12,256, -5.9631e-016 mm

Z zZ

k. L
0.000 2.500 5.000 (mm) X 0.000 2.500 5.000 (mm) X
(a) (b)

Figure D.7. Boundary conditions for the (a) rigid dowel showing fixed surfaces and (b)
archwire showing the surface with 30° of angular displacement about the x-axis.
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D.4 Model Refinement

Using the initial results from the analysis, the model may be refined with additional parameters
and settings to better reflect the archwire and bracket behaviour under OTS third-order torque
loading conditions. The resultant von Mises stresses determined through the preliminary model

can be seen in Figure D.8.

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
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Figure D.8. Resultant von Mises stresses in MPa on the (a) rigid dowel and archwire
from 30° of archwire rotation and (b) zoomed into the rigid dowel slot.

The magnitudes of the stresses showed that the material yielded as per the von Mises yield criteria,
therefore non-linear stainless steel should be implemented for the material properties of both
components. Much of the archwire body displays stresses much larger than the yield stress, and
similarly the contact region does as well. The inclusion of plastic deformation would be more

representative of the actual stresses and strains experienced by the archwire and RD under the
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torsion regime. Further, the stress distribution around the RD slot indicated discontinuities in the
material, which questioned the use of the adjust to touch contact. In experimenting with various
contact regimes, it was found that the adjust to touch interface treatment was not suitable for the
model, as the initial zero-stress state with surfaces in contact resulted in poor stress propagation
throughout the material. Instead, weak springs were used in the updated model to keep the bodies

in contact without affecting the evolution of stresses over the applied load.
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APPENDIXE R CODE FOR PLOTS AND STATISTICAL

ANALYSIS

R (R Core Team, 2017) [88] was used throughout this thesis for plotting data and statistical
analysis. This appendix includes all R code used throughout main chapters of the thesis. Scripts
for figure generation and statistical analysis are included, and all R packages used are also

included.

E.1 Figure Generation

Figures created using R were done so using the “ggplot2” package as a part of the “tidyverse”
package collection [89], [90]. Figures were exported as portable document formats for post-
generation formatting of size and visual elements. All plots are created following the general

“ggplot2” syntax. Plot codes are presented in chronological order.
E.1.1 Third-Order Torque Plots

The process of plotting third-order torque using R highlighted. Third-order torque plotting methods
are consistent throughout the thesis. Prior to importing the data into R, the data frame was

organised into the following columns:
Trial: Indicates trial number as a numeric variable

Angle: Indicates measured rotation angle as a numeric variable
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Condition: Indicates whether the Orthodontic Torque Simulator (OTS) is “Loading” or

“Unloading” as a character variable

Torque: Indicates measured third-order torque as a numeric variable

Each row contains a unique combination of the four variables. For example, a row containing [3,
15, Loading, -46.2] indicates that during Trial 3, at 15° loading, -46.2 N-mm of torque was

measured. The code for generating the plot is included below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)

# Import data
data <- read csv("Tx.csv")
# Reformat data to prepare for plotting, calculate the mean and standard
deviation for each unique angular instance
data <- group by(data, Angle, Condition) $%>%
summarise (
count = n(),
mean = mean(Torque, na.rm = TRUE),
sd = sd(Torque, na.rm = TRUE)
)

# Generate plot
pl <- ggplot(data = data, mapping = aes|(

x = data$Angle,
y = data$mean,
shape = factor (data$Condition)
)) +
geom point(size = ) +
geom_errorbar (aes (
ymin = mean - sd,
ymax = mean + sd
),
width = ,
size =
) +
labs(x = "Angle [deg]", y = "Third-Order Torque [Nmm]") +

c(25, )) +

scale shape manual (values
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theme light() +
theme (
text = element text(size = , family = "serif")

)

# Show plot in plot pane
pl

# Export plot to pdf, can be in other image formats such as png
ggsave ("Torque.pdf", width = 6, height = 4, units = "in", dpi = )

The graphical output of third-order torque from R is shown in Figure E.1.
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Figure E.1. R output of third-order torque plot.

E.1.2 Bilateral Archwire Surface Strain Plots

Similar to third-order torque, strain was plotted as a function of angle. The bilateral strain plots

included data for both the left and right sides of the imaged archwire and the code highlights how
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the data was handled. Strain data was collected from digital image correlation (DIC) results and

organised into a data frame with the following columns:

Trial:

Angle:

Condition:

Side:

Exx:

Eyy:

Exy:

Indicates trial number as a number variable

Indicates measured rotation angle as a numeric variable

Indicates whether the OTS is “Loading” or “Unloading” as a character

variable

Indicates whether the archwire strain is calculated on the left “L” or right

“R” surfaces relative to the rigid dowel as a character variable

Indicates measured surface strain in the principal x-direction as a numeric

variable

Indicates measured surface strain in the principal y-direction as a numeric

variable

Indicates measured surface shear strain on the xy-plane as a numeric

variable

The code for generating strain plots is shown below:

)

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"

# Set working directory
setwd(filepath)
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# Import data
data <- read csv("Strain.csv")

# Group data into three data frames, one for each strain measured
data xx <- group by(data, Angle, Condition, Side) %>%
summarise (
count = n(),
mean = mean(Exx, na.rm = TRUE),
sd = sd(Exx, na.rm = TRUE)
)

o©
\4
oe

data yy <- group by(data, Angle, Condition, Side)
summarise (
count = n(),
mean = mean(Eyy, na.rm = TRUE),
sd = sd(Eyy, na.rm = TRUE)
)

o
Vv
o

data xy <- group by(data, Angle, Condition, Side)
summarise (
count = n(),
mean = mean(Exy, na.rm = TRUE),
sd = sd(Exy, na.rm = TRUE)
)

