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ABSTRACT

Orthodontists have always been concerned regarding the forces they deliver to teeth

during orthodontic treatment. The clinical analyses of such forces have been largely

intuitive. Traditionally, it is assumed that the forces of retraction are distributed equally

among the anterior teeth during frictionless en masse retraction. The present study was

intended to elucidate the distribution of retractive force transmitted to individual teeth of

the anterior segment by a semicircular archwire during frictionless en masse retraction.

Theoretical models based in static free-body mechanics were developed for both

infinitely flexible and infinitely rigid semicircular archwires to predict the distribution of

retractive force on the six anterior teeth delivered by the archwire alone. The theoretical

models produced similar results for the distribution of retractive force to the anterior

teeth, namely, 55.0% of the retractive force is delivered to the central incisor, 3l2o/ofo

the lateral incisor and 13.7%o to the canine. Using six acrylic rods to represent the

anterior teeth, experimental testing produced results that were in close agreement with

theoretical predictions. For each central incisor rod pair, no statistically significant

difference (p>0.05) in the mean values of the retractive component was found. The same

was true for both the lateral incisor and canine rod pairs. The mean magnitude of the

retractive component was greatest for the central incisors, less for the lateral incisors, and

lowest for the canines. There were also no statistically significant differences (p0.05) in

mean values of retractive force for a given rod when tested with flexible or rigid

archwires. Statistically significant differences (p0.001) in mean magnitudes of

retractive force components were found between the rods representing central incisors,

lateral incisors and canines during testing with both flexible and rigid archwires. The

iii



presence of medial components which were not predicted by the theoretical models

indicate that these models are incomplete in their present form. Results seem to have

implications for anchorage control as well as the need for improved appliance design to

effect efficient en masse anterior retraction.

lv
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f1

Orthodontics deals with the treatment of dental malocclusion and provides a means for

effecting substantial change in the positions of teeth with the goals of improving

occlusion and appearance. Implicit in this is the application of forces to teeth to cause

dental movement through bone and surrounding tissues. Orthodontic appliances are used

to apply mechanical forces to the teeth in the direction of their desired movement. Force

is transmitted from the appliance(s) to the periodontal structures via the en face root

surface area of a tooth, which, as explained by Lee,l is the side of the root facing the

direction of motion and is equal to approximately half of the root surface areawithin

bone. Muny orthodontic appliances exist and have been developed, often with little

knowledge of the nature of the force systems they generate.

FOREWORI)

1.2

Although orthodontists remain interested in the forces they deliver to teeth, the clinical

analysis of such force systems has correctly or incorrectly been intuitive, and myriad

malocclusions have been successfully corrected, often with little knowledge of the

magnitude or direction of force and moments delivered from commonly used orthodontic

appliances.2'3 Specific data on the relation between force systems and dental movement

is essential not only to facilitate orthodontic treatment in a safe and timely manner, but

also to establish an understanding for appropriate appliance design.a's The motivation of

this investigation is not to shed more light on the relation between force and dental

movement, but rather to analyze the force system that is commonly delivered during en

masse retraction and determine if an assumption that many clinicians take for granted in

MOTIVATION FOR THIS INVESTIGATION



appliance design and behavior are coffect, specifically, if there is an equal distribution of

retractive force to the individual anterior teeth.

1.3

The purpose of this investigation is two fold.

1. To mathematically model the retractive forces delivered to the six anterior teeth such

that the proportion of the total retractive force to a particular tooth alone can be

theoretically determined.

2. To test the validity of the mathematical model by developing a physical model of the

six anterior teeth, which allows measurement of the force experienced by each

anterior tooth from the archwire. The model will be designed such that the teeth can

resist moments, allowing only the magnitude and direction of the applied force

produced by the retractive force to be measured.

PURPOSE OF THIS INVESTIGATION

I.4 RATIONALE OF THIS METHOD OF INVESTIGATION

The approach to this investigation offers many advantages. First, a mathematical model

permits easy definition and manipulation of a defined number of variables. It also

provides a sound theoretical basis for any physical model of the same system. Second, a

physical model of a biomechanical system allows for a limited number of variables

compared to a biomechanical system which has numerous, often uncontrollable variables

which cause difficulty in interpretation of results. Third, the physical apparatus is

developed such that every "tooth" being examined responds homogeneously to an

applied fotce, that is, each "tooth" in the apparatus would generally respond in the same



way to the same force. The advantage of this is simply ease of interpretation of results.

Since a purpose of this investigation is to measure the proportion of total retractive force

transmitted to each "tooth," a similar response of each "tooth" permits direct comparison

without having to account for differences in "tooth" size and shape, etc. Fourth, and most

importantly, this novel mathematical and in vitro approach permits analysis of an

otherwise unsolvable in vivo force system. Difficulties of force measurement in vivo are

described in chapter 2, as are descriptions of various in vitro approaches.

1.5

The null hypothesis of this investigation states that there is an equal distribution of the

retractive force among the anterior six teeth for a posteriorly directed retractive force in

en masse retraction.

NULL HYPOTIIESIS

ll.+
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2.1

Two fundamental characteristics of orthodontic appliances which are paramount to their

proper use are the appropriateness of the applied force (biologic force), and the

distribution of this applied force to teeth. Many clinicians assume that there is an equal

distribution of the retractive force to the individual anterior teeth. The essence of the

present investigation is to test and determine whether this assumption about en masse

space closure is correct. If in fact an equal distribution ofretractive force exists in this

situation' we would question whether a particular force that is appropriate for orthodontic

movement of a central incisor would also be appropriate for a smaller-rooted tooth like

the lateral incisor or a larger-rooted tooth like the canine. An examination of the

literature and early experimentation may serve to illuminate the concept of appropriate

force in orthodontic treatment.

CONCEPT OF' OPTIMAL FORCE

2.1.1

While tooth movement through bone is a function of the applied force from the appliance

to the tooth, it is also a function of the biologic response within the supporting structures

of the teeth. The first investigator to systematically investigate the biologic response to

orthodontic movement was Sandstedt. In 1904 he conducted experiments involving

placement of a labial bow against the incisors of a dog and tipping the canine teeth

mesially by daily turns of screws (located at the termini of the labial bow). He described

histologic results of the effects of various forces applied to the canine teeth, and was able

to show that orthodontic movement was achieved for both low and high forces. Further,

RELATION BETWEEN BIOLOGIC RESPONSE AND APPLIED

ORTHODONTIC FORCE



the movement from high force involved necrosis of supporting structures in a process

which he called "undermining resorption." Interpretation of his results suggests that the

biologic processes involved in orthodontic movement are more acceptable,

physiologically, when low forces are employed. This in turn implies that there is a

maximum force which teeth can tolerate before adverse or destructive processes occur. A

failing of his study is the lack of any quantitative information in regards to the

magnitudes of the orthodontic forces used in his studv.6

The earliest quantitative information of the biologic response to an applied orthodontic

force is provided by Schwarzin 1932. Using finger springs to deliver calibrated forces to

tip dog premolars buccally, he was able to show that, histologically, the physiologic

processes of bone resorption and deposition that allowed dental movement from low

orthodontic forces were less destructive than those processes which ensued when high

orthodontic forces were used. Each calibrated spring exerted a tipping force to a group of

three ipsilateral dog premolar teeth. He expressed these forces as pressures, and based on

the results from Sandstedt, stated that dental movement was not destructive when the

pressures generated were not greater than the physiologic blood pressure of the capillaries

within the periodontal ligament space, which approximates an orthodontic pressure not

greater fhan 20 to 26 grams per square centimeter of root surface for mammalian teeth.

His reasoning was that if the capillaries within the periodontal ligament space were not

occluded, undermining resorption would not occur. His experimental results were

consistent with those of Standstedt and he determined that safe orthodontic tooth

movement occurred with continuous forces of 1 5 to 20 grams per square centimeter of



root surface, and undermining resorption occurred when the capillaries were occluded. In

his theory, the existence of an optimal force at which orthodontic dental movement is

safe and eff,rcient is implicit.T

2.r.2

Investigating the concept of optimal force in orthodontic movement, Storey and Smith set

out to determine the values of forces that should be used for specific orthodontic

purposes, particularly cuspid retraction in human patients.s'e Stating that there was a lack

of generally accepted information in this regard, they worked under the assumption that a

light continuous force would yield the best result, based in part on the works by

Sandstedt,6 SchwarzT and Oppenh"im.l0'tl Storey and Smith postulated the existence of

an optimum force or optimum range of forces which should be used for safe and effective

orthodontic dental movement. The term "optimum force" usually describes a force that

produces the most rapid and safe tooth movement.t' Sto.ey sand Smith were dissatisfied

with Schwarz's experimental protocol, claiming that the distribution of force over the

length of a calibrated spring in situ is impossible to assess: Schwarz measured the force

of the finger spring at each site of application individually prior to application,T but the

force system when applied to all three premolar teeth simultaneously car¡rot be resolved.

Also, the springs were reactivated several times during the experiments. Storey and

Smith were also dissatisfied with measuring forces which caused the tipping of teeth

since tipping results in an unequal distribution of force along the root, as illustrated by

Stonerl3 and later by Nickolaila and Haack.l5 Also, the findings from oppenheim were

disputed on the basis that the forces used in his study were not measured. Oppenheim

THE WORK OF'STOREY AND SMITH



believed that no purpose was served in measuring the effect of force quantitatively due to

the wide variation of response in different patients. While Oppenheim's observation that

there is no force light enough to effect orthodontic dental movement without causing

some damage, cannot be entirely dismissed, since the forces were not measured, it does

demonstrate the general lack of understanding of the force systems delivered by

orthodontic appliances of the time.

For the retraction of human canine teeth, Storey and Smith demonstrated that these teeth

moved most effrciently when a force in the range of 150 to 200 grams is used. For forces

between 300 to 500 grams, there was little or no movement of the canine while there was

significant mesial movement of the posterior anchor unit that persisted until the force

from the spring decayed to the range of 200-300 grams. Equating the orthodontic forces

to the ratio of root surface areas of the cuspid and the anchorage unit, they ar¡ived at an

experimentally derived ratio of approximately 3:8. That is, the optimal force for

movement of the cuspid is 3/8 that of the anchorage unit.8 Expressed in other words, the

force exerted per unit area of contact between bone and root of the cuspid required to

produce the maximum rate of dental movement corresponds approximately to that of the

posterior anchorage unit. Applied forces less than the so-called optimum force for a

tooth will cause little or no movement of that tooth. By increasing the force above the

optimum range, the comparative rate of movement decreases to zero, demonstrating a

behaviour which would be expected by the initial process of undermining resorption as

proposed and supported by sandstedt6 and schwartz,T respectively.



2.2 CONCEPT AND CONTROVERSY OF'DIFFERENTIAL F'ORCE

In 1956 Begg used the conclusions from the papers of Storey and Smith in the

publication of his orthodontic techniquer6 to explain an aspect of it which he called

"differential force." He described differential force as a force great enough to move

certain teeth, but insufficient to move others. A relatively small force will move one

tooth if resisted by several teeth, with the reciprocating force distributed over anchorage

teeth which he called "resistance teeth." The teeth in the anchorage unit experience a

lower pressure individually and the forces generating these pressures are lower than the

optimal range for movement of the individual teeth. Begg identified the optimal force for

canine movement at 300 grams, while the use of orthodontic force in his technique was

largely empirical.

Reviews of the relation of applied force and tooth movement by Hixon et al,t2,t7

scrutinized much of the experimentation pertaining to optimum forces for orthodontic

dental movement. For example, they pointed out that tipping introduces several variables

which obscure the relation between applied force and dental movement. Tipping causes

an unequal distribution of the force along the root, with the highest concentrations at the

alveolar crest and apex, and the lowest adjacent to the centre of resistance.la Although

Storey and Smith criticized Schwarz in this regard, they did not adjust their protocol

accordingly in their studies. In fact, the experimental protocol used by Storey and Smith

caused the canine to tip into the extraction sites, whereas the premolar and molar were

prevented from tipping and were secured to an appliance that allowed a more translatory

movement. While forces as light as 1.68 grams have been shown to readily tip teeth.ls

10



translation of a tooth occurs slowly and requires relatively heavier forces,l,le in the order

of hundreds of grams.

It becomes evident that a comparison of forces causing tipping of one tooth and bodily

movement of other teeth is nonsensical when attempting to elucidate the relation between

dental movement and applied force. In fact, Hocevara suggested that the anchorage

phenomenon of differential force response used in the Begg technique be explained as

follows: a light force sufficient to produce tipping, by concentrating the force at the apex

and alveolar crest, may cause negligible movement if the force is delivered such that it is

distributed evenly over a large (root surface) area and the pressure at any point is

insufficient to induce osteoclastic activity to allow the tooth to move.4 Thus, the force

which causes tipping has a reactive force applied to the posterior teeth which is too lisht

to protract these teeth (which are not able to tip due appliance design).

The conclusions from Hixon et al., following careful inspection of experimental method

and variables, do not substantiate the concepts of optimal force or differential force in

orthodontics. They did, however, note that higher forces (i.e., up to 300 grams) in canine

retraction were generally more efficient, and rotation and tipping components associated

with canine retraction were difficult to counteract when the applied force exceeded 300

grams.l2
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2.3 CONF'OUNDS OF CLINICAL STUDIES RELATING

ORTHODONTIC FORCE TO DENTAL MOVEMENT

Scrutiny of the literature thus far demonstrates f,rve major problems which complicate the

clinical study of the relation between magnitude of applied force and dental movement.2

The first is an inability to control the type of dental movement effected by orthodontic

appliances, i.e., tipping versus translation with or without rotation.6'7 In earlier studies,

the crown was used as a reference for measuring tooth movement; the results are difficult

to interpret because the relation between the rates of crown and root movement depends

on the position of the centre of resistance which is difficult to determine and changes

with tippin g.20'21 The second is data that may be biased due to the nonlinear, time-

dependent nature of dental movement following the application of an orthodontic

force.zl-23 The third is the large variations in patient response to dental movement as well

as the errors associated with measurement of such movements make statistically

significant findings difficult to attain.2a'zs The fourth is the deflection of archwires that

may occur during orthodontic movement,l7,26 requires energy. In clinical

experimentation, measurement of energy causing wire deflection during such movement

remains unaccounted for. For the most part, only the orthodontìc force is measured.

Also, archwire deflection adds rotation and tipping components to the dental movement.

The fifth is friction in the archwire/bracket system which can inflate measurable force

levels.27'28 The contribution of friction to the total force system can be accounted for only

if it has been elucidated in previous experiments, and subtracted from the force system

being measured.
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It becomes clear that force standards as a useful guide in appliance design thus far remain

nebulous, and it is not surprising that controversy permeates discussions of optimal force,

differential force and anchorage to this day.re,27,zs,z0 The balance of the literature

pertaining to values of optimal force derived from clinical experimentation deals with

canines on one hand, and groups of posterior teeth termed "anchorage units,, on the other.

The determined value(s) for optimal force(s) vary widely and are, at best, only

suggestions' Given that the variation between patients is likely greater than the

differences between the types of dental movement for a particular force, Hixon claims

that if an optimal force for a given patient is indeed a reality, it cannot be determined

prior to treatment'I7 Thus vr'e are left with no substantial idea of what optimal force

values for orthodontic movement are, beyond what have been accepted as ,.safe,,ranges

o f force for particul ar moveme nts.r 
2' | 7,2 r,27,3 | -33

2.4 FURTHER ATTEMPTS AT ELUCIDATION OF FORCE

SYSTEMS FOR ORTHODONTIC MOVEMENT

Further attempts to elucidate the relation between orthodontic force and dental movement

have generally followed one of two paths. First, attempts to analyzethe clinical response

to various orthodontic forces within and among individuals have been encieavoured.

Second' in vitro or laboratory experimentation of modeled systems in attempts to

minimize and control the myriad variables inherent in a biologic system.
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2.4.1

Boester and Johnston25 set out to determine if there is a force which can be regarded as

optimal for a large percentage of orthodontic patients, and also to determine if there is a

generalized differential response to orthodontic treatment with differential force. A

group of 10 patients were studied. All patients required the removal of four first

premolars and distal retraction of the canines as part of their individual orthodontic

treatment. In each patient, four different retractive forces were used, one in each

quadrant: 55g, 1409, 2259 and 310g. Results of this experiment could not elucidate the

existence of any optimum force, nor could they show any support for the concept of

differential force as a mode of space closure in orthodontic treatment. Relative

anchorage loss was independent of the force used. Similar findings were found (for

dogs) by Pilon et al.2l

INVESTIGATIONS OF CLINICAL RESPONSES TO

ORTHODONTIC FORCE

2.4.2

Several investigators have attempted to minimize the number of variables inherent in a

biologic system by experimentally or mathematically modeling the clinical system being

investigated. Clinically, the measurements and interpretation of such forces are

complicated, since the measurement reflects not only the response of the physical system

of the archwire in the bracket, but also the response of the entire biomechanical system

which is inherently indeterminate and defies analysis. Thus, the goal of experimentation

performed on laboratory models or analysis of mathematical models is to provide a

rational explanation of the behaviour of the biomechanical system by controlling and

IN VITRO EXPERIMENTATION
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manipulating particular variables and studying the effects. It also allows investigations of

other manifestations of orthodontic force which do not lend themselves to methodical

analysis in clinical situations.

For example, Clifford et al. used a photoelastic model to demonstrate the stress

distribution around an entire arch of teeth in response to a reverse curve of Spee.3a

Caputo et al. employed a photoelastic model to visualize the effects of orthodontic forces

applied to a mandibular canine tooth by various segmental retraction springs.3s For

obvious reasons, the distribution of stress surrounding a tooth cannot be directly

visualized clinically. The results of their studies suggest that excessive retractive force

causes a tipping movement of the tooth, which has been shown to occur in spite of any

compensatory bends placed in the spring.36 This in turn demonstrates that even a simple

spring or sectional arch can involve unexpected forces with concurrent undesired dental

movement during retraction. Photoelastic studies have been criticized as a method for

determining force and stress levels due to the crudeness of modeling and interpretation.3T

White et al. developed an experimental apparatus consisting of a metal framework, a

strain gauge and a'Wheatstone bridge to model the mandibular incisors and measure the

forces and moments delivered to these teeth by a mandibular utility arch.3s This work by

White et al. is significant as this method of measurement addressed the complex problem

of force system analysis from a continuous archwire by individually measuring the strain

at each dental position (represented by stainless steel posts) by the utility arch. In

essence, the system was reduced to a series of determinate systems and the data from
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each was compiled to allow interpretation of a force system that was otherwise

unsolvable' A similar technique was used by Murphy et al. to analyze the force system

generated by a contraction utility arch.3e The authors cited several reasons such as

voltage variation, electrical heating, humidity, inconsistent wire bending, positioning of

orthodontic brackets and placement of the utility arch which may have inflated the

resulting measurement error to over 20Yo. The strain gauges did not provide information

which would allow resolution of the forces into their mesiodistal or buccolingual

components; only the magnitudes were registered. Refinements to their experimental

apparati could include a means to allow determination of the direction of the applied

force. Also, the force measurements were accomplished in a static situation which may

not necessarily represent the force system existing in a dynamic environment such as the

oral cavi|y'zt'23 However, the development of this measurement technique was a major

advance in the analysis of force from continuous archwires using models of clinical

situations.

)<

2.5.1

MATHEMATICAL ANALYSES OF' ORTHODONTIC FORCE

SYSTEMS

MATHEMATICAL AND COMPUTER MODELING

A mathematical analysis using generalized field equations for arbitrary curved and

twisted beams in space, allowed Koenig and Burstone to develop a computer modeling

system capable of predicting the force systems delivered by complex orthodontic

appliances.ao This model used a finite-difference matrix technique which is different

from a finite element analysis (to be discussed later). This work was undertaken with the
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expectation that it could be employed in the analysis and determination of force systems

of orthodontic appliances prior to their clinical use. The extension of this analysis to the

clinical situation involves Burstone's segmented arch treatment technique, which was

designed to deliver light constant forces to the tooth or teeth being moved, while

maintaining reasonable control over the anchor teeth.3,al

Eden and Watersa2 investigated the force characteristics of the Type 2 pG canine

retraction spring by breaking down the spring into its component spring elements and

modeling each mathematically according to complementary (strain) energy method

described by Timoshenko.a3 The theoretical behavior of this spring was verified

experimentally using strain gauges to measure the forces and couples produced. They

obtained good agreement between the theoretical and experimental behaviors of this

spring. This implies the following: a) the assumptions presented in Timoshenko's

mathematical model are valid, b) this mathematical analysis could be used with

confidence to theoretically compare the Type 2 PG retractor with other springs, c) this

mathematical model may be used to predict the characteristics of other springs, and d)

mathematical modeling may be a valid method to model springs for the purposes of force

system analysis.

) <',

Finite element analysis (FEA) is a mathematically-based technique used to examine the

physical characteristics of an object. If the object being examined in an orthodontic

spring of arbitrary geometry, the spring is first broken down into a finite number of

FINITE ELEMENT ANALYSIS
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straight segments called elements.aa A stiffness is set for each element via an equation

analogous to Hooke's lawa5 for a spring.* The idea of FEA is to determine how the

behavior of one element effects the behavior of adjacent elements. The results of, for

example, bending of one element becomes the initial condition for the next element, and

the equations are solved sequentially for all elements to determine the behavior of the

entire object. This method of analysis is commonly preformed on computer.

FEA has been used in several studies to analyze retraction springs and the effects of

retraction springsa6'47 alone and in the human dentition.3T Advantages of FEA include the

ability to create and analyze complex configurations before placement and after

placement with deformation, and to envision activations while obtaining data on forces,

moments and rate of movement. The disadvantages of FEA include its absolute

dependence on initial conditions and the procedure of modeling, and it's being commonly

done only in two dimensions

2.5.3 CONCEPTS OF EQUILIBRIUM AND STATICS

Knowing the force systems allows the use of the concept of equilibrium; it may be

assumed that an activated orthodontic appliance in situ is in equilibrium since its

elements are not accelerating. Statics is that area of engineering which uses Newton's

first law of motion to describe equilibrium or balance of forces, and it implies a non-

Hooke's law is F=kx, where F is the applied force, k is the spring constant, and x is the displacement.
This is a linear equation. In finite ele¡nent analysis, the analogous equation is non-linear anå is written
symbolically as {F}=[K]{Q} in which {F} is the applied force, ¡rc1 ii the stiffness marrix which is
dependent on the initial axial force Fo which in turn is a function oi;oint displacement {e} between
adjacent elements.
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accelerating system. The application of the equations of static equilibrium to

orthodontics has been described by Haackas and Burstone et al.3

2.5.4

Analysis of a force system distributed over two bodies is a solvable system as long as the

force system on one of the bodies is known. Such a system is called a determinate

system, since technically, the number of equations required to solve the system is the

same as the number of unknowns, and the equations of static equilibrium may be

employed to elucidate the force system. Burstone treated a group of anchor teeth as one

large tooth by placing a large dimension stainless steel wire in the brackets and/or tubes

and tying them together, thereby treating the group as one of the bodies in a two-body

determinate system.al Thus, Koenig and Burstone's aforementioned computer analysisa0

could be used to analyze the force system developed by a particular orthodontic

appliance, and the segmented arch technique allowed its application to a solvable.

determinate orthodontic system.

DETERMINATE SYSTEMS

2.6

A fundamental step in a considerable number of orthodontic treatments is retraction of

the upper anterior teeth. This stage of treatment remains one of the most challenging to

orthodontists, and the evolution of several techniques and appliances to accomplish

anterior retraction is reflective ofa lack ofunderstanding ofthe force system required for

effective controlled space closure. Examples of various techniques include the K-SIR

archwire,ae finger springs,sO the pG retraction lgop,5l,s2 magnetic repulsion,s3 Nickel-

FORCE SYSTEMS IN ORTHODONTIC SPACE CLOSURE
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Titanium springs,sa'ss elastomeric auxiliaries,ss,s6 J-hook headgear,sT en masse

retraction,ss'se anterior headgear,se and the universal appliance,60 only to name a few.

The correct force system may not necessarily be the one that merely results in closed

intraarch spaces, and the majority of designs of various orthodontic retraction appliances

have not been analyzed to determine if they provide the required force system. As

described above, analysis involving the principles of engineering and physics is preferred

to trial and error for guidance in the development of orthodontic appliances.6t-6t

2.6.1

The force system required for controlled space closure consists of a minimum of two

equal and opposite forces plus a moment on either end of the retraction

appliance'42'41'64'66'68 Moments are required since force cannot be directly applied at the

centre or resistance of a tooth (required for bodily movement), and they are applied to the

tooth through a couple at the bracket.66 The two forces serve to draw the teeth together.

The combinations of moment and force on either side of the space are intended to cause a

translatory or a controlled tipping movement of teeth, rather than uncontrolled tipping,

into the space. This is intended because it has been shown that root parallelism of teeth

result in greater long term stability following orthodontic dental movement.6e The

moment-to-force ratio is an important mechanical characteristic of a particular appliance

since it is this ratio that will determine how much translation and/or tipping will occur.

In conjunction with biologic variables, the force system ultimately dictates the type and

amount of dental movement.

F'ORCE SYSTEM REQUIRED FOR SPACE CLOSURE
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2.6.2

Several techniques are involved in current methods of space closure. 'With fixed

orthodontic appliances, the retraction mechanics can be classified as either slidins or

frictionless.

MECIIANICS OF SPACE CLOSURE

In both sliding and frictionless retraction mechanics, the appliances are relied upon to

deliver what is deemed an appropriate moment to force ratio to the tooth or teeth. In situ,

the moment-to-force ratio is in situ impossible to maintain, since the force deactivation

characteristics of retraction appliances and the biologic response of the surrounding tissue

change with time.2l-23 Hence the thrust to develop and. analyze models is a sensible

method to elucidate the behaviour of clinical situations through utilization of engineering

principles, as demonstrated by, for example, the aforementioned works by White et a1..38

Murphy et al.3e and Koenig and Burstone.a0

2.6.2.1

In sliding mechanics, teeth are moved along the archwire into the space being closed. In

such situations, the applied force causes some tipping of the tooth being moved, but with

the archwire being sufficiently stiff to resist significant deformation, the bracket will be

permitted to slide along the archwire without becoming markedly tipped (relative to the

wire) to cause significant friction.T0 Effective translatory dental movement is the

intended result. A major advantage to sliding mechanics is that complex archwire

configurations are not required, making initial wire placement less time-consuming.

SLIDING MECHANICS
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2.6.2.2

In frictionless mechanics, the basic principle is to cause the archwire to move, taking the

tooth or teeth with it.7l Teeth are moved without the brackets sliding along the archwire,

and the problem of friction between the archwire and the bracket as seen in sliding

mechanics is not an issue; hence the name "frictionless" mechanics. The archwire (either

segmental or continuous) is caused to move in several ways. For example, the archwire

may have loops placed in it that store energy and release it when they are activated, or

elastic elements can be engaged on hooks between sections of an arch to draw them

together. Moments may be applied through bends in the archwire, or by expression of

torque via engagement of a rectangular archwire in the bracket slot. It is felt that

frictionless mechanics offers more controlled dental movement and taxes the anchorase

teeth less than sliding mechanics does.70'71

F'RICTIONLESS MECHANICS

2.7

A review of the literature demonstrates that there is no real guide for what may be

considered optimal forces for dental movement, and that what many people regard as

optimal forces for a particular dental movement vary wildly. Also, the wide variability of

response to orthodontic force within and among individuals obscures the idea of an

optimal force further.

SUMMARY

Matty appliances and techniques exist for space closure, illustrating a lack of consensus

for what may be an ideal method. Also, the majority of these appliances were developed

without appreciation of the force system that is generated, beyond what has anecdotally
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or experimentally been considered a safe force and that it eventually closed the space.

Further, use and behavior of these appliances may have involved assumptions on the part

of the clinician which may not be correct.

Numerous analytic techniques exist for the testing

spectrum from clinical in vivo testing to mathematical

of the literature in these regards was not preformed

analysis. Rather, it was preformed with the hope

assumptions, techniques and experimental results in

scholar and skeptic alike.

of various appliances, spanning a

computer-driven analyses. Review

to determine the best technique or

that the wide ranges of opinions,

these regards is appreciated by the
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3.L

3.1.1

Acrylics (e.g., PlexiglasrM, Rohm and Haas, west philadelphia, pA; LuciterM, Du pont

Corporation Canada, Mississauga, ON.) are a wide ranging family of plastics notable for

clarity, light weight, colour-fastness and rigidity. Of the homopolymers, copolymers and

monomers included in this group, the majority of modem acrylics use methyl

methacrylate (MMA) monomers in its polymers (polymethyl methacrylate, or pMMA).72

Thus, the basic chemical structure of acrylics is as follows:i3

MATERIALS USED IN THIS INVESTIGATION

ACRYLIC RODS

L 
r-i:",J 

,
Figure 3.1

Acrylic is a derivative of natural gas. Production of acrylic results from a two-stage

process in which acetone and hydrogen cyanide are reacted to form acetone cyanohydrin.

This compound is reacted with sulphuric acid to produce methacrylamide, which is then

heated with methanol to produce MMA monomer.