# Filter the data to only include strains measured during loading

data xx <- filter(data xx, Condition == "Loading")
data yy <- filter(data yy, Condition == "Loading")
data xy <- filter(data xy, Condition == "Loading")

# Generate and export the plots
pl <- ggplot(data = data xx, mapping = aes(
x = data xx$Angle,
y = data_ xx$mean,
colour = factor(data xx$Side),
shape = factor (data xx$Side)
)) +
geom point(size = 1.5) +
geom_errorbar (aes (
ymin = mean - sd,
ymax = mean + sd

),

width = 0.5,
-

size = 0.25
) +
ylim(=0.02, 0.02) +
labs(x = "Angle [deg]", y = "Strain [mm/mm]") +
scale_shape manual (values = c(l, 4)) +
theme light() +
theme (
text = element text(size = 12, family = "serif")
)
pl
ggsave ("Exx.pdf", width = 6, height = 4, units = "in", dpi = 320)
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p2 <- ggplot(data = data yy, mapping = aes(
x = data yy$Angle,
y = data_yy$mean,
colour = factor(data yy$Side),
shape = factor(data yy$Side)
)) +

geom point(size = ) +
geom_errorbar (aes(
ymin = mean - sd,
ymax = mean + sd
)
width = ,
size =
) +
ylim (- , ) +
labs(x = "Angle [deg]", y = "Strain [mm/mm]") +
scale shape manual (values = c(I, )) +
theme light() +
theme (
text = element text(size = , family = "serif")
)
P2
ggsave ("Eyy.pdf", width = 6, height = 4, units = "in", dpi = )

p3 <- ggplot(data = data xy, mapping = aes(
x = data_xy$Angle,
y = data_xy$mean,
colour = factor(data xy$Side),
shape = factor(data xy$Side)
)) +

geom point(size = ) +
geom_errorbar (aes (
ymin = mean - sd,
ymax = mean + sd
),
width = ,
size =
) +
ylim (- , ) +
labs(x = "Angle [deg]", y = "Strain [mm/mm]") +

scale shape manual (values
theme light() +

c(l, 4)) +

theme (
text = element text(size = , family = "serif")
)
p3
ggsave ("Exy.pdf", width = 6, height = 4, units = "in", dpi = )

The graphical output of surface shear strain from R is shown in Figure E.2. Principal strain plots

have similar R outputs and are not shown.
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Figure E.2. R output of surface shear strain plot.

E.1.3 Mesh Convergence Plot

The data for the mesh convergence plot was collected during the finite element (FE) analysis. The

data frame for the mesh convergence plot was organised as follows:

Indicates the total number of nodes used to mesh the archwire body for each

Nodes:
simulation during the mesh convergence test a numeric variable

Indicates the maximum surface shear strain measured along the selected

Shear:
path as a numeric variable
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The code for generating the plot is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <= file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd (filepath)

# Import data
data <- read csv("MeshConvergence.csv'")

# Generate and export the plot
pl <- ggplot(data = data, mapping = aes/(
x = data$Nodes,
y = data$Shear
)) +
geom point() +
geom line() +
x1lim (0, 55000) +
ylim (0, 1200) +

labs(x = "Number of Archwire Nodes",
y = "Maximum Shear Stress Along Path [MPa]") +
theme light() +
theme (
text = element text(size = 12, family = "serif")

)
pl
ggsave ("MeshConvergence.pdf", width = 6, height = 4, units = "in", dpi =
320)

The graphical output of the FE mesh convergence from R is shown in Figure E.3.
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Figure E.3. R output of mesh convergence plot.

E.1.4 DIC versus FE Analysis Archwire Shear Strain Comparison Plot

The plots for shear strains measured using DIC versus FE analysis utilised the technique of plotting
data from multiple data frames onto the same plot. The DIC strain data frame is identical to the
one used in E.1.2 in both structure and enclosed data. Two separate FE data frames are used with

different data, but both data frames were organised as follows:

FE Angle: Indicates the simulated rotation angle as a numeric variable

FE Exy: Indicates the simulated surface shear strain as a numeric variable

The code to generate the plot is shown below:
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# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <= file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd (filepath)

# Import data

data <- read csv("Strain.csv")
FEdata <- read csv("FEStrain.csv")
FEdata2 <- read csv("FEStrain2.csv")

data xy <- group by(data, Angle, Condition, Side) %>%
summarise (
count = n(),
mean = mean(Exy, na.rm = TRUE),
sd = sd(Exy, na.rm = TRUE)
)

data_xy <- filter(data_xy, Condition == "Loading")
data xy <- filter(data xy, Side == "R")

pl <- ggplot() +
geom_point (
data = data xy, mapping = aes(
x = data_xy$Angle,
y = data_ xy$mean
),
colour = "#00BFC4",
shape = 4
) +

geom_errorbar (
data = data xy, mapping = aes|(
x = data xy$Angle,
ymin = data xy$mean - data xy$sd,
ymax = data xy$mean + data xy$sd
),

colour = "#00BFC4",
width = 0.5,
size = 0.25

) +

geom_point (
data = FEdata, mapping = aes(
x = FEdata$FE Angle,
y = FEdata$FE Exy
),
colour = "#7CAE00",
shape = 3
) +
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D) n

ylim(=-0.02, 0.02) +
labs(x = "Angle [deg]", y
scale shape manual (values
theme light() +
theme (

text = element text(size = 12,

"Strain [
4)y +

)
pl
ggsave ("ExyFE.pdf", width = 4,
p2 <- ggplot() +
geom_point (
data = data_xy, mapping = aes|(
x = data_xy$Angle,
y = data_xy$mean
),
colour = "#00BFC4",
shape = 4
) +

geom_errorbar (
data = data_xy, mapping = aes|(
x = data_xy$Angle,
ymin = data xy$mean - data xy$sd,
ymax = data xy$mean + data xy$sd
),
colour = "#00BFC4",
width = 0.5,
size = 0.25
) +

geom_point(
data = FEdata, mapping = aes(
x = FEdata$FE Angle,
y = FEdata$FE Exy
),
colour = "#7CAE00",
shape = 3
) +

geom point (
data = FEdata2, mapping = aes(
x = FEdata28FE Angle,
y = FEdata2$FE Exy
),
colour = "#F8766D",
shape = 3
) +
ylim(-0.02, 0.02) +
labs(x = "Angle [deg]", y
scale shape manual (values

"Strain
4) +

height = 4,

mm/mm] ")

units

[mm/mm]")

+

family = "serif")

320)

= "in", dpi =

+
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theme light() +

theme( # panel.grid.major = element blank(),

element blank(),

# panel.grid.minor =
text = element text(size = , family = "serif")
)
p2
ggsave ("ExyFE2.pdf", width = 4, height = 4, units = "in", dpi = )

The graphical output for the DIC and FE strain comparisons from R is shown in Figure E.4. The

second plot is shown with the two FE results rather than the first plot with a single FE result.
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Figure E.4. R output of shear strain comparison between DIC and FE techniques.

E.1.5 Maximum Third-Order Torque Plots

Maximum third-order torques at 30° rotation are plotted for each group in the factorial design. The

data frame for maximum torque was organised as follows:
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Material: Indicates the archwire material as “Stainless Steel” or “Titanium

Molybdenum Alloy” as a character variable

Bracket: Indicates the bracket type as “Rigid Dowel” or “Damon Q” as a character
variable
Torque: Indicates the measured torque as a numeric variable

The code used the generate the plot is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)

# Import data

data <- read csv("TorgueResults.csv'")

# Convert negative torque values to positive
data$Torque <- -Il*data$Torque

# Generate and export the plot

pl <- ggplot(data = data, mapping = aes(
x = factor(data$Material),
y = data$Torque,

colour = factor(data$Bracket),

stroke =
)) +

geom jitter(width = ) +

ylim (O, ) +

labs(x = "Archwire Material", y = "Third Order Torque'", colour = "Bracket
Type") +

scale colour discrete(limits = c("Rigid Dowel", "Damon Q")) +

theme light() +
theme (panel.grid.major = element blank(),
panel.grid.minor = element blank(),
text = element text(size = , family = "serif"))
pl
ggsave ("MaxTorqueGroups.pdf", width = 6, height = 4, units = "in", dpi =
)

The graphical output of maximum third-order torque from R is shown in Figure E.5.
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Figure E.5. R output of maximum third-order torque plot.

E.1.6 Archwire Surface Shear Strain Versus Total Number of Vectors in

Probed Area Plots

Average surface shear strain values were compared based on the number of total vectors included

in the area used for averaging. The data frame was organised as follows:

Vectors: Indicates the number of vectors used to average the shear strain material as

a numeric variable

Angle: Indicates the measured rotation angle as a numeric variable
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Condition: Indicates whether the OTS is “Loading” or “Unloading” as a character

variable

Strain: Indicates average surface shear strain on the xy-plane as a numeric variable

The code used to generate the plot is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)

# Import data
data <- read csv("ExyVsAreaRD.csv'")

loading <- filter(data, Condition == "Loading")
unloading <= filter(data, Condition == "Unloading")

# Generate and export the plots
pl <- ggplot(data = loading, mapping = aes/(
x = loading$Vectors,
y = loading$Strain,
colour = factor (loading$Angle)
)) +
geom point(size = 1.5) +
geom line() +
x1im (0O, 4000) +
ylim(-0.003, 0.007) +
labs(
x = "Vectors in Rectangular Area", y = "Shear Strain on XY-Plane
[mm/mm]",
colour = "Angle"
) +
scale colour viridis d(begin = 0, end = 0.75) +
theme light() +
theme (
legend.position = "none'",
text = element text(size = 12, family = "serif")
)
pl
ggsave ("ExyVsProbeArea loading.png", width = 6, height = 4, units = "in",
dpi = 320)

p2 <- ggplot(data = unloading, mapping = aes(
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x = unloading$Vectors,
y = unloading$Strain,
colour = factor (unloading$Angle)
)) +
geom point(size = ) +
geom line() +
x1im (O, ) +
ylim(- ' ) +
labs(
X = "Vectors in Rectangular Area", y = "Shear Strain on XY-Plane
[mm/mm]",
colour = "Angle"
) +
scale colour viridis d(begin = 0, end = ) +
theme light() +
theme (
legend.position = "none'",
text = element text(size = , family = "serif")
)
P2
ggsave ("ExyVsProbeArea unloading.pdf", width = 6, height = 4, units = "in",
dpi = )

The graphical output of surface shear strain as a function of total vectors from R is shown in Figure

E.6. The plot shown is for loading; the output for unloading is similar and is not shown.
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Figure E.6. R output of surface shear strain as a function of total vectors.