Natural gas -+ propane -+ propylene -+ isopropyl alcohor -) acetone

Acetone + hydrogen cyanide -) acetone cyanohydrin

Acetone cyanohydrin * sulphuric acid -+ methacryolamide

Methauylamide * methanol -+ Methyl methøcryløte

Chemical structure of polymethyl methacrylate (acrylic).
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Polymerization of the MMA monomers to produce the PMMA polymer can occur by one

of several methods, among which are bulk, solution, emulsion and suspension systems.

Molecular weight and physical properties can be adjusted depending on the type of

process and process conditions.T2

The flexural yield strength of acrylic is i03.5 lvPa,74 depending on the molecular weight

of the particular acrylic.12 Atloyrrg constituents may be added to provide as much as 20

times the impact strength of the general acrylic amorphous polymer.Ts

Acrylic behaves elastically up to its elastic limit, and there is a linear relation between

load (stress, o) and deflection (strain, e) of acrylic up to its proportional limit. Below this

value unloading wü occur with no permanent deformation.T2 For the most part, energy

required for deflection is stored in the amorphous structure of acrylic and is released

totaþ when the load is removed, provided that the load is below the elastic limit for

acrylic. The deflection process is not I00% efficient, and there is a negligible portion of

this energy which is dissipated as heat.

Applied
Force

#
Figure 3.2

t/
il Oeflection

amouní of permanent deformation

Example of a load-deflection plot.

li

yield strength
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For loads in excess of its elastic limit, acrylic will behave inelastically, and unloading

will result in permanent deformation, as a portion of the energy required for deformation

has been used to alter its structure.

The large and linear elastic range and suitable strength of acrylic, coupled with its safe

and easy handling characteristics, make it an ideal material for this investigation. The

rods used are 6.35 t 0.03mm ( i /4 inch) in diameter , and 17 5 .5 + 0. lmm (approximately 7

inches) long. They are fixed at one end in the experimental apparatus (see Section

3.2.3.1)' A pilot study showed that rods of these dimensions were found to deflect a

suitable amount when the light loads used in this investigation were applied.

3.1.2

"Laser" pointers (wavelength 650 nm, power <5mW; Sean & Stephen Corporation,

Yung-Kang City, Taiwan) used for, e.g. teaching purposes, were disassembled to attain

the light-emitting components. The light emitted by these pointers is a monochromatic

focused beam, very similar to a laser beam. The total pointer, prior to disassembly,

weighed 32.0510.079.

LIGHT EMITTERS

The .emitter components consist of a light emitting diode (LED) fused to a brass heat

sink, a small printed circuit board, and a lens to focus the light. These components were

reassembled on an acrylic base and leads to a power supply were soldered to the printed

circuit board.
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Collimators were placed on the lenses and the emitter components were covered with a

section of white styrene tube for protection. The entire reconstructed light emitter (minus

the power leads) had dimensions 23.5x10x8mm, and complete with po\ryer supply leads,

weighed approximately 5.7 + 0.05g (see Figure 3.3, below).

Figure 3.3

The light emitters were clipped onto the ends of the rods with C-shaped styrene tube

sections, and immobilized with small elastic bands and/or'Weld-OnrM #4 Acrylic Solvent

(IPS Corporation, Gardena, CA) (see Section 3.1.3, below). The emitters were connected

to a common power supply consisting of 3 size AA alkaline batteries.

A light emitter used in this investigation.

3.1.3

The acrylic solvent used in this investigation is Weld-O nrf #4 Acrylic Solvent (IpS

Corporation, Gardena, CA) and is composed of approximately 50Yo methylene chloride,

CHzClz (CAS No. 75-09-2),76 approximately 50% trichloroethylene, C2HC13 (CAS No.

28
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79-01-6)" and trace amounts (<l%) MMA monomer, cH2c(cH3)coocH3 (cAS No.

80-62-6)'78 This product is a clear fluid with a viscosity less than that of water and a

specific gravity of approximately 1 37.7e

Figure 3.4

Acrylic solvents actby temporarily breaking the secondary bonds in the pMMA polymer,

producing an amorphous mixture of MMA monomers and oligomers. Since the

components of the solvent are highly volatile, evaporation of this substance occurs

readily. The monomers and oligomers repolymerize to form PMMA as evaporation

proceeds' A bond strength between 85-100% of the parent components may be attained,

that is, the bond is between 85-100% as strong as a single piece of acrylic.z3

Weld-OnrM acrylic solvent.
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3.2

3.2.1

The purpose of the theoretical models was to determine the expected or theoretical

distribution of retractive force to each of the six anterior teeth durin g en masse retraction.

The results of this model were compared with those of the laboratory experimentation.

EXPERIMENTAL METHOD

THEORETICAL MODELS

The theoretical models are desqibed in detail in CHApTER 4.

3.2.2

3.2.2.1

The apparatus consists of six acrylic rods arranged in a semicircle (refer to F igure 4.lZ).

One end of each rod is fixed in a robust jig made of I2.7mm (ll2 inch) thick acrylic and

is fused in place with Weld-OnrM. Each rod has a light emitter (as shown in Figure 3.3)

clipped to the other end with a styrene split-tube clip. The power supply wires of each

emitter are coiled to prevent any significant deflection of the rod(s) which may result

from tension in the wires. These leads are connected to a power suppiy consisting of 3

size AA batteries.

LAB ORATORY EXPERIMENTATION

APPARATUS

Near the emitter end of each rod are two small styrene tabs, fused to the rod with Weld-

Ont", to prevent the archwire from sliding off the rod when weights are applied. Also

included in the apparatus are two independent light emitters (one on the top and one on

the bottom of the apparatus) used for orientation of successive measurements (see

Section 3.2.2.5\.
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Figure 3.5

3.2.2.2

3.2.2.2.1

The experimental apparatus.

Dental floss was used to model an infinitely flexible archwire. The floss was laid over

the emitter ends of the rods, between the two plastic tabs, and weights were suspended

from the ends of the floss (see Section 3.2.2.3\.

ARCHWIRES

FLEXIBLE ARCHWIRE

To minimize friction between the floss and the rods, the floss was lubricated with a

commercially available lubricant (WD-40@; WD-40 Products Canada Ltd., Etobicoke,

ON). Methylmethacrylate has good chemical resistance to oils.8o

To prevent medial collapse of the canine rods, the apparatus was modif,red to include

guides for the floss at positions that approximated a premolar tooth, located directly

behind the canine rods, beneath the point(s) of application of the floss archwire. This

minimized the collapse and insofar as direction of retractive force is concemed. was a
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better representation of the clinical situation this apparatus is intended to model. A

picture of the apparatus with the guide is shown in Figure 3.6 below.

Figure 3.6

?)'r1',

Experimental apparatus with guides attached to minimize medial
collapse of the canine rods during testing with the infinitely
flexible archwire (dental floss).

RIGID ARCH\ilIRE

To model an infinitely rigid archwire, a solid piece of acrylic, approximately 1.5mm in

thickness, had a semicircular section machined into it such that it passively contacted

each rod at the emitter end (between the styrene tabs). Weights were suspended in a

similar manner as described in Sections 3.2.2.2.1 and 3.2.2.3. "Zeto" positions (see

Section 3.2.2.5) were those with no load, and the first weight applied was actually the

acrylic alone (i.e., without weights).

To minimize friction between the rigid archwire and the rods, WD-40@ was applied to the

rieid archwire.
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3.2.2.3

Weights used were % inch (6.25 mm) #8 nuts tied with dental floss in groups of f,rve.

The weights of 20 groups of five nuts were measured three times each on a scale

(Harvard Trip Balance, Ohaus Scale Corporation, Union, NJ). The weight of each group

of five nuts, presented as a mean * standard deviation was found to be 16.16 t 0.059.

These weights were suspended from the ends of the archwires and deflections of the rods

were measured (see Section 3.2.2.5).

\ryEIGHTS USED TO PROVIDE RETRACTIVE FORCE

Figure 3.7

3.2.2.4

Each rod was calibrated in the followine manner:

1. A zero-point was marked on the screen for the rod under no load.

2. Deflection resulting from a particular weight was measured as the linear distance in

millimeters of the light point from the emitter away from the zero point, and also as

horizontal and vertical components of this deflection.

Weights used in this investigation.

CALIBRATION
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3' The weight was removed and the next measurement was taken after aduration of 3

minutes.

4. Deflection for each weight was measured 10 times to ensure repeatability, and the

deflection for a particular weight was expressed and plotted as a Mean + Standard

Deviation.

3.2.2.5

Deflections of each rod in the apparatus were marked on a screen at a distance of 2.50 +

0.005 m away from the lens of the light emitters. Deflections were charted on graph

paper which was oriented according to the two orientation pointers on the top and bottom

of the apparatus. This provided excellent comparison of successive measurements since

the orientation pointers were fixed in place and did not move.

METHOD OF MEASUREMENT

The deflections were measured immediately once the rods steadied themselves. Once a

data point was acquired, the load was removed and a duration of 3 minutes was allowed

to elapse between successive measurements to allow for any viscoelastic recovery of the

acrylic rods to occur.

Vertical displacement of the light points from their zero positions were measured to the

closest ll4mm using a mm-scale ruler (China, ACME #R-405-30) for the calibration data

because the large deflections prohibited the use of digital calipers. For the experimental

data, horizontal and vertical displacements of the light point from its zero position for

each measurement were taken with a CE Electronic Digital Caliper (Lee Valley Tools

Ltd., Ogdensburg, NY). Determination of the distribution of retractive force to each rod
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was determined using the calibration plot for each individual rod, since a particular

amount of deflection results only from one particular applied force.

Point of application
of force

Acrylic rod

Figure 3.8

3.2.2.6

Creep is defined as a slow flow over time that occurs in materials under stress below their

proportional limits, or a time-dependent strain in a material as a result of application and

maintenance of a stress at a set level.sl To determine whether or not the acrylic rods

experienced creep during the measurements (described in Section 3.Z.Z.S), successive

measurements were taken 3 minutes apart. Following a measurement, the rod was given

3 minutes to return to its original position. At the end of 3 minutes, a new zero point was

measured and compared to the original zero point. Any discrepancy between the two

zero points would indicate that creep had occurred during the ioading of the rod during

the measurement.

******\\* 

*o****

Zera point

Schematic diagram of apparatus and testing method.

CREEP TESTING

l- 2.50m

r

Screen

Deflection
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To validate the use of acrylic rods in this investigation, it is important to determine

whether or not cteep could occur during the measurement phase. To test creep of the

acrylic rods, a load of 96.96 + 0.3g was suspended from each of a group of six rods for 30

minutes. This load was used as it was slightly greater than the greatest load apptied

during testing: with the rigid archwire, it was 86.94 t 0.25g. The duration of 30 minutes

was chosen since it is far in excess of any duration during the measurement phase

described in Section 3.2.2.5. To evaluate the viscoelastic recovery of the rods,

measurement continued for a further 15 minutes after the load was removed. Deflections

were measured at Time : 0,2,20,30 (removal of load), 31,33,35, 40 and,45 minutes.

At the end of 45 minutes, a new zero point was measured and compared to the original

zero point. Any discrepancy between the two zero points would indicate that creep had

occurred.

?))1

Apparatus similar to that shown in Figure 3.5 was constructed to hold 3 acrylic rods of

the same dimensions as those used for measurements. Light emitters (see Figure 3.3)

were mounted on the end of each rod.

TESTING OF ELASTIC LIMIT OF THE ACRYLIC RODS

The rods were subjected to successively heavier loads, and deflections of the light point

from its zero position were measured using a mm-scale ruler (China, ACME #R-405-30)

because the large deflection prohibited the use of digital calipers. Permanent deformation

of the acrylic rods was indicated when the light point failed to return to its zero point

following removal of the load.
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4.1

4.1.1

Angles can be measured in degrees or radians (the latter abbreviated as rad). The angle

given by a complete revolution contains 360" or 2nrad. Therefore:

n rad: 180"

REVIE\ry OF TRIGONOMETRYs2,83

ANGI,ES

Sot

of,

and

1 rad: (190"/n),

1 rad x 57.3"

1" p 0.017 rad.

The standard position of an angle 0 is that which occurs when we place its vertex at the

origin of a coordinate system and its initial side on the positive x-axis as illustrated in the

following figwe.

Figure 4.1 Standard position of an angle.

Terminal side

Initial side
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Angles are measured from initial side to terminal side. Provided that the positive x-axis

is defined as directed to the right, a positive angle is obtained by measuring the angle in a

counterclockwise way, that is, the angle sweeps in a counterclockwise rotation beginning

at the initial side and ending at the terminal side. Similarly, negative angles are obtained

by measuring in a clockwise rotation.

4.t.2

For a positive acute angle 0, six trigonometric functions are defined as ratios of lengths of

sides of a right triangle as illustrated in Figure 4.2. The sides of a triangle are defined in

relation to the angle. The side opposite 0 is abbreviated as opp, the side which makes a

90o angle to opp is adj or adjacent to 0 (which is equivalent to the initial side of 0), and

the hypotenuse is the remaining "slanted" side and is abbreviated as hyp (which is also

equivalent to the terminal side of 0).

TRIGONOMETRIC FUNCTIONS

Sine of 0

Cosine of 0

Tangent of0

Cosecant of 0

Secant of 0

Cotangent of 0

sin0 : opp/hyp

cos0 = adj/hyp

tan0 = opp/adj

cscO = hyp/opp

sec0 : hyp/adj

cotO = adj/opp
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F'igure 4.2

The functions sine artd cosine are called circular functions because they can be used to

describe coordinates of a point on a circle with radius r : I centred on the origin of a

coordinate system through the following equation:

sin2e+cos2e:l

Relation of an angle 0 to the sides of a right angle triangle.

opp

The equation sin20 + cos20 = 1 is analogous to that of p¡hagoras,

x2+y2=12 where x= rcosO andy = rsin0

Pythagoras' Theorem states that the square root of the sum of the squares of a right

triangle equals the hypotenuse of the triangle. The above equations allow determination

of the lengths of the sides of a triangle contained within a circle, provided that the

hypotenuse is the radius of the circle and the angle to either x- or y-axis is known.
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Figure 4.3a Circle of radius r, where f = x'+y'.

Figure 4.3b

Sine and cosine functions of 0 are also known as perÌodicfunctÌons of ?wifh a period of

2æ. Expressed mathematically,

sin(0 + 2æ) =.¡ng

cos(O +2n) = cosg

Circle, sin20+cos20=L, where x:rcos0 and y=rsinO.
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This periodicity of the sine and cosine functions are illustrated graphically in the

following figures.

v

1

0

-1

y = s/nle)

Figure 4.4a

TEI2

Sine wave, y: sin(0).

v

1

0

-1

y = cosle)

Figure 4.4b Cosine wave, y = cos(O).
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4.2

A vector is a quantity that has magnitude and direction and follows certain rules of

combination. Some physical quantities that can be expressed by vectors are:

Displacement
Velocity
Acceleration
Force
Fields: Electric, Magnetic, etc.