E.1.7 Archwire Surface Shear Strain versus Probe Rectangle Height Plot

The surface strains were plotted for each group based on the height of the rectangle used to average

the strain values. The data frame was organised as follows:

Bracket:

Material:

Height:

Indicates the bracket type as “Rigid Dowel” or “Damon Q” as a character

variable

Indicates the archwire material as “Stainless Steel” or “Titanium

Molybdenum Alloy” as a character variable

Indicates the height of the rectangle as a numeric variable
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Mean: Indicates the measured average surface strain as a numeric variable

SD: Indicates the standard deviation of average surface strain as a numeric

variable

The code to generate the plot is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)
# Import data
data <- read csv("ExyVsArea.csv'")

# Generate and export the plot
pl <- ggplot(data = data, mapping = aes|(
X data$Area,
y = data$Mean,
colour = factor(data$Material) :factor(data$Bracket),
shape = factor (data$Material) :factor (data$Bracket)
)) +
geom point(size = 1.5) +
geom_errorbar (aes (
ymin = data$Mean - data$ Standard Deviation',
ymax = data$Mean + data$ Standard Deviation’

width = 0.01,
size = 0 ‘
) +
x1im(-0.01,0.31) +
y1lim(0,0.015) +
labs(x = "Rectangle Height [mm]", y = "Surface Strain",
colour = "Bracket Type", shape = "Bracket Type") +
scale shape manual (values = c(15, 16, 17, 18)) +
theme light() +
theme (
text = element text(size = 12, family = "serif")
)
pl
ggsave ("ExyVsArea.pdf", width = 6, height = 4, units = "in", dpi = 320)
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The graphical output of surface shears strain as a function of rectangle height from R is shown in

Figure E.7.
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Figure E.7. R output of surface shear strain as a function of rectangle height.

E.1.8 Archwire Surface Shear Strain Plots

The archwire surface shear strain plots for each group are plotted for comparison. The data frame

was organised as follows:

Material: Indicates the archwire material as “Stainless Steel” or “Titanium

Molybdenum Alloy” as a character variable

Bracket: Indicates the bracket type as “Rigid Dowel” or “Damon Q” as a character

variable
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Angle: Indicates the measured rotation angle as a numeric variable

Strain: Indicates the measured average surface strain as a numeric variable

The code to generate the plots is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <= file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)

# Import data
data <- read csv("ShearStrain.csv'")
data <- group by(data, Material, Bracket, Angle) %>%
summarise (
count = n(),
mean = mean(Strain, na.rm = TRUE),
sd = sd(Strain, na.rm = TRUE)
)

Exys loading <- filter(data, Angle %% 1 == 0)
Exys unloading <- filter(data, Angle %%

# Generate and export the plots
pl <- ggplot(data = Exys loading, mapping = aes(
x Exys loading$Angle,
y = Exys_ loading$mean,
colour = factor(Exys loading$Bracket) :factor (Exys loading$Material),

shape = factor(Exys loading$Bracket) :factor (Exys loading$Material),
stroke = 0
)) +
geom point(size = 1.5) +
geom_errorbar (aes (
ymin = mean - sd,
ymax = mean + sd
),
width = 0.5,
size = 0.25
) +
labs(
x = "Angle", y = "Surface Strain",
colour = "Bracket Type'", shape = "Material”
) +
x1im(0,30.5) +
ylim(-0.003, 0.017) +
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scale shape manual (values = c(15, , , )) +
theme light() +
theme (text=element text (size , family = "serif"))
pl
ggsave ("ExyLoading.pdf", width = 6, height = units = "in", dpi = )

4 4 -

p2 <- ggplot(data = Exys unloading, mapping = aes(
x = Exys_unloading$Angle,
y = Exys unloading$mean,
colour = factor(Exys loading$Bracket) :factor (Exys loading$Material),

shape = factor (Exys loading$Bracket) :factor (Exys loading$Material),
stroke =

)) +
geom point(size = ) +
geom_errorbar (aes (
ymin = mean - sd,
ymax = mean + sd
),
width =
size =
) +
labs(
x = "Angle", y = "Surface Strain",
colour = "Bracket Type'", shape = "Material"
) +
x1im (O, ) +
ylim (- , ) +
scale shape manual (values = c(15, , , )) +
theme light() +
theme (text=element text(size = , family = "serif"))
P2
ggsave ("ExyUnloading.pdf", width = 6, height = units = "in", dpi = )

4 4 -

The graphical output for surface shear as a function of rotation angle from R is shown in Figure

E.8. The plot shows strains measured when loading; the output for strains measured when

unloading is not shown.
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Figure E.8. R output of surface shear strain as a function of rotation angle.