Straight-line affows are typically used to graphically illustrate vector quantities. For

different vectors representing force, a comparison of magnitudes is accomplished

graphically by using affows of different lengths. The greater the magnitude, the longer

the arrow.

REVIEW OF VECTORS84

Figure 4.5

4.2.1

Example of vectors representing displacement of a body from
Point A to Point B then to Point C.

ADDITION OF VECTORS

In Figure 4.5, suppose that a body starts at position A and moves to position B, then to

position C. The individual displacement vectors are labeled a and b. The net effect of
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these two displacement vectors is a single displacement vector from A to C, which is

labeled s, which is the vector sum of vectors a and b. Note that the vector s is not an

algebraic sum. Vectors can be added graphically by placing them in a tip-to-tail fashion.

Defined this way, addition of vectors has two important properties. First, the order of the

addition is irrelevant, and is known as the commutative law of vector addition:

s:atb

Second, for more than two vectors being added, it does not matter how they are grouped

as they are added. This is known as the associative law of vector addition:

a+b:b+a

vector addition

There also exists what is called the parallelogram law of vector addition. For the two

vectors in Figure 4.6,the magnitude of the resultant vector C can be determined if the

ends of the two initial vectors A and B are placed together and represent two sides of a

parallelogram. Dashed lines are extended from the tips of vectors A and B artd. intersect

at a common point, thereby forming the adjacent sides of a parallelogram.

(a+b)fc=a+(b+c)

commutative law

associative law

Figure 4.6 Parallelogram Law of vector addition of vectors,4 and, B.
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The resultant vector C is the diagonal of the parallelogram, which extends from the tails

of the initial vectors to the intersection of the dashed lines. This law is essentially an

extension of the commutative law, since the magnitude of the resultant vector is the same

independent of how the vectors are added. The parallelogram law may provide a means

of easier visualization of the addition of two vectors, depending on the situation.

4.2.2

Thus far, vectors have been represented in the absence of coordinate axes. The

application of coordinate axes to the analyses of vectors allows the analyses to be

performed algebraically. As such, vectors need to be resolved into components that are

parallel to the orthogonal axes of the coordinate system.

VECTOR COMPONENTS

Y&{

VvË

Figure 4.7

VCOSO

For example, consider the vector v in Figure 4.7. Perpendicular lines from the ends of

the vector to the coordinate axes indicate the magnitudes of the orthogonal components

u vs/ne
Orthogonal components of a vector v.

K
n\\uìlllr,r.-

X
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of v, namely v* on the x-axis and v, on the y-axis. This is the same as determining the x-

and y- components of the radius r of the circle depicted in Figure 4.3b. The magnitude

of v is given by the vector addition of v* and vr. Using the sine and cosine trigonometric

functions, numerical values for the components can be determined with the followine

equations:

v* : vcosO

vr: vsinO

Thus, the values of the orthogonal components of a given vector depend on the angle the

vector makes with the coordinate axes. The components of vectors can be represented by

a scalar quantity, since only a number (magnitude), a unit and an algebraic sign are

required to define them. This allows the algebraic addition of vector components as long

as it is recognized that they can only exist in the direction parallel to their respective axes.

To extend the concept of vector addition into the realm of coordinate axes for alsebraic

component addition, the equivalent required equations would be:

Vector addition

v=a*b*...*n

Algebraic addition of components

vx=âx+bx+...'¡¡1x

vy=ây*bv+...+ny

v = (v*2 + nr')t'' (magnitude)

0 = tan-l(vv/v*) (angle to x-axis)
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4.3

This investigation is designed to determine the amount of retractive force applied at a

point or range of points on a semicircular archwire. The retractive force that pulls the

archwire directly posteriorly exerts a radially directed force at all points on the archwire

that can be resolved into horizontal and vertical components (see Section 4.4.3.1). An

applied force F at any point can be resolved into its horizontal or vertical forces, or

components (as illustrated in Figure 4.8), according to the following equations:

F* = F cosO

Fr: F sinO

INTEGRATION AS IT IS APPLIED TO THIS INVESTIGATION

Figure 4.8

F

In Figure 4.8, Fx is the horizontal component and F, is the vertical component of the

applied force F, and 0 is the angle between vector and the horizontal axis.

i{, 
'\

ee 'tr
îe;r:?tïìlxt;ir$:ïrî*:ììrì,àì.xãìvätT)ii.."Ðìffiìr-j¡ì.\$rùt]ìitï .

r

E

Force applied to a schematic archwire, resolved into its
components.
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The retractive force applied at the ends of the archwire exerts a retractive component at

any point along the circumference of the anterior segment of that archwire. The

magnitude of that component depends on the angle at which it is measured, with the apex

of the angle located at the centre of the semicircle. For example, F, will be greatest when

it is measured at 0 : 90o, that is, when it is measured on the y-axis. Also, F, will be

minimum when it is measured at 0 : 0o. That is, when it is measured on the x-axis: the

magnitude of Fr will in fact be zero at 0 : 0". The magnitude of F, will increase as a

function of 0 for all angles measured from 0:0o to 90o.

Analysis would be simple if the decrease of F, occurred in a linear fashion. Recall that

the magnitude of F, is given by F, = F sin0. Thus, the decrease in tr', as measured from

90o and 0o is not linear, but rather follows a sine wave, as explained graphically in the

following figure.

Fr= lFl

Figure 4.9 Decrease in F,
0 :0o.

is a function of sinO, greatest at 0 : 90o and zero at

Fv = Fsln0
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As illustrated and explained later (see Sections 4.4.2 and 4.5), the analysis is preformed

ovet angular ranges corresponding to individual teeth rather than at individual points. If
the decrease in F, were linear, then the amount of the retractive force to the section of

archwire corresponding to a tooth could be calculated by taking the difference in

retractive components at the beginning and end of the section. Since the decrease in F,

follows a sine relation, which is dependent on the angle at any point, simple differences

calculated using values of F, at the termini of the section would yield an incorrect result.

The individual retractive components at every point within the section must be summed

to yield the actual amount of retractive force applied to that section.

Figure 4.10

An approximate value of retractive force over a section of archwire could be anived at by

dividing the section into n smaller subsections, where n is a finite number. Consider a

semicircular archwire which opens downward as an example, depicted in Figure 4.11.

Linear and sine-dependent decreases in F, as a function of the
angle, 0. Shaded area indicates the amount of error.

,r,rrnr*rtr,*{**nt**ru*

00 900
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The section of that archwire, also called an angular range between 01 and 02, would be

divided into n smaller angles, each called 0, given by the formula:

0= (0t -02)/n

The required assumption is that each section has a linear decrease in Fr. As such, a less

inaccurate value of retractive force is arrived at, that is, the value would still be incorrect,

but would better approximate the actual value. If the number is subsections is increased,

that is as n increases, the calculated value of the retractive force approaches the actual

value. The sum of the differences between the subsections is the approximation of the

retractive force applied to the entire section.

Sum of differences.

n

S = Ð(Fsino, -
i=1

If the number n of subsections was increased to infinity, then the sum of the differences

in the F, for all the subsections would yield the actual amount of the retractive force

applied to the entire section. Also, as n approaches infinity, the value of 0 diminishes to

an infinitesimal amount d0.

for n subsections

n
Sl/r)(sine,- sin0,_,)
i-1t- |

n
F.lFlAsin0,
i-.1t- I

Fsin0,-,)
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Figure 4.11

The limit of the sum of the differences in the retractive components as the number of

subsections approaches infinity and the angular subsection becomes infinitesimal

becomes the integral of the retractive components for every infinitesimal angular

subsection d0 over the entire angular range defined between 01 and 02:

Infinitesimal angular subsections, d0, contained within the angular
range 0.

An integral is essentially a sum of infinitesimal divisions over a particular ïange. In the

context of this investigation, the integral will be used to calculate the theoretical value of

the amount of retractive force applied to a particular section of a semicircular archwire.

n

l¡m FI asino =
n+co Ã

rtt 
"ineoe
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4.4

4.4.1

The mathematical model is based on a semicircle for the following Íeasonsl

1. Although there are myriad number of naturally occurring arch forms, a semicircular

arch form represents a "midpoint" between square and tapered arch forms.

2. Circles (and semicircles) have a constant radius and permit analysis with simple

trigonometric functions of an angle and radius as measured from the centre of the

circle (or semicircle).

DEVELOPMENT OF THE THEORETICAL MODELS

SEMICTRCUI-AR. ARCH FORM

3. Forces directed tangentially to a circle have orthogonal "normal" forces which are

directed at the centre. For the laboratory experimentation which is to follow (which

is based on and compared to this mathematical model), retractive forces will be

easiest to produce if they are directed to the right and left termini of a semicircle.

Directed as such, it will permit the investigator to produce retractive forces using the

force of gravity, with the base of the semicircle parallel to the ground. The retractive

forces will be parallel to each other, and the normal forces which are directed to the

centre will be antiparallel.* The importance of parallel tangential retractive forces is

that they a)allows experimentation to be carried out in a manner that minimizes

variables and confounders, and b) makes interpretation of the results easier to

understand.

4. Previously published articles have demonstrated that the spatial relation of the

maxillary anterior six teeth are affanged on a semicircle.ss'86

' Antiparallel vectors are vectors which are parallel to each other but point in opposite directions. They
may or may not be of equal magnitude, and may or may not be collinear. By definition, if two antiparallel
vectors of equal magnitude are added by the law of vector addition, the resultant vector will have zero
magnitude. Vectors of equal magnitude are added by the law of vector addition, and the resultant vector
will have zero magnifude.
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5. Any other single arch form would suffer from being equally arbitrary.

Two separate models were developed to predict the behavior of the system at the

extremes of the spectrum of archwire stiffness: one model for an infinitely flexible

archwire, and another model for an infinitely rigid archwire. Since, in the real world, no

such archwires exist, the actual stiffnesses of archwires used clinically lie somewhere

within the spectrum of stiffness between infinitely flexible and infinitely rigid.

Determining the theoretical behavior of the system under ihe extremes serves as a suide

in experimental design.

4.4.2

For the purposes of analysis in the mathematical models, each tooth in the group of six

anterior teeth was represented as a free body. Free-body mechanics refers to a method of

analysis which represents a body (in general) by its centre of mass. The term ',body,,

refers to mass (which in tum refers to a collection of matter). Any body which

experiences an applied force not applied to its centre of mass will rotate about its centre

of mass. A free-body analysis "frees" the body of any physical characteristics that may

be difficult to represent. Newton's laws of motion govern free-body mechanics.

DISTRIBUTION OF THE TEETH AS FREE BODIES

Clinically, a central incisor, a lateral ìncisor and a canine all have different mesiodistal

widths. Representing teeth as free bodies in a mathematical analysis ignores such

dimensions by definition, but since the motivation of this investigation is to determine the

distribution of retractive force over an archwire (which is modeled as a two-dimensional
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object), we must affange the free body "teeth" similarly to that which is evident

clinically.

Average mesiodistal widths for central and lateral incisors and canine teeth were taken

from Moyer's tables for a North American Caucasian male.86 Moyer's tables were used

because they are widely recognized in orthodontics. The average dimensions of

mesiodistal width for the maxillary central incisor, lateral incisor and canine are 8.8mm,

6.9mm and 8.0mm respectively. If one central, lateral incisor and canine are laid next to

each other in a straight line, the sum of their mesiodistal widths is 23.7mm. The central

incisor occupies 37.I% of this measurement, the lateral incisor occupies 2g.1% and the

canine occupies 33.7%. For ease of apparatus construction, the semicircle had a diameter

of 115 + 0.5mm.

To arrange the "teeth" in a semicircular pattern, the measurement of 23.7mm along the

circumference would equal half the semicircle, or 90o. Thus, for example, one side of the

semicircle represents one side (right or left) of the anterior segment and would have a

central incisor that occupied 37.lYo of 90o, which is 33.4'. The lateral incisor would

occupy 29.1% of 90o, which is 26.2, and the canine would occupy 33.7% of 90o, which

is 30.4". The other side of the semicircle would be the mirror imase.
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In the theoretical model, the distribution of the free bodies representing the rods which

are to be tested experimentally is such that a free body is located in the middle of each

section corresponding to a tooth, as illustrated in Figure 4.12 below.

Figure 4.12

43.50

-^ ^o

30.40

15.20.

4.4.3

4.4.3.1

0.0?

The theoretical model of an infinitely flexible archwire is based on the followins

assumptions:

Assumption #1: For a semicircular archwire of infinite flexibility, the magnitude of

the tension vectors on either side of any point on that archwire is the same. Further, the

tension between any two points is the same and directed on a straight line connecting

those two points.

Distribution of the rods as free bodies.

central

ASSUMPTIONS

ASSUMPTIONS OF TFIE FLEXIBLE MODEL

Assumption #2: For a

force at any point resulting

the centre of the semicircle.

semicircular archwire of infinite flexibility, the resultant

from the tension in the archwire is directed radially towards
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4.4.3.2

Rationalization of Assumption #1:

To explain the first assumption, consider Figure 4.13. This figure depicts a semicircie

divided into several linear sections of equal length, each occupying an angular range 0.

At the junction of two adjacent sections, vectors representing tension in the archwire are

collinear with the sections.

RATIONALIZATTON OF ASSUMPTIONS _ FLEXIBLE MODEL

Figure 4.13

Newton's first law of motion states that a body at rest will tend to stay at rest and a body

in motion will continue in motion in a straight line unless it is acted upon by a net

external force. Forces may be acting on a body, but if that body is in a state of

equilibrium (that is, it is not accelerating in any direction), then the forces are balanced,

and there is no net force acting on the body. The application of Newton's first law of

motion to any section of the archwire allows one to draw the following conclusions about

the archwire:

semicircle divided into sections, showing vectors representing
tension in each section.
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l. If the archwire is not accelerating or rotating, then there is no net external force actins

on the archwire.

Ratíonalizalion: Newton's first law of motion.

2. If the archwire maintains its semicircular form, then every point on the archwire must

be in a state of equilibrium with each other.

Rationalization: If two points were not in equilibrium, then there should be

acceleration of these two points towards or away from each other, indicating the

presence of a net external force, which would manifest itself as a change in shape

or distortion of the archwire.

3. Since no two points on the archwire are accelerating towards or away from each

other, and the archwire maintains its semicircular form, the tension force between any

two adjacent points must be equal in magnitude and opposite in direction since an

equilibrium exists between these two points.

Rationalization: If the forces were not balanced, then one of the points would

accelerate, and/or a distortion of the archwire would occur.

4. The tension between any two points in the archwire is collinear with a line joining

these two points.

Rationalization: By definition, tension

The forces of tension must be directed

points.

is def,rned as a force between two points.

towards each other on a line joining two
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Rationalization of Assumption #2:

The parallelogram law of vector addition can be used to explain the second assumption.

Consider the junction of two adjacent sections of the archwire as depicted in Figure 4.14.

If the parallelogram law is applied, the resultant vector is directed inwards.

.;

ì
x

Figure 4.14

Since it has been demonstrated that the magnitudes of the two tension vectors T are the

same, then the resultant vector t must bisect the angle between the two vectors. Further,

since the archwire maintains a semicircular form, and the sections aïe assumed to be of

equal size, and the points where any two segments meet lie on the semicircle. the

resultant vector must be directed towards the centre of the semicircle.

l¡r

Parallelogram law for tension vectors, showing the resultant vector
directed at centre of the semicircular archwire.

Ì
|;

."-..**.¿,Þ;,}'=..".,-*-,,r

The resultant force vector inwards will exist only if the two tensile vectors of equal

magnitude are not antiparallel, but make an angle with each other that is not 1g0o.
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Collinear vectors directed towards each other will cancel each other and no resultant

vector will exist.

This resultant inward force has been demonstrated here using an approximate model of

the archwire using linear sections, each with an angular range 0. If the angular range is

decreased to an infinitesimal size d0, then the length of each linear section becomes

negligible and the polygonal approximation of a semicircle actually becomes a true

semicircle. Also, for each d0 there still exist infinitesimal tension vectors dT which still

yield an infinitesimal resultant dt.

Figure 4.15

The contribution of these infinitesimal resultants individually is negligible, but when they

are integrated over the entire semicircle, their contribution is significant as they serve to

maintain the semicircular shape of the infinitely flexible archwire.

For every infinitesimal de, there exist tension vectors of
infinitesimal magnitude, dT, the resultants of which, dt, are
directed towards the center of the circle.
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Thus, for a semicircular archwire of infinite flexibility, the resultant force between any

two points resulting from the tension in the archwire is directed towards the centre of the

semicircle.

4.4.3.3 ASSUMPTIONS OF TI{E RIGID MODEL

The theoretical model of an infinitely rigid archwire is

assumptions:

Assumption #1: For a semicircular archwire of infinite

not distort or use any of the energy of the system; it simply

bodies representing the teeth.

Assumption #2: For a semicircular archwire of infinite rigidity, the retractive force

at any point along the archwire is uniform and in the same direction as that of the

retractive force applied to the archwire.

4.4.3.4

Rationalization of Assumption #1:

For an infinitely rigid body to distort in any fashion, an infinite amount of energy is

required to accomplish the distortion. Conversely, to cause distortion of any sotid body

requires energy. For example, consider a lever being used to move a heavy object. A

small amount of bending of the lever is noticed as the force is applied. A very small

percent of the total energy required to move the object is "used" by the lever as it bends

(because it can bend), while the overwhelming majority of the energy is still used in

moving the object. If the lever was incapable of bending, it would be incapable of using

that small percentage of energy in the system. The law of Conservation of Energy states

60

based on the following

RATIONALTZATION OF ASSUMPTIONS _ RIGID MODEL

rigidity, the archwire does

applies a force to the free



that energy can neither be created nor destroyed. A corollary of that law would be that

energy that exists in a closed system must be constant. If there are two objects physically

interacting in a closed system and one of those objects is infinitely rigid, then the amount

of energy exerted by that infinitely rigid object on the other is the total amount of energy

associated with that interaction.

Thus, for a theoretically infinitely rigid object, no distortion of any form is expected.

Rationalization of Assump tion #22

The behaviour of a theoretically infinitely rigid archwire is different from that of a

theoretically infinitely flexible archwire in that it does not exert any tension between

adjacent points. (Rather, it probably exerts an inf,rnite amount of tension between

adjacent points, but for the purposes of this discussion, the tension cannot be scrutinized

in the way it was in Section 4.4.3.2.) Since there is no tension in the archwire, it cannot

direct a resultant tensile vector dt towards the centre of the circle. Also, since it is also

incapable of distorting, any resultant force would be in the same direction of the applied

force.

Thus, the application of the law of Conservation

rigid archwire allows the following conclusions to

l. Any energy associated with the archwire is

interacting with.

Rationalization: Energy would otherwise be

of Energy to a theoretically infinitely

be drawn:

100% transferred to the obiect it is

used in distortine the archwire.
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2. No tension exists between any two adjacent points along the archwire.

Rationalization: The presence of tension would indicate the ability of two

adjacent points to be moved apart from each other. Such an event cannot occur in

an object defined as infinitely rigid.

3. Any retractive component of the applied retractive force is equal in magnitude and

direction to the applied retractive force at any point along the archwire. See Figures

4.16a and 4.16b.

Rationalization: If the wire could be distorted, then its tension between any two

points could exist, and a resultant force would exist in a different direction from

that of the applied force. This event would be contrary to the above two

conclusions.

Figure 4.16a

Retractive
Force

Reactive Forces

Consider a flat rigid body applying a force directly downward.
The force at any point along this object is directed downward, in
the same direction as the applied force. Any object resisting this
force does so with reactive force(s) antiparallel to the applied
force.
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Figure 4.16b

Retractive
Force

Thus, logic dictates that since the infinitely rigid archwire does not distort, no tension

could exist in any part of the archwire, and the magnitude and direction of the retractive

force at any point along the archwire is constant and equal to that of the applied retractive

force.

If the flat rigid body were to have a downward-facing semicircle
carved into it, and it, too, were to apply a force directly downward,
any object resisting this force also does so with reactive force(s)
antiparallel to the applied force.

Figure 4.17 The magnitude and
along the archwire
retractive force.

direction of the retractive force at any point
is constant and equal to that of the applied

Applied retractive force
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4.5

4.5.1

It has been demonstrated that for a semicircular theoreticaþ infinitely flexible archwire,

resultant forces exist which are directed towards the centre of the semicircle. Further,

there are retractive components of these inwardly directed resultant forces which are

dependent upon the sine function of the angle at which they are measured.

THEORETICAL MODELS

F'LEXIBLE MODEL

To determine the total retractive force exerted on a section of infnitely flexible archwire,

the retractive components of the resultant vectors must be integrated over the entire

angular A0 range defined between 0r and 02.

F'igure 4.18 components of the retractive force at the termini of an ansular
range corresponding to a tooth.
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The theoretical value of the retractive force applied to any section of infinitely flexible

archwire is determined by integrating the components (Fsin0) over the entire ranse

between 01and 02.

Theoretical value for any range on an infinitely flexible archwire:

'fi'" do

= r"o"t 
lå'

4.5.2

It has been demonstrated that for a semicircular theoretically infinitely rigid archwire,

any force applied to any section of the is equal in magnitude and direction to that of the

applied retractive force. The theoretical value of the retractive force to any section of

infinitely rigid archwire depends on the horizontal projection of that section of archwire

between 01 and 02. This value is equal to the difference of the x-components of the

retractive force at 01and 02. Consider Figure 4.19.

= F (cos0,-cosOr)

RIGID MODEL
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Figure 4.19

Theoretical value for any range on an infinitely rigid archwire:

Fcos0,- Fcos0,

= F (cos0,-cosOr)

The theoretical value of the retractive force to any section
infinitely rigid archwire depends on the horizontar projection
that section of archwire between 01and 02.

This general mathematical result is identical to that of the model of the infinitelv flexible

archwire.

Fcos0.

of
of
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4.6 RESULTS OF THE THEORETICAL MODELS

Table 4.1

Canine

Using the values for 01 and 0z in Table 4.1, the theoretical models yield the same results

for both inf,rnitely flexible and infinitely rigid archwires, displayed as follows:

Angular ranges and termini of ranges for teeth distributed as free
bodies along the archwire.

Central Incisor:

0r:56'6"

0z = 90.0o

Thus, the theoretical proportion of the total retractive force transmitted to the section

corresponding to the central incisor is 55.0% of the total.

F (coso,-cos0r)

= F (cos90.O-cos56.6)

= 0.550F

Lateral Incisor:

0r:30.4o

0z= 56'6"

F (cosO,-cos02)

= F (cos56.6-cos30.4)

= 0.312F
67



Thus, the theoretical proportion of the total retractive force transmitted to the section

conesponding to the lateral incisor is 3l.Zo/o of the total.

Canine:

0l =0.0"

0z: 56.6o

Thus, the theoretical proportion of the total retractive

corresponding to the canine is 13.7o/o of the total.

F (cosO,-cos02)

= F (cos30.4-cos0.0)

= 0.1 37F

Therefore, the results of the theoretical models for the distribution of retractive force to

anterior teeth for both infinitely flexible and infinitely rigid archwires are the followins:

force transmitted to the section

Table 4.2

Canine

Results of the theoretical models.
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4.7

Thus, the theoretical models show that approximately half (55%) of the retractive force is

concentrated at the central incisor, approximately one-third (31 .2%) is concentrated at the

lateral incisor, and approximately one-eighth (13J%) is concentrated at the canine.

Summary
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5.L

The calibration plots for the acrylic rods used in this investigation are presented in

Figures 5.1 - 5.7. They are presented as Mean + Standard Deviation. All rods except

rod 23 (Figure 5.6) had ,iop", of similar statistical magnitude (p>0.05), and all rods

except rod 13 (Figure 5.3) had y-intercepts of similar statistical magnitude (p>0.05).

However, these findings have little effect on the results and analysis of this investigation

since, for example, even though the y-intercept value for rod 13 (Figure 5.3) lies

0.0057mm or 5.7 m outside the 95%o confidence limit, it still falls well within the limit of

measurement error of deflection. Also, since there is no direct interaction of the rods, the

rods are essentially behaving independently during measurements, and any deflection

depends on the bending behaviour of an individual rod, and the concepts of mean values

of slopes and y-intercepts of the group acrylic rods have no bearing on this investigation.

CALIBRATION OF ACRYLIC RODS

Table 5.1

Rod 22 had the highest slope and rod 23 (Figure 5.6) had the lowest slope, showing that

rod 22 was the most flexible rod of the group and rod 23 (Figure 5.6) was the stiffest.

Slopes and y-intercepts of the calibration lines for the acrylic rods
used in this investigation. Values with an asterisk (*) lie outside
the 95Yo confidence limit(s).

0.0120
0.0111

0.0147

71



't E0

160

140

120

100

80

60

40

20

0

o
ro
ô¡
(!

o
o
o
oo

Galibration of Rod 1'l

Figure 5.1 Calibration plot of Rod I I. Mean + Standard Deviation.
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Figure 5.2 Calibration plot of Rod 12. Mean + Standard Deviqtion.
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Figure 5.3 Calibration plot of Rod I3. Mean + Stqndard Deviation.
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Figure 5.4 Calibration plot of Rod 21. Mean + Standard Deviation.

48.48 64.64

Weight (g)

nat)



180

160

ç ¡rv

F 1?O

o
¡¡)
(\¡

6on

o
(J--
o
oauo

20

0

Cafibration of Rod 22

Figure 5.5 Calibration plot of Rod 22. Mean + Standard Deviation.
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Figure 5.6 Calibration plot of Rod 23. Mean + Standard Deviation.
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Figure 5.7

The individual deflections of each rod, as well as mean deflection, maximum, minimum

and standard deviations are listed in Appendix l.

composite of calibration plots of all rods used in this investisation.

5.2

Results of successively higher weights applied to three acrylic rods identical to the ones

used in testing in the present study (see Figure 3.5) revealed that the elastic range ended

and permanent plastic deformation was noticed between 900.09 and 916.29. The timing

of each measurement followed the same protocol as that specified for testing with the

archwires: three minutes were allowed to elapse between successive measurements to

permit viscoelastic recovery of the rods (the occurrence of viscoelastic deformation was

PLASTIC DEFORMATION OF ACRYLIC RODS
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unlikely at these loads), and the load was removed from the rod as soon as each data

point was acquired (See Section3.2.2.5.).

A standard load-deflection plot was not generated for this data, since deflections on the

screen (2.50 t 0.005m away from the lens of the emitter) would have been in the order of

one meter or more for loads of 9009. These measurements would have been difficult and

inconvenient to acquire. Instead, any deviation from the zero point was charted after a

weight was removed. Failure to coincide with the zero point after a measurement would

indicate that plastic deformation of the rod has occurred for that weight.

Plastic Deformation of an Acrylic Rod
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Figure 5.8

Since the maximum weight applied to the group of rods during testing was 86.94 + 0.25g,

it is highly unlikely that any plastic deformation of any rods occurred during testing, as

Subjecting an acrylic rod (similar to ones used in testing) to
successively higher weights indicates that plastic deformation
occurs between 900.09 and916.29.
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the maximum applied weight was well below 9009. Alt deflections were observed to

return to the zero point after the load was removed.

5.3

To determine whether or not creep of the acrylic rods had occurred during testing, a load

of 96.96 + 0.39 was applied to a group of six rods similar to ones used in experimental

testing and left for 30 minutes. This duration was chosen since it was far in excess of any

duration during the measurement phase described in Section 3.2.2.5. Deflections were

measured at Time : 0,2,20,30 (removal of load), 3T,33,35, 40 and 45 minutes. The

results of this test for one of those rods are displayed in Figure 5.9 below.

CREEP OF ACRYLIC RODS
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Figure 5.9 Creep testing of an acrylic
experimental testing. (Results
presented.)

rod identical to ones used in
for rod #1 of a group of six rods is
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Results show that no measurable creep of the acrylic rod had occur¡ed. The deflection

did return to the zero point after approximately 5 minutes after load removal. Also, since

all deflections were observed to return to zero following load removal during the

measurement phase (Section 3.2.2.5), it is apparent that any measurable viscoelastic

deformation had recovered within the 3 minutes following load removal. No

measurements were taken unless the light point(s) returned to their zero position(s).

5.4

Mean proportions of retractive force for each rod are presented as percent-totals of the

applied retractive force. These results for testing with the flexible archwire are presented

in Figure 5.10 and Tables 5.2 and 5.3. Values are presented as Mean + Standard

Deviation. The sum of the distribution (for each side) is greater than 100% of the applied

left and light loads (102.7% for the left, and 101.8% for the right). Since this would

violate the Law of Conservation of Energy, it is assumed that these seemingly erroneous

results can be attributed to measurement error.

FLEXIBLE ARCHWIRE
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Figure 5.10 Results showing average deflection paths (gray vectors) of rods
during testing with a flexible archwire (dental floss). Mâgnitudes
of the retractive components are highlighted in red, and the
proportion ofthe retractive force applied to each rod, expressed as
percent-total of the applied retractive force, are shown adiacent to
the initial position of each rod.
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53.9 r
2.15%

55.2 !
2.07%

32.8 +
L49%

54.5 !2.18%

32.0 +
1.63%

Table 5.2

32.4 + I.6I%

15.5 +
r.59%

Results of testing with
applied load to each
Deviation.