E.1.9 Bracket Tie-Wing Displacement Plots

Damon Q bracket displacements were measured by comparing the distances between the top and

bottom tie-wings on the left side of the bracket. The displacements were measured in the y- and

z-directions. The data frame was organised as follows:

Material:

Angle:

TopY:

Indicates the archwire material as “Stainless Steel” or “Titanium

Molybdenum Alloy” as a character variable

Indicates the measured rotation angle as a numeric variable

Indicates the measured y-position of the top tie-wing as a numeric variable
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BotY: Indicates the measured y-position of the bottom tie-wing as a numeric

variable
TopZ: Indicates the measured z-position of the top tie-wing as a numeric variable
BotZ: Indicates the measured z-position of the bottom tie-wing as a numeric
variable

The code to generate the plots is shown below:

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd(filepath)

# Import data
Disp <- read csv("RawDisp.csv")
# Calculate differences in tie-wing distance
Disps <- group by(Disp, Material, Bracket, Angle) %>%
summarise (
count = n(),
mean_y = mean(TopY - BotY, na.rm = TRUE),
sd y = sd(TopY - BotY, na.rm = TRUE),
mean_z = mean(TopZ - BotZ, na.rm = TRUE),
sd z = sd(Topz - BotZ, na.rm = TRUE)
)

Disps loading <- filter(Disps, Angle %% == 0)
Disps unloading <- filter(Disps, Angle %% = 0)
# Generate and export the plots
pl <- ggplot(data = Disps_ loading, mapping = aes(
x = Disps loading$Angle,
y = Disps loading$mean y,

colour = factor(Disps_loading$Material),
shape = factor(Disps loading$Material),
stroke =
)) +
geom point(size = ) +
geom_errorbar (aes (
ymin = mean y - sd_ vy,

ymax = mean y + sd y
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size = 0
) +
labs(
x = "Angle", y = "Y-Displacements (mm)",
colour = "Material'", shape = "Material"
) +
x1im (0, 30
ylim(=0. 20) +
scale_shape manual (values = c(15, 16)) +
theme light() +
theme (text=element text(size = 12, family = "serif"))
pl
ggsave ("DispYLoading.pdf", width = 6, height = 4, units = "in", dpi = 320)
p2 <- ggplot(data = Disps unloading, mapping = aes(
x = Disps_unloading$Angle,
y = Disps unloading$mean vy,
colour = factor(Disps unloading$Material),
shape = factor(Disps_unloading$Material),
stroke = 0
)) +
geom point(size = 1.5) +
geom_errorbar (aes (
ymin = mean y - sd_ vy,
ymax = mean y + sd y
),
width = 0.5,
size =
) +
labs (
x = "Angle", y = "Y-Displacements (mm)",
colour = "Material", shape = "Material"
) +
x1im (0, 30.5) +
ylim(=0.002,0.020) +
scale_shape manual (values = c(15, 16)) +
theme light() +
theme (text=element text(size = 12, family = "serif"))
P2
ggsave ("DispYUnloading.pdf", width = 6, height = 4, units = "in", dpi = 320)

p3 <- ggplot(data = Disps loading, mapping = aes(
x Disps_ loading$Angle,
y = Disps loading$mean_ z,
colour = factor(Disps_loading$Material),
shape = factor(Disps loading$Material),
stroke = 0
)) +
geom point(size = 1.5) +
geom_errorbar (aes (
ymin = mean z - sd_z,
ymax = mean_z + sd z

),
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width = ,

size =
) +
labs(
x = "Angle", y = "Z-Displacements (mm)",
colour = "Material", shape = "Material"
) +
x1im (O, ) +
ylim (- , ) +
scale shape manual (values = c(15, )) +
theme light() +
theme (text=element text(size = , family = "serif"))
p3
ggsave ("DispZLloading.pdf", width = 6, height = 4, units = "in", dpi = )

p4 <- ggplot(data = Disps_unloading, mapping = aes(
x = Disps_unloading$Angle,
y = Disps unloading$mean z,

colour = factor(Disps_unloading$Material),
shape = factor(Disps _unloading$Material),
stroke =
)) +
geom point(size = ) +
geom_errorbar (aes (
ymin = mean z - sd_z,
ymax = mean z + sd z
),
width = ,
size =
) +
labs(
x = "Angle", y = "Z-Displacements (mm)",
colour = "Material", shape = "Material"
) +
x1im (O, ) +
ylim (- , ) +
scale shape manual (values = c(15, )) +
theme light() +
theme (text=element text(size = , family = "serif"))
p4
ggsave ("DispZUnloading.pdf", width = 6, height = 4, units = "in", dpi = )

The graphical output for tie-wing displacement differences in the y-direction while loading from
R is shown in Figure E.9. The outputs for unloading, as well as for the z-direction are similar and

are not shown.
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Figure E.9. R output of as a function of rotation angle.

E.2 Statistical Methods

Statistical analysis was performed using R. Some functions used were available in base R, but the

“tidyverse” package was used to import data.

E.2.1 Factorial Design Randomisation

The randomisation for testing order was determined for the RD and the brackets separately, as the
RD trials were completed prior to the Damon Q bracket trials. The randomisation determined the
archwire material as either SS or TMA. Seeds were used to generate pseudo-random sequences.
By setting seeds, the same randomised sequence is reproducible. Seeds were arbitrarily chosen.