15.3 + 1.85%

Central
Incisor

Lateral
Incisor

Canine

flexible archwire. Results of percentage of
rod are presented as Mean + Standard

Table 5.3

54.5 t2.18%

32.4 ! 1.61%

15.3 r 1.85%

comparison of measured and theoretical values of retractive
components for testing with flexible archwire.

s5.0%

31.2%

13.7%

-0.5%

+1.2o/o

+1.6%
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f,.5

Results for testing with the rigid archwire are presented in Figure 5.11 and Tables 5.4

and 5.5 below. Values are presented as Mean + Standard Deviation. The sum of the

distribution (for each side) is less than 100% of the applied left and right loads (95.6% for

the left, and 91 .5o/o for the right). Again, it is assumed that these seemingly erroneous

results can be attributed to measurement error (in particular for the rigid archwire, refer to

Section 6.5.4).

RIGID ARCH\ilIRE

Rod 22
29.6!1.19o/o

Rod 21
53.7t0.79%
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Rod 11
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Figure 5.11
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Results showing average deflection paths (grey vectors) of rods
during testing with a rigid archwire (solid acrylic, 1.5mm thick).
Magnitudes of the retractive components are highlighted in red,
and the proportion of the retractive force applied to each rod,
expressed as percent-total of the applied retractive force, are shown
adjacent to the initial position of each rod.
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51.6 +
3.12%

53.3 I
r.89%

29.3 +
r.94%

52.5 !2.1t%

Table 5.4

10.61
T.38%

28.9 x2.t4%

1,1.2 + l.7l%

Results of testing with
applied load to each
Deviation.

Central
incisor

Lateral
Incisor

Canine

rigid archwire. Results of percentage of
rod are presented as Mean + Standard

52.5 +2.17%

289 t2.14%

tt.2+ 1.71%

Table 5.5

s5.0%

3t.2%

13.7%

comparison of measured and theoretical values of retractive
components for testing with rigid archwire.
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5.ó

For each central incisor rod pair, no statistically significant difference (p>0.05) in the

mean values of the retractive component was found. The same was true for both the

laferal incisor and canine rod pairs. The mean magnitude of the retractive component

was greatest for the central incisors, less for the lateral incisors, and lowest for the

canines. There were also no statistically significant differences (p>0.05) in mean values

of retractive force for a given rod when tested with flexible or rigid archwires.

SUMMARY OF RESULTS AND NULL HYPOTHESIS

Statistically significant differences (p>0.001) in mean magnitudes of retractive force

components were found between the rods representing central incisors, lateral incisors

and canines during testing with both flexible and rigid archwires.

The null hypothesis that there is an equal distribution of retractive force among the

anterior six teeth for a posteriorly directed retractive force in en masse retraction is

therefore rejected.
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6.1

The distribution of retractive force during testing with the flexible archwire was in close

agreement with the theoretical results. In the present investigation, only the posteriorly

directed, or "downwatd" component of the retractive force was analyzed,. No analysis

was preformed on the "horizontal" or medially directed components as it was outside the

scope of this study (since we were only interested in determining the distribution of

retractive force).

FLEXIBLE ARCHWIRE

As an increasing number of weights were suspended from the termini of the flexible

archwire, the light deflection points moved downward (as expected) and inward; see

Figures 5.10 and 6.4. The amount of inward or medially directed deflection of the points

is not entirely unexpected due to the nature of the flexible archwire. Indeed, if
progressively stiffer strings or wires were used, there would be progressively less medial

"collapse" of the deflection points at the same weight.

Interestingly, in Figure 5.10, the magnitudes of the gray displacement vectors associated

with the central incisor rods are only slightly greater than those of the lateral incisor rods,

which are slightly greater than those of the canine rods. 'What differs most between these

displacement vectors is their direction, which reflects an increasing retractive component

and a decreasing medial component as the midline is approached.

In the clinical situation, it is assumed that the effects of these medial components would

be minimized or negated through interproximal contact (similar to the way aRoman arch
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resists collapse by distributing its own weight amongst the individual bricks) and

subsequent resistance of adjacent teeth. Since interproximal contacts were not modeled

in this investigation, the rods had no resistance to medial collapse with the flexible

archwire, thus the relatively large medial components of the retractive force(s) were

allowed to express themselves.

Interestingly, testing with the flexible archwire in the absence of the guide rods ("distal,,

to the canine rods) produced results that did not appear to be significantly different from

measurements of testing with the guide rods in place. (A sample large enough for

statistical evaluation was not taken since doing so was not included in the protocol, and

was only performed for interest's sake.) In the absence of guide rods, the magnitudes of

the displacement vectors were greatest for the central incisor rods, slightly less for the

lateral incisor rods, and less still for the canine rods, whereas compared to the results with

the guide rods in place, the distribution of retractive force was lower for the central

incisor rods, higher for the lateral incisor and canine rods.

6.2

Results of testing with the rigid archwire produced results for the distribution of

retractive force which was not statistically significantly different from that of testing with

the flexible archwire. The proportion of retractive force to each rod was lower than those

values for the flexible archwire, likely due to emor in measured weieht of the risid

archwire and the problems of friction (discussed below in section 6.s.3).

RIGID ARCH\ryIRE
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Comparison of Figure 5.10 (flexible archwire) and Figure 5.11 (rigid archwire) reveals

striking differences in magnitudes of (gray) displacement vectors for the various teeth,

and also in the magnitudes of the medially directed components. The displacement

vectors are largest for the central incisor rods, less for the lateral incisor rods. and least

for the canine rods.

It is expected that there would be less medial collapse of the deflections of the rods (and

light points) with the rigid archwire. Unlike the flexible archwire, the rigid archwire

retains its shape when applying a load and does not conform to the configuration of the

rods.

As a result, the amount of the medial collapse of the rods is defined by the archform and

corresponds to medially directed force due to the curvature of the archwire as loads were

applied. These medially directed forces were not predicted by the theoretical model.

This phenomenon will be discussed further in Section 6.3.2. The amount of medial

displacement was greatest for the lateral incisor rods, less for the canine rods and least for

the central incisor rods.

6.3

6.3.1

CORRELATION OF EXPERIMENTAL AND THEORETICAL

RESULTS

For an infinitely flexible archwire, the theoretical model was based on an assumption that

the tension in the archwire produced a resultant vector that was radially directed, toward

F'LEXIBLE ARCHWIRE
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the centre of the semicircle. The results of this model were statistically similar to those

attained by experimentation. Thus, it would be expected that the gray displacement

vectors depicted in Figure 5.10 would all pass through a common point, which should be

the centre of the semicircle. Examination of Figure 5.10 reveals that this is clearly not

what happened. In fact, the gray vectors for each rod pair are relatively symmetric and

do not appear to be random. The theoretical model also predicts that the magnitude of

each gray vector should be equal, where Figure 5.10 reveals that they are not (the vectors

associated with the central incisor rods are slightly greater than those of the lateral incisor

rods, which are slightly greater than those of the canine rods). This leads to two

questions being asked:

1. Can the difference between the theoretical and actual displacement paths

(the gray vectors of Figure 5.10) be explained?

Is the mathematical model for the infinitely flexible archwire valid?2.

To address these questions, it must be emphasized that the development of the theoretical

models are based in static situations. As such, an assumption that the rods remain

stationary seems implicit. Extending the theoretical model to the physical world

necessitates certain additional assumptions. However, not all assumptions can be

supported. In experimentation, the measurements were taken after the rods had deflected

under load. There is movement of the rods in relation to each other as this occurs, and

the static situation becomes a dynamic situation during the time that the rods take to

steady themselves (i.e., reach equilibrium) under loading. Exactly how the rods interact
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with each other during this movement is unclear (see Section 6.5.1) and the theoretical

model cannot predict the effects that such movement has on the system.

During the dynamic situation of the rods deflecting under load, the distance between the

tips of the rods decreases as the dental floss used to model the flexible archwire exerts the

applied load and slides at the points of contact with the rods. Even though a lubricant

was used to minimize friction, there will always be some friction present in the system.

This friction may serve to prevent the gray displacement vectors from passing through

the centre of the semicircle. Consider the displacement vectors for the central incisor

rods. To pass through the centre, these vectors need to be directed medially to a greater

extent than they are. Resistance of these rods to medial deflection (which is directed

laterally), and friction of the dental floss with the rods (also directed laterally since the

rods actually do displace medially to an extent) may add up to an amount great enough to

prevent the displacement vector from actually passing through the centre, and present as

they do in Figure 5.10.

Referring back to the way in which the theoretical model for the flexible archwire was

developed, the archwire was subdivided into an infinite number of sections d0.

Assuming that each subsection d0 was of equal (albeit infinitesimal) length, then the

subsections are each separated by the same distance. Therefore, each subsection in the

infinitely flexible archwire is associated with an infinitesimal tension vector dt. Since

each subsection d0 is equidistant from adjacent subsections, then each dt between

adjacent subsections must have equal magnitude and each resultant vector from each dt
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(see X'igure 4.15) must be directed along the radius toward the centre of the semicircle

and not in any other direction. Thus, the resultant vector from two adjacent tension

vectors points toward the centre of a semicircle only if the tension vectors are of equal

magnitude.

For the purposes of making the spatial relation of the rods representing the anterior teeth

in the experimental apparatus more clinically relevant, they were placed particular

distances apart which corresponded to average clinical values of the mesiodistal crown

widths of central incisors, lateral incisors and canine teeth for a Caucasian male.

distributed over a range of 180". That is, they were not spaced. equidistantly.

Following this line of thinking, for rods that are not spaced equidistantly, is it safe to

assume that there would be different tension vectors on either side of each rod? As the

diagram on the left of Figure 6.1 demonstrates below, for the arrangement of rods used

in this investigation, bisection of the angles made by joining the dots of the initial

positions of the rods produces lines which pass through the centre of the semicircle.

What does this say of the tension vectors on either side of each initial position? perhaps

they are unequal, but there is no way of actually knowing without measuring these

tensions. Again, this is a static situation. As a load is applied, the rods deflect in

different amounts, and the spatial relation to each other changes. The diagram on the

right of Figure 6.1 demonstrates that because of the differing amounts of deflection,

bisection of the angles between adjacent points produces lines that do not pass through

the centre of the semicircle or any common point. This is reflective of the numerous
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variables that exist in the experimental apparatus that cannot be accounted for in the

theoretical model. While the diagram on the right of Figure 6.1 is not representative of

the actual data (the gray vectors of Figure 5.10), it does demonstrate that there is a fault

with the theoretical model in its present form.

Figure 6.1 Bisection of the angles between adjacent initial position of the rods
shows that lines representing resultant vectors from tension in the
archwire pass through a common point at the centre of the
semicircle. on the right side, deflection of the rods under load
produces more deflection of the central incisor rods, less of for the
lateral incisor rods, and the least for the canines. There is also
medial displacement. Bisection of the angles between the points of
their new positions shows that the resultant vectors do not pass
through the centre or any common point. This occurs at the
moment the archform is distorted from a semicircular form with
constant radius, and points to a fault of the theoretical model for
the flexible archwire. The distortion of the archwire during rod
deflection is exaggerated merely for sake of example.

Thus, failure of the theoretical model for a flexible archwire to accommodate the

dynamics during rod deflection, the associated friction, the resistance of the rods to

deflection and the non-equidistant placement of the rods leads one to conclude that this

model may be incomplete or perhaps even invalid in its present form. The variables

mentioned above all have horizontal components of forces (which may have significant

magnitude), md since the theoretical model for the flexible archwire did predict the
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amount of retractive force that would be applied (which was validated by

experimentation), perhaps the approach taken to generate this theoretical model needs

fuither improvements. Perhaps an approach which incorporated assessment of dynamic

changes in the spatial relation of the rods with each other during deflection, resistance to

deflection in horizontal and vertical directions, as well as friction in the system would

produce a result which arrived at the same results as the present model did for the force

distribution in the vertical direction, but also may account for the failure of the gray

displacement vectors to pass through the circle of the semicircle. Perhaps the theoretical

model worked in the vertical direction since the greatest forces during experimentation

acted vertically. (Clearly, the magnitude of applied retractive force was greater than that

of friction between the floss and the rod.)

Clearly then, a new theoretical model for force distribution from a flexible archwire

which will address these confounders is desired. Further, it is expected that a new

theoretical model will arrive at the same results with respect to the distribution of

retractive force as the present model.

6.3.2

For an infinitely rigid archwire, the theoretical model was based on the assumption that

any retractive component of the applied retractive force is equal in magnitude and

direction to the applied retractive force at any point along the archwire. The difference in

the amount of retractive force over any range is tied in to the geometry of the rigid

archwire and the initial positions of the rods. This model predicts that the rods should

RIGID ARCHWIRE
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have deflected downward only; there is no prediction of any amount of medial deflection

whatsoever.

However, from the experimental model, we know that there is some amount of medial

deflection. Consider Figure 6.2, which illustrates a moving wedge contacting a

stationary body. If there \À/ere an infìnite amount of friction between the wedge and the

object, the object would be displaced in the same direction as the wedge. If there was an

absence of any friction between the wedge and the object, the object would seek the

position that would allow it to be at its lowest energy level; in this case, it would be the

position corresponding to the least amount of flexure of the rod.

Direction of
motion

I

-rt/tt
lÆ::i.

O
Object

Figure 6.2

WW^
Displacement of an object in contact with a moving wedge
depends on variables such as the geometry of the wedge and the
amount of friction between the wedge and the object. The angle of
contact, 0, is taken from a line parallel with horizontal to the side
of the wedge facing the object.

Infinite
friction

Actual
displacement

of object
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If there were a degree of friction that was not inflrnite but greater than zero, then there

would be a component of displacement of the object in both the direction and

perpendicular to the direction of motion of the wedge. The resulting direction of

displacement would represent the path of least resistance of the object, and would depend

on variables such as the friction between the wedge and the object (and other objects), the

geometry of the wedge, etc.

The rigid archwire would be analogous to a wedge contacting a rod, the geometry of

which is different at the points of contact with the various rods. If the angle of contact is

taken as the tangent to the archwire at the point of contact (measured with the initial side

parallel with horizontal), then the canine rod would have the greatest angle of contact, the

lateral incisor rod angle of contact would be less, and the smallest angle of contact is

associated with the central incisor rod. One may expect that the paths of deflection of the

rods at each contact point would be perpendicular to this tangent (i.e., would be radially

directed), but other variables such as friction and degree of contact between the rod and

archwire, resolution of the force at each point of contact, the distance each rod "slides

up" the inside of the rigid archwire during deflection and other variables cause the paths

of deflection to be deviated from what one may expect and actually present as those

shown in Figure 5.11. It is not entirely unexpected that the central incisor rod would

experience a greater proportion ofretractive force than that experienced by the canine rod

since the force applied at the central incisor rod is more-or-less "straight on" whereas the

force applied at the canine is "oblique."
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Thus, failure of the theoretical model for the infinitely rigid archwire to accommodate rod

deflection, geometry and friction of the archwire at points of contact with the rods leads

one to conclude that this model may be invalid in its present form and requires

improvements. The fact that the experimental results for the distribution of retractive

force were in close agreement with theoretical results of this model is not entirely

serendipitous, but also not completely unexpected since the forces of greatest magnitude

during measurement were generated by the retractive force and therefore were in same

direction as the retractive force. Considering the "wedge" example of rod deflection

(Figure 6.2), it is also not entirely unexpected that the central incisor, lateral incisor and

canine rods would each experience a different amount of retractive force which is

dependent on the geometry of the archwire at the points of contact. It is therefore not

unexpected that the distribution of retractive force in a semicircular rigid archform may

be in some way related to (i.e., not entirely dependent on) the horizontal projections of

the angular ranges corresponding to each rod (see Figure 4.lg).

Thus, a new theoretical model for force distribution from a rigid archwire which will

address the aforementioned confounders is desired. It is also expected that a new

theoretical model for a rigid archwire will arrive at similar results with respect to the

distribution of retractive force as the present model.

6.4

Statistically significant differences in magnitudes of retractive force delivered by the

archwires alone were found between the rods representing central incisors, lateral incisors

COMPARISON OF RESULTS WITH PREVIOUS STUDIES
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and canines. The mean magnitude of this force was greatest for the central incisors, less

for the lateral incisors, and lowest for the canines. Results were similar for testins with

both flexible and rigid archwires.

Review of the literature shows that no standardized protocol exists for measurement of

forces developed from archwires. As a result, most reported studies have numerous

variables that differ from each other and essentially affect the way data is collected and

interpreted. Of 27 papers reporting on force from orthodontic appliances (either

magnitude only or magnitude and direction), seven dealt with effects on the canine

exclusively,t'e'14'2t'36'42'sl eleven included evaluation of reciprocal effects on anchorage

units,s'r2'r3'te'27'30'3s'4e's2'63'87 only two dealt with force distribution,3s,3e seven were

theoretical/computer-based,31'44'46'47'6t'62'6s and the overwhelming majority had markedly

different protocols. Of the two papers regarding force distribution,3s'3e both had similar

protocols: one paper reported testing of a regular utility arch, and the other reported

testing of a contraction utility arch. Both investigations had two of three investigators in

common.

The purpose of this study was to discern the forces applied to the biologic system in vitro.

How the biologic system reacts to these forces is outside the scope of this thesis. As

such, numerous variables that exist in a biologic system were eliminated. For example,

Hixon et al.t7 pointed out that canine tipping which occurs clinically during retraction

introduces several variables which obscure the relation between applied force and dental

movement; the experimental protocol used by Storey and Smith caused the canine to tip
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into the extraction sites, thereby obscuring the very relation they attempted to elucidate.

Clinical experimentation is fraught with confounders such as inability to control the type

of dental movement, biased data due to the nonlinear, time-dependent nature of dental

movement following the application of an orthodontic force,2l'z3 variations in patient

response,2o'2s unaccounted potential energy in archwire deflection (e.g., energy stored in a

spring or loop) and friction in the bracket/archwire system, only to name a few. These

confounders might imply that differences in method of force measurement are significant,

and makes it clear that methodical analysis in clinical situations may prove to be

exceedingly diffrcult due to these variables. The goal of experimentation using

laboratory or mathematical models is to provide data to make rational explanations of the

behaviour of the biomechanical systems. An extensive Medline search and review of

published literature from 1904 to present revealed that, to the best of our knowledge, the

present research is the only one to demonstrate the distribution of retractive force to

anterior teeth due to the archwire alone. As such, it makes comparison of this

investigation to previous investigations exceedingly difficult.

b.5

6.s.1

Placement of the rods on the semicircular archform in positions different from those

specif,red in Section 4.4.2, Figure 4.12,is a source of emor in this investigation. For a

semicircle of diameter : i 15 t 0.5mm, any deviation of 1o from the ideal location for any

rod results in a difference of 1.00mm from that position along the circumference. If one

or more rods are not placed in their ideal positions, the distance (angular and linear) will

ERRORS IN THIS INVESTIGATION

ERRORS ASSOCIATED WITH MISPLACEMENT OF THE RODS
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be different, and the interactions of the rods in the system will produce measuïements

which are different from expected results.

The purpose of this section is to demonstrate that even though it is assumed that each rod

is behaving independently under load, it is very likely that there is an interaction between

the rods that cannot be elucidated. The following discussion is merely an educated guess

as to how the interaction of the rods in the svstem mav work.

Even though the force was measured at a particular point on the archwire, it was assumed

that the retractive force acted over a specified angular range, as specified in the

theoretical model. For example, if the central and lateral incisor rods are placed ideally,

and the canine rod is misplaced i.0' higher (that is, closer to the midpoint of the

semicircle, along the circumference), then the angular range of the canine will increase

2.0o from 30.4o to 34.2, the angular range of the lateral incisor would decrease from

22.2 and the lateral rod would no longer be located at the midpoint of its range.

Therefore, the measurement of the lateral incisor would be affected. It is not

unreasonable to assume that the central incisor rod would also be affected. Thus,

misplacement of one rod from its ideal position propagates error throughout the entire

system. Refer to Figure 4.12 andto Figure 6.3
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Figure 6.3

For a single rod, the error in measurement of the proportion of retractive force to that rod

depends on the amount that the rod is misplaced mesially or distally. In Figures 6.4a - c,

the errors in proportion of retractive force associated with misplacement of each rod are

presented. Absolute errors in measurement are presented in functions of deviations from

ideal positions in degrees. Absolute error refers to the difference in retractive force: for

example, if the canine was misplaced approximately 4.0o lower than ideal, the absolute

error associated with that displacement is approximately 60/o (see Figure 6.4c), which

means that the proportion of retractive force would not be l3.7yo, but would rather be

13.l% minus approximately 60/o which is approximately 7.7o/o.

Misplacement of the canine rod (anterior misplacement shown)
may propagate error throughout the entire system by altering the
angular ranges.
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Figure 6.4c Absolute error associated with misplacement of canine rod in
degrees, along semicircular archform.

It is worthwhile to note that the rod representing the canine is affected by positional

changes the most, followed by the central incisor rod, then the lateral incisor rod. The

reason for the canine rod being affected the most could be because it is the rod located

closest to 0 = 0o, at which point the value of cosO is at its maximum, and the rate of

change of cosO is zero. The measurement error associated with any positional change of

a rod is amplified by a factor of cos0. The value of cosO is at its minimum at 0 = 90",

which suggests that positional changes would affect the central incisor rod the least since

it located closest to 0 = 90".

Another reason why the measurement error of the lateral incisor rod is the lowest could

be because the angular ranges for the central incisor and canine rods each have a fixed
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terminus. If the position of the rod representing the central incisor deviates, only the

terminus between the central incisor and the lateral incisor somehow adjusts to change

the angular range from one side only. If the position of the rod representing the lateral

incisor deviates, both termini of its angular range change, and the angular range loses

from one terminus while gaining from the other to make the difference minimal. The

entire angular range of the lateral incisor rod could shift accordingly.

To say that a change in the position of one rod will affect the entire system is sensible,

but questionable. In actual fact, it is impossible to theoretically determine whether or not

errors due to positional changes are propagated. A method to test the effects in positional

changes would be to construct an apparatus similar to that displayed in Figure 3.5,

intentionally change the position of one rod, and measure the effects. If the percentage of

the retractive force that is taken away from the range of one rod is transferred to that of

the adjacent rod, then the effects are limited to the ranges of those two rods, and not

propagated to the third rod on that side of the semicircle. It is sensible to say this because

the positions of the other two rods are considered ideal and the terminus of the angular

ranges of those two rods is the same, then the third rod would not be affected. Whether

or not this is the case requires further testing.

The preceding discussion is based on the premise that the system has the ability to

automatically adjust around altered positions of rods by changing the positions of termini

between angular ranges. Keeping in mind that the positions of the termini are assigned

values in the theoretical model, the fact that the measured values agree well with the
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theoretical model is truly surprising, since the way in which the rods interact with each

other in the system is unknown.

Comparison of the actual positions of the rods to the ideal positions of the rods in the

drilling diagram used to construct the apparatus (see Figure 3.5) revealed that each rod

was placed to within 0.25mm of its ideal position. The estimates of the total erïors in the

system which could be attributed to positional errors of the rods are presented in Table

6.1.

This section of the discussion addresses the errors associated with the initial positions of

the rods in relation to each other. It has been observed that the spatial relation of the rods

do change during deflection, and thus, the extrapolation of this line of thinking is

exceedingly difficult to apply to the situation during deflection since the termini of the

angular ranges do effectively change during deflection.

Table 6.1 Measurement effors of the system associated with errors
placement of the various rods along the semicircular archform.

in
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6.5.2 ERRORS ASSOCIATED WITH LOADING AND RECOVERY

TIMES

Creep of the acrylic rods was unlikely to have occurred during measurements. As

demonstrated in Figure 5.9, after a load of 96.96 t 0.3g was applied for 30 minutes and

then removed, all rods eventually returned to their zero points. Since during the

measurement procedure (see Section 3.2.2,5) the light points were observed to return to

their zero positions within a three minute interval between consecutive measurements, we

can assume that there was no measurable rod creep or viscoelastic deformation remaining

when the measurement commenced.

It is therefore unlikely that the effects of creep or viscoelastic deformation of the acrylic

rods made any contribution to the error of the measurements.

6.s.3 ERRORS DUE TO FRICTION

The only sliding part of the apparatus was the archwire as it applied force to the acrylic

rods. For both the flexible and rigid archwires, a petroleum-based lubricant (WD-40@;

V/D-40 Products Canada Ltd., Etobicoke, ON) was used to lubricate the points of contact

of the archwire(s) and the rods. In the case of the flexible archwire, the dental floss was

impregnated with WD-40@. For the rigid archwire, WD-40@ was liberally applied (via

collimated spray) to the inside of the semicircle cut from the plastic. Acrylic

(methylmethacrylate) is said to have good chemical resistance to oils (vegetable, animal

and mineral).80
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Any friction in the system manifested itself in the measurements as a deviation of a point

from the average line of deflection for the data set. In Figure 6.5, a data set (i.e., one

trial of ten trials) of measurements from testing with the flexible archwire is presented.

The gray lines represent the average line of displacement for each rod, and were

determined by linear regression of all the data points for each rod over all ten trials. Each

individual point in Figure 6.5 represents a deflection of each rod for a particular load.

The points on the semicircle (the outermost points) are referred to point 1 for each rod but

are actually the zero points for each rod with no load applied. The innermost points are

referred to as point 5. Point 2 for each rod is the deflection with one weight; point 3 is

with two weights, etc. For rod I I (the blue series), point 2 deviates laterally from the

average line of deflection. This deviation is due to friction between the floss and the rod

fot rod 11, which has prevented it from moving medially during measurement (one

would expect medial collapse of all rods for a flexible archwire such as dental floss).

Similar deviations of individual datapoints from average lines of deflection could be due

to the effects offriction.

The friction associated with point 2 for rod I I likely has a negligible effect on the

measurement of the retractive force, since this rod is close to 0 = 90o and cos0 is

minimum at this value, as described in Section 6.5.1 above, and the deviation away from

the average line of deflection is more horizontal than vertical.
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Figure 6.5 Data set for testing with a flexible archwire, showing individual
data points. Average lines of deflection are the solid lines.

However, the friction associated with point 4 of rod I3 and point 4 of rod 23 is likely to

have a greater effect on the measurement since the deviation away from the average line

of deflection is more vertical than horizontal. These deviations of point 4 of rods I3 and,

23 represent friction between the floss and the rods which prevented these rods from

being deflected vertically as much as they should have been. The friction causes the rods

to "hang" vertically, thus minimizing the measurement and inflating the error associated

with the data set.

6.5.3.1 INTERPRETING THE RAW DATA

The crux of interpreting Figure 6.5 is to realize that it depicts deflections of the light

points on the measurement screen rather than actual deflections of the acrylic rods. The

horizontal distance between the light emitters and the measurement screen amplif,res the
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amount of any deflection of the rods. Figure 6.6 helps illustrate this point. At the top of

this figure is a diagram of the apparatus with no applied load and the light emitters on.

The rods are unbent, and the light points on the measurement screen 2.50m away are at

their zero positions. At the bottom of this figure is a diagram of the apparatus with an

applied load (via a flexible archwire), showing the paths of the light beams. Note the

cross-over of the beams between the emitters and the screen. If you were to look at the

light points on the screen at face value, it would appear that the central incisor rods have

bent below the level of the lateral incisor rods - an event that is impossible using the

flexible archwire. The appearance of the light points on the screen may be misleading,

but it is important to realize that they are amplified deflections rather than actual

deflections.

A vertical deflection of 1.Ocm measured at the screen corresponds to a vertical deflection

of approximately 0.338mm of the rod at the tip of the light emitter. A deflection of the

rod is approximately 3.38% of the deflection of the measured value at the screen. In

other words, the distance between the rod and the screen amplifies the deflection by a

factor of approximately 29.5 for measurement at the screen. For point 4 of rod 23, its

vertical deviation from the average line of deflection is approximately 1.25mm, which

corresponds to a vertical deflection of 0.0424mm or 42.4 m. Forrod 23, this difference

corresponds to an absolute error of approximately 1.9% associated with this data point.
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Figure 6.6 Schematic diagram (not to scale) illustrating the crossover effect
when the measurement screen is a long distance from the light
emitters. The upper part of the diagram shows the apparatus with
the rods in an unloaded state. The light points at an arbitrary
Position A between the emitters and Position B (the measurement
screen) are the same and duplicate the rod positions in the arch.
The bottom part of the diagram shows a suffrcient load w placed
on the rods to cause significant deflections. Because the
distribution of the verlical load is not uniform, the light points
observed at Position c describe a convex arc whereas at position D
the light points of the central incisor rod have been displaced more
than those of the other two rod pairs and fall below the convex arc
containing the other light points.
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Since it is expected (based on the theoretical model) that the magnitudes of the retractive

components are different for the various rods, it is thus expected that the rods will deflect

different amounts which is ultimately reflected in the amount of displacement of the light

points on the measurement screen. With this in mind, and remembering that any

displacement of the light points on the screen is 1129.5 of the amount of deflection of the

rod at the tip of the light emitter, it is erroneous to assume that the light point

displacements (as illustrated by point 5 for each rod in Figure 6.5) should stay in a

perfectly circular pattern. At some distance between the light emitters and the

measurement screen, the light beams may cross each other for a particular load.

Whether or not the magnitude of tlie friction of the system is significant is questionable.