The code used to generate the randomised sequences is shown below:
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# Initialise levels for randomization for full study
material <- rep(c("ss"™, "TA"), )

# Randomisation for Rigid Dowel
set.seed( )
rdsequence <- sample (material, )

# Randomisation for Damon Q Brackets
set.seed( )
dgsequence <- sample(material, )

The output from the randomisation for the RD sequence is:

WA "SS" WTAT WTAN "SS" "SS" WA WTAW WTAW WA "SS" "SS" "SS" "SS" "SS"
wggr WTAT™ WA wggGW WAW WA GG WA Wggrw nggn wggn nggn AN wnggn ngagn

" TA" "SS" "SS" " TA" " TA" "SS" " TA" "SS" "SS" " TA" " TA" "SS" " TA" " TA"
The output from the randomisation for the Damon Q bracket sequence is:

"SS" W "SS" "SS" WA "SS" WA "SS" WA W "SS" wppan "SS" "SS" W
WA WggGY WA nwggn W AW WA wWggn WA wggn WA wggn wggn WA WA wggn

" TA " " S S " " S S " " TA " " TA " " S S " " S S " " TA " " TA " " TA " " TA " " TA " " S S " " S S "

These sequences determined the testing order performed for the factorial design.

E.2.2 Two-Way ANOVA

The code used to perform the two-way ANOVA is shown below:

WA

wTAv

"SS"

nggn

# Load libraries
library(tidyverse)

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]"
)
# Set working directory
setwd (filepath)

# Import data
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data <- read csv("TorgueResults.csv'")
# Convert negative torque values to positive
data$Torque <- -Il*data$Torque

# Prepare group vectors for ANOVA
material <- rep(c(l, 2), each = 40)
bracket <- rep(c(l, 2), each = 23, times = 2)

# Perform ANOVA and get ANOVA table
anoval <- aov(data$Torque ~ material + bracket)
summary (anoval)

The R output of the ANOVA is shown below:

Df Sum Sg Mean Sq F value Pr (>F)

material 1 15458 15458 1637.6 <2e-16 ***
bracket 1 3978 3978 421.5 <2e-16 ***
Residuals 89 840 9

Signif. codes: 0 ‘***/ (0.001 ‘**’ 0.01 ‘*" 0.05

\

4

0.1

\

4

1
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APPENDIX F MATLAB CODE FOR DIC POST-PROCESSING

AND PLOTTING

MATLAB (MATLAB 2019a, The MathWorks, Inc., Massachusetts, USA) was used for image
post-processing. Digital image correlation (DIC) outputs were exported as vector fields as “.im7”
and “.vc7” files and were analysed using a post-processing toolbox (PIVMat 4.10, F. Moisy, lle-
de-France, France) [91]. The colour maps used were imported from the MATLAB package
“Perceptually uniform colormaps” [92]. The script was used to extract displacement and strain
data for all DIC outputs. It requires manual folder navigation to get data for all trials. Plots are

manually exported as “.pdf” files. The MATLAB code is shown below:

%% OTS Archwire Torsion DIC Results Processing

Results of interest: Exy, Displacements
Must navigate to corresponding folder
One trial contains 62 images: 1-31 loading, 32-62 unloading

oe
o\

oe
o\

o0

$% Exy —-- need to be in Exy exported folder
% Goes through the shear strains
Exy = loadvec('*.im7");

showf (Exy, 'Loop', 'CMap', 'viridis'")

%% Exy Individual

% Plots each shear strain and individual angles

close all

% Prepares figures positions relative to monitor

screen = get (0, 'screensize');

width = screen(3)/4; height = screen(4)/4;

figure(1l); figure(2);

set (1, "Position', [screen(3)/2-width-10,screen(4)/2, width, height]);
set (2, '"Position', [screen(3)/2+10,screen(4)/2, width, height]);

$ Input which image # to plot
imgnum = '31'; % 01 will show very small values due to no movement

oe

Plot images
Be in the folder containing .im7 files for Exy
exy = loadvec(strcat ('B0O00',imgnum, '.im7"));

e
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statf (exy)

% exy = maskrectf (exy, [-1.55 -0.22 -1.47 -0.14], 'phys');
figure (1) ;

showf (exy, 'CMap', 'viridis'")

set (gca, 'fontname', 'Times New Roman', 'fontsize', 12)
caxis ([-0.05 0.057])

Q

% Initialise coordinates for rectangular box for probing

xl = -2.5;
X2 = x1 + 2;
y = -0.04;

line = [x1 y-0.05 x2 y+0.05];

% plot rectangle for visual confirmation
rectangle('Position', [x1 y-0.05 2 0.1])

exy line = extractf(exy,line); % delta y of 0 = two rows
statf (exy line)
figure (2)

showf (exy line, 'CMap', 'viridis')
caxis ([-0.05 0.057])

o°

% Exy -- cycle through all angles
Automatically get strain data for all images in data set
Be in the folder containing .im7 files for Exy

o\

o\

vector = ["O1" "02" "03" "04" "05" "06€" "O7" "08" "09" "10"
"1l oM12n "13" "14M "15T U16" 17" "18" "19M "20"
M2LM M22M 23" M24M M25M M26EM M27" 28" "29M "3Q"
"31M "32M 33" "34" M35 "3EM "37" 38" "39" "4Q"
MALM M42" M43 M44M M45T U4EM M4T" "48M™ 49" M50
"S1M M52M M53M M54M ME5M MSEM M57M M5gM n5oM weQr
"eL" "62"];

output = zeros(62,1);

for 1 = 1l:numel (vector)

exy = loadvec (strcat ('B000',vector(i),'.im7"));

exy = extractf (exy, [xl vy x2 yl);
Mask to remove high noise regions that may affect averages
exy = maskrectf (exy, [-1.55 -0.22 -1.47 -0.14], 'phys');

strains = statf (exy);

output (i) = strains.mean;

end

o

o°

o\°

Code to check effects of changing probed area
Outputs strain values at all rectangle heights from 0 to 0.30
“yl1” goes from O to 0.15 since it goes in both +ve and -ve directions

o® oo oP

o\

output = zeros(62,16);
yl = 0:0.01:0.15;
for j = l:numel (y1l)
for 1 = 1l:numel (vector)
exy = loadvec (strcat ('B000',vector(i),'.im7"));

o o°

oe

o\°
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o\

exy = extractf (exy, [x1 y-y1(]j) x2 y+yl(3)]);

5 % exy = maskrectf (exy, [-1.55 -0.22 -1.47 -0.14], 'phys');
% strains = statf (exy);

% output (i,j) = strains.mean;

% end

% end

statf (exy)

showf (exy, 'CMap', 'viridis'")

disp ("DONE")

%% VC7

o\°

Be in the folder containing .vc7 files

V = loadvec('*.vc7");
showf (vec2scal (V, 'norm3d'), 'Loop', 'CMap', 'viridis', 'mesh')
daspect ([1 1 11)

o\

% VC7 Individual
Be in the folder containing .vc7 files

o\

close all

screen = get (0, 'screensize');
width = screen(3)/4; height =
figure(1l); figure(2);

screen (4) /4;

set (1, "Position', [screen(3)/2-width-10,screen(4)/2, width, height]);
set (2, '"Position', [screen(3)/2+10,screen(4)/2, width, height]);

imgnum = '31'; % 01 will show very small values due to no movement
v = loadvec (strcat ('BO00"',imgnum, '.vc7"));
figure (1)

o) AN} ”

% can change “ux” below to any of: norm3d, ux, uy, uz
showf (vec2scal (v, 'ux'), 'CMap', 'viridis"')

daspect ([1 1 11)

set (gca, 'fontname', 'Times New Roman', 'fontsize', 12)
caxis ([-0.15 0.157)

% can change “ux” below to any of: norm3d, ux, uy, uz
statf (vec2scal (v, 'ux'"))

)

% Initialise box for probing wvalues

left = -0.3;
bottom = 0.1;
box = [left bottom (left + 0.5) (bottom + 0.7)];

% rectangle('Position', [left bottom 0.5 0.7])
v_box = extractf (v,box);
% v_box = maskrectf (v _box, [0.18 -1.35 0.31 -1.22], 'phys');

statf (vec2scal (v_box, 'norm3d'))
figure (2)
showf (vec2scal (v_box, 'norm3d'), 'CMap', 'viridis')

220



o\

% VC7 -- cycle through all angles
Automatically get displacement data for all images in data set
Be in the folder containing .vc7 files

o\°

o°

vector = ["O01"™ "Q2'"™ "O03"™ "04" "O5"™ "Oe6"™ M"O7"™ "O8"™ "O9™ "i0"
"1t oti2™ 13" o"i4t omis5"™ "ie™ "1™ vig8"™ "19M™ "20"
"21M" M22™ M23" M"24M™ v25" "2eM" "27M" v28" "29M" "30"
"31LM "M32" "33™ "34"™ "35" "3e" "3T7™ "38"™ "39" "4Q"
WAL M4 M43M™ 44T M4SN M4e™ 4T 48" "M49" "5Q"
"S51"M "52M" "H53M™ M54 "hH5" U"hHgt "57M 58" "59m veQ"
"el" "62"];
output = zeros(62,2);

for 1 = 1l:numel (vector)
v = loadvec (strcat ('B000',vector (i), '.vc7"));
v = extractf (v,box);

% v = maskrectf (v, [0.18 -1.35 0.31 -1.22], "phys"');
disp y = statf(vec2scal(v,'uy'));
disp z = statf(vec2scal(v,'uz'));
output (i, 1) = disp_ y.mean;
output (i,2) = disp_z.mean;
end

disp ("DONE")

An example of a MATLAB generated plot is shown in Figure F.1, where displacements in the z-
direction at 30° loading are projected onto the undeformed image of an stainless steel archwire and

Damon Q bracket.
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Figure F.1. MATLAB output of z-displacements of an archwire and bracket at 30°
loading as measured from DIC.
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APPENDIX G PILOT STUDY FOR FACTORIAL DESIGN

A pilot two-by-two factorial was first performed to determine the appropriate sample size
necessary for the full study. Due to the large difference in archwire material properties and the
resultant interaction with the rigid dowel (RD) versus orthodontic brackets, third-order torque
responses was expected to differ, and a two-way analysis of variance (ANOVA) could be
performed on the torque data to determine sample size. With third-order torque being the only
parameter of interest for sample size calculation, DIC was omitted for the pilot study and was only

utilised for the full study.

The pilot study consisted of five trials per group for a total of 20 trials, making it a balanced design.
Instead of a full randomisation between all 20 trials, archwire material was randomised, while all
testing with the rigid dowel was completed prior to testing with the Damon Q brackets. Statistical
analysis including randomisation sequencing and ANOVA was conducted with R (R Core Team,

2017) [88].

G.1 Third-Order Torque

Third-order torque was measured following the same methodology as previous testing, where a
30° rotation was applied in 1° increments. The torque value at 30° loading was used to perform
the two-way ANOVA. During pilot testing, a procedural error occurred whereby the angular
position of the Orthodontic Torque Simulator (OTS) was not at the passive position to begin a
trial. This resulted in outlier trials which had significantly lower torque values due to the archwire

being rotated at smaller actual angles compared to the recorded angles. Consequently, additional
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trials were performed to ensure that each group had five trials to maintain a balanced design for
the pilot study, and the outlier trials were removed when performing the ANOVA and sample size
calculation. The absolute values of resultant torque at 30° are individually shown in Figure G.1,

including torque from the outlier trials.
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Figure G.1. Individual maximum torques of 0.019”°x0.025 archwires at 30° loading
among all trials in the pilot study.
The full torque curves from 0° to 30° with loading and unloading are shown for each group in
Figure G.2. Evidently, both archwire material and bracket type had a significant effect on the
maximum torque obtained. Stainless steel (SS) archwires led to higher torque values compared to

titanium molybdenum alloy (TMA) archwires, as did using the RD compared to Damon Q

brackets.
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Figure G.2. Third-order torque responses of 0.019”°x0.025” archwires rotated to 30° with
the configurations of (a) stainless steel archwire with rigid dowel, (b) titanium
molybdenum alloy archwire with rigid dowel, (c) stainless steel archwire with Damon Q
bracket, and (d) titanium molybdenum alloy archwire with Damon Q bracket, n = 5.
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To compare the four groups, a two-way ANOVA was performed on the maximum torque values,
and the ANOVA table is shown in Table G.1. The p-values for archwire material and bracket type
are both much less than 0.1, indicating that there is strong evidence against the null hypothesis of
there being no difference between archwire materials or bracket type. This result was intuitive,
and further analysis using the maximum torque values can be performed to obtain the sample size

for the full study.

Table G.1. Two-way ANOVA table of the two-by-two factorial design used in the pilot

study.
Df Sum Sq Mean Sq F-value p-value
Material 1 1453 1453 163.3 <0.001 oAk
Bracket 1 3287 3287 369.4 <0.001 oAk

Residuals 17 151 9

Signif. codes: 0 “***’0.001 “*** 0.01 “*> 0.05°.>0.1 “’ 1

G.2 Sample Size Calculation

To calculate the sample size, effect sizes (n? values) for each factor were calculated using the R
package “DescTools” [95]. Then, the sample size was calculated using the R package “pwr2” [99].
The effect sizes were found to be NZ,¢eriq = 0.2970 and N7, qcxer = 0.6720. Using these effect
sizes, the sample size was determined by setting @ = 0.05 (probability of Type I error) and 8 =
0.20 (probability of Type II error). The sample size required for the full study was found to be 23

trials per group for a total of 92 trials.
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G.3 R Code

The R code used for the pilot study includes all code required for sample size calculation. Code
for figure generation is omitted here as all figure generation code is found in Appendix E. The data

frame used in the pilot study was organised as follows:

Trial: Indicates trial number as a numeric variable

Angle: Indicates measured rotation angle as a numeric variable

Condition:  Indicates whether the OTS is “Loading” or “Unloading” as a character
variable

Torque: Indicates measured third-order torque as a numeric variable

# Load libraries
library(tidyverse)
library(DescTools)
library(pwr2)

# Initialise levels for randomization for pilot test
materials <- rep(c("ss", "TA"), 5)

# Randomisation for Rigid Dowel
set.seed( )
rdsequence <- sample (materials, )

# Randomisation for Damon Q Brackets
set.seed( )
dgsequence <- sample(materials, )

# Create variable containing string of where data is saved
filepath <- file.path(
"[personal filepath redacted]")

# Set working directory
setwd(filepath)

# Import data
data <- read csv("PilotTorque.csv'")
# Convert negative torque values to positive
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data$Torque <- -l*data$Torque

# Prepare group vectors for ANOVA
material <- rep(c(l, 2), each = )
bracket <- rep(c(l, 2), each = 5, times = 2)

# Perform ANOVA and get ANOVA table
anoval <- aov(data$Torque ~ material + bracket)
summary (anoval)

# Calculate effect size using “EtaSg” function from “DescTools” package
eta <- EtaSg(anoval)

# Calculate sample size using “ss.2way” function from “pwr2” package
ss.2way(a = 2, b = 2, alpha = , beta = , £f.A = eta[l]l, £.B = etal?],
B = )

# alpha Significant level (Type I error probability)
# beta Type II error probability (Power=l-beta)

G.3.1 Factorial Design Randomisation

The output from the randomisation for the RD sequence is:

"Ss" "TA" "TA"™ "TA" "SS" "SS" "TA" "SS" "TA" "Ss"

The output from the randomisation for the Damon Q bracket sequence is:
"TA" "SS" "TA"™ "TA"™ "TA" "SS" "SS" "SS" "TA" "SS"

These sequences determined the testing order performed for the pilot study.

G.3.2 Two-Way ANOVA

The R output of the ANOVA table is shown below:
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Df Sum Sg Mean Sg F value Pr (>F)

material 1 1453 1453 163.3 3.83e-10 ***
bracket 1 3287 3287 369.4 5.73e-13 **x*
Residuals 17 151 9

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 *" 0.05 .7 0.1 ' 1

G.3.3 Effect Size and Sample Calculation

The R output for the effect sizes is:

eta.sqg eta.sqg.part
material 0.2970490 0.9057050
bracket 0.6720246 0.9560048

The R output for the sample size is:

Balanced two-way analysis of variance sample size adjustment

a =
b =
sig.level
power =

n =

.05
.8
3

Il
N O O NN

NOTE: n is number in each group, total sample = 92
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