What is clear is that friction has a greater effect on the measurements of the canine rod

than it does with the lateral incisor rod or the central incisor rod, due to increased vertical

components of deviation from average lines of deflection as they go from a more vertical

orientation (as for the central incisor rod) to a more horizontal orientation las for the

canine rod).

6.5.4 ERRORS ASSOCIATED \ryITH OSCILLATIONS IN THE SYSTEM

There is an effect tied into the effects of friction in the system, namely, the effects of

oscillations in the system. An attempt was made to apply the archwire with weights as

consistently as possible during measurements, there were occasions when the dangling

weights oscillated similar to the way a pendulum does. Since there is friction in the

system, the amount of friction could have been lessened to a small degree as the
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weight(s) were at their greatest lateral point in their swing(s). The decreased friction may

have been enough to allow the rod's friction-restrained-resistance-to-deflection (i.e., the

rods want to deflect but are restrained by the friction [resistance]) to express itself a small

degree, thus allowing the rod to "creep laterally" a small amount. Also, when the

archwire and weights were applied and the rods steadied themselves, it was observed that

if one rod was tapped, the deflections of the remaining rods decreased and the

configuration of the light points changed. It was also observed that any effects that such

oscillations and tapping had were manifested to the greatest extent in the deflections of

the canine rods. This observation was true for testing with flexible and rigid archwires.

o.J.5 ERRORS IN AMOUNT OF'CONTACT WITH THE ARCHWIRE

For testing with the rigid archwire, simultaneous contact of all rods with the plastic of the

rigid archwire was essential. If one rod did not contact the plastic, there would be a lag

between application of force and deflection of that rod. The total deflection of that rod

would be significantly less than its corresponding contralateral rod, as would the

proportion of retractive force to that rod.

The semicircular arch form that was cut out of the plastic of the rigid archwire was done

such that simultaneous contact of the plastic with all rods was attained. This was verif,red

by suspending the archwire over the rods and placing it such that it just contacted the

central incisor rods. Then the archwire was gently tapped and deflections of the light

points on the measurement screen were observed. Of one point did not deflect, the

archwire corresponding with that rod was sectioned and its position was adjusted directly
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horizontally and vertically until contact was verified as described above, and f,rnallv was

fused to the remainder of the archwire with'weld-onrM acrylic solvent.

What could not be elucidated was the degree of contact between the rods and the acrylic

of the rigid archwire. Whether or not one rod had a stronger contact with the archwire

than the other rods could not be determined. Intuitively, since the rigid archwire is

designed to hang and use gravity to produce the retractive force, and since the lateral

incisor rod, and more so, the canine rods are situated in the arch to contact the archwire at

increasingly vertical tangents, it is sensible to assume that the central incisor rods would

have the greatest degree of contact of any of the rods. It is diffrcult to ascertain whether

or not differing degrees of contact contributes more or less to effors in measurement.

CORRELATION WITH IN VIVO SITUATIONS

The most obvious difference between in vivo and in vitro situations is that the in vivo

situation is a biomechanical system. Within such a system, there are myriad variables

and the effects of all the variables cannot be modeled in in vitro experimentation.

Several variables which exist clinically were eliminated in this investigation. Differing

root sizes and shapes were eliminated in order to allow each rod to behave similarly so

different responses to the same load could be identified. No brackets were used to

engage the archwires to the rods, thus eliminating the effects of tying in to the brackets,

as well as bracket friction and bracket torque. None of the moments that normally exist

at a bracket could be expressed. The absence of brackets also permitted the retractive

6.6
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effect of the archwire alone to be exerted on the teeth, by allowing the archwire to make

point contact with the rods. Furthermore, the retractive effects would have been

exaggerated if the rods were engaged to the archwires, which would have defeated the

purpose of this investigation.

It can be argued that the loads applied to the rods may not be similar to what is

commonly used clinically. To counter any such argument, any load less than that

required to plastically deform the rods or debond the styrene tabs could be used in this

investigation to determine the proportion of the retractive force delivered to any rod in

the system.

Most importantly, a variable that exists in in vivo situatj.ons which was omitted

experimentally was the presence of interproximal contacts. There were no contacts

between adjacent rods similar to interproximal contacts which (may) exist between the

anterior teeth during en masse retraction. The distribution of retractive force may

actually even out among anterior teeth through interproximal contacts. A way of

adapting the experimental apparatus and method to simulate interproximal contacts

would be to physically attach the rods to the archwires. However, as mentioned above,

doing this would have defeated a purpose of this investigation, since the proportions of

retractive forces to the rods would have been exaggerated.

Results of this investigation show that the proportion of retractive force delivered to the

rods is greatest at the central incisor rods (55.0o/o) and smallest at the canine rods

112



(I3.7%). If this is true clinically, it would imply that en masse retraction is not

accomplished by a posteriorly directed pull on the canines and lateral incisors, but rather

by a posteriorly directed push which is transmitted from the central incisors through the

lateral incisors and canines via interproximal contacts. Assuming that the retractive force

on central incisors remains disproporlionately high, then a modification of the archwire

might be advisable to attain a more even distribution of retractive force in clinical

situations. The fact remains that clinical accomplishment of space closure during en

masse retraction of anterior teeth occurs successfully every day. However, interpretation

of these results may lead one to believe that with an uneven distribution of retractive

force among anterior teeth, lack of modification of mechanics leaves these teeth,

particularly the canines, as excellent anchorage teeth for posterior protraction.

The concept of optimal force implies that a force exists for a particular tooth that will

effect orthodontic movement of that tooth through bone most efficiently. This concept

rests on the assumption that the (optimal) force depends on the amount of root surface of

a tooth for efficient movement. The optimal force for a relatively larger rooted tooth like

a canine will likely be higher than the optimal force for a tooth like a lateral incisor to

achieve the same rate of orthodontic movement. Does this mean that an even distribution

of retractive force among anterior teeth durin g en masse retraction is at all desirable? Of

the six anterior teeth, the canines have the largest roots, followed by the central incisors,

and finally the lateral incisors. At the very least, it would appear obvious that if optimal

forces were desired in en masse retraction, the greatest proportion of retractive force

should be directed to the canines and the smallest proportion be directed to the lateral
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incisors. It is stressed that in the absence of archwire engagement and interproximal

contacts, such a distribution of force was not noted in this investisation.

6.7 ELLIPTICAL ARCHWRIES

An argument can be made that the majority of anterior archforms correspond to elliptical

rather than perfectly circular forms. In the frame of reference of Figure 4,12, an anterior

archform arch may be termed more-or-less "tapered" if it corresponds to an ellipse with

its major axis lying in the vertical plane, whereas an anterior archform may be moïe-or-

less termed "square" if it corresponds to an ellipse with its major axis lying in the

horizontal plane.

Figure 6.7 Elliptical anterior archforms which could be used for testing in an
investigation similar to this one. A "tapered" archform may be
elliptical with its major axis in the vertical plane, as in the diagram
on the left. A "square" archform may be elliptical with its major
axis in the horizontal plane, as in the diagram on the right.

Even if they were valid, the theoretical models developed in this investigation cannot be

applied directly to analyze elliptical archforms for the sole reason that they rely on a

constant radius which only exists on a circle. In ellipses, the "radius" changes as a
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function of 0, and has a maximum value when parallel with the major axis and a

minimum value when parallel with the minor axis.

However, educated guesses can be made. For example, for a circular infinitely flexible

archwire, the retractive component will be maximum at 0 = 90o (that is, when the

retractive force is directed vertically), and will be minimum at 0 = 0o (when the retractive

force is directed horizontally). Please refer to Figure 4.9 which demonstrates this and

shows that the change in the retractive component obeys a sine function, or stated in other

words, the change follows a sinusoidal curve as 0 changes, with a constant radius. For a

change of retractive component which obeys a sine function, the rate of change of that

component will obey a negative cosine function.

In the case of ellipses, again, the retractive component will be maximum at 0 = 90o

(retractive force is directed vertically), and will be minimum at 0 = 0" (retractive force is

directed horizontally). The crux of analyzing force distribution for a flexible elliptical

archwire is to realize the change in "radius" with the angle 0. Since the radius is not

constant and changes as function of 0, the rate of change of the retractive component will

not follow a sinusoidal curve, but will follow a sigmoÌdal curve. The differences in

sinusoidal and sigmoidal curves are presented in Figure 6.8.
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900

Figure 6.8 Sinusoidal (left) and sigmoidal (right) rates of change in the
retractive component of an applied retractive force with an
infinitely flexible archwire of circular (left) and elliptical (right)
shape.

If the elliptical archform is changed from having its major axis in the vertical plane to the

horizontal plane, then the expected difference in the sigmoidal change of retractive

component is presented in Figure 6.9.
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Sigmoidal changes in retractive component of an infinitely flexible
archwire of elliptical shape with its major axis vertical (left) and
horizontal (right).
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For the diagram on the right in Figure 6.9, the initial slope (that is, the part closest to the

origin) is less steep, whereas there is more of a plateau of the final part at 0 = 0o. The

reason for the plateau (which is not horizontal) is because the "radius" changes less for

every d0 in region of 0 approaches 90", and there is less of a curvature of the surface of

the ellipse here than in any other region of the ellipse. This in turn implies that this

region of the surface is "flattest" and the change in the retractive component at every

adiacent d0 would be minimum.

The area of greatest change of radius pel d0 is in the region of 0 approximating the minor

axis, or 0 approaches 0o for a horizontal ellipse. This means that one expects a rapid

change in the retractive component for every d0 near 0 : 0o, which explains the

relatively drastic slope near the origin in the diagram on the right of Figure 6.9.

Thus, it is expected that the distribution of retractive force will produce a higher

proportion to the central incisors when the flexible elliptical archform is horizontal than

when it is vertical.

SUMMARY

The experimental results appeared to agree well with the predictions of the theoretical

models for distribution of retractive force. Upon evaluation of the experimental results, it

is apparent that the models were invalid or incomplete in their present form since they did

not accommodate any explanation for medial movement of the rods, the changes in

spatial orientation of the rods and geometry of the flexible archwire during deflection,

and the effects of friction in the system. The theoretical model for the infinitely rigid

6.8
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archwire did not predict the significant medial components of force that the rigid

archwire produced on the rods. The theoretical model for the infinitely flexible archwire,

however, does appear to give a good indication of the general direction and magnitude of

the forces developed by a flexible archwire, although it is incomplete in its present form.

It is expected that revised theoretical models will include predictions for amounts of

retractive force that agree with the present theoretical models, since these amounts were

verified by experimentation. Further experimentation in these regards is clearly

indicated.

It appears that testing with the rigid archwire was more prone to experimental error than

was testing with the flexible archwire. Errors such as degree of contact of the rods with

the rigid archwire, oscillations and friction appeared to play a greater role in rigid testing

than in flexible archwire testins.

While the experimental results seemed to generate more questions than answers, the null

hypothesis that there is an even distribution of retractive force during en mosse retraction

has been disproved. The distribution of retractive force is shown by both the theoretical

and experimental models to be markedly uneven. The retractive force applied by the

archwire alone on the canine rods (representing the anterior tooth with typically the

largest root surface area) is less than one third that applied to the lateral incisor rod

(representing the anterior tooth with typically the smallest root surface area). This result

seems to have implications for anchorage control as well as the need for improved

appliance design to effect efficient en mosse anterior retraction.
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CIIAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

7.2 Recommendations
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7.1 CONCLUSIONS

The conclusions that can be drawn from this in vitro investigation are the following:

1. For an anterior semicircular section of archwire with a constant radius, when a

posteriorly directed retractive force is applied to the archwire, the posteriorly

directed component of the retractive force has a distribution of approximately

55.0% to the central incisors, approximately 31.2%o to the lateral incisors, and

approximately 13.7% to the canines. This is true only when the archwire makes

point contacts with bodies representing anterior teeth in such a way that there is

negligible friction between the archwire and the bodies, and the archwire is not

tied to the bodies in any way.

2. In a clinical application, friction effects may alter the force distribution and

direction sreatlv.

3. The distribution of retractive force is the same for any archwire, since the

distribution was found to be statistically similar for a very flexible and a very

rigid archwire, under the conditions mentioned in #1 above.

The magnitudes of the medially directed components of the retractive force vary,

with the greatest magnitudes associated with very flexible archwires, and the

smallest magnitudes associated with very rigid archwires.

Deflection of acrylic rods is an acceptable way to measure retractive components

in vitro since they were shown to produce consistent and reproducible results,

and, depending on the lengths of the rods, can be tested within a range well below

their elastic limit.

Á+.
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Creep and viscoelastic deformation of the acrylic rods did not have a detectible

effect on measurements during this investigation.

7. The current clinical belief of anterior force equalization among the six anterior

teeth during en masse retraction may not be valid.

7.2 RECOMMENDATIONS

For future experimentation, the following recommendations are suggested:

1. Develop theoretical model for a flexible archwire to accommodate the dynamics

during rod deflection, the associated friction, the resistance of the rods to

deflection and non-equidistant placement of the rods.

2. Use apparatus similar to that used in this investigation, with interproximal

contacts modeled by round discs placed on each rod. The discs would represent

teeth, and make point contacts with each other. Contacts should be passive; the

laser point should not change from the positions when the discs are not on the

rods. There would be an amount of weight of each disc that would have to be

accounted for. This situation would represent the six anterior teeth, with no

interproximal spaces, being retracted en masse by a round wire with frictionless

brackets.

3. If light emitters are to be used for displaying deflection of acrylic rods, the

emitters should be attached to the rods in such a way that they can be removed

and replaced to allow a consistent location of the light point on the screen

corresponding to a particular rod. In this investigation, if an emitter had to be

6.
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replaced, the clip that was used to hold the emitter to the end of the rod

modifications which were time-consuming and frustrating.

4. Additional testing should be done with apparatus similar to that used

investigation using square, tapering and elliptical archforms.

needed

in this

5. Additional testing should be done with anatomically correct tooth models in a

typodont-style (wax "alveolus") apparatus using flexible and rigid archwires.

Using such models incorporates variables such as interproximal contacts, root

form and length, and may give a better indication of what happens clinically. It is

unlikely that light deflection could be employed in this situation. Displacement of

incisal edges would be a better measurement, but calibration of force versus

displacement would be diff,rcult and may be inconsistent since displacement will

vary with wax temperature, alveolar wax height, presence of adjacent teeth, etc.
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APPENDIX 1 CALIBRATION DATA

Rod 11

Deflection of light point to nearest ll4mm.

Slope y-Intercept

r.46s1 r07 97 -0.r 16666667

Load (g) Irial 1 Irial 2 frial3 frial4 frial 5

C 0.0c 0.0( 0.0c 0.0( 0.0c

ro-lc 24.0C ZJ.UI 1^ 1< aÀ 41 1À 11

JZ.J¿ 48.0C 47.75 47.5( 41.0( 47.5C

48.48 70.5( 69.5C 70.0( 70.25 71.0t

64.64 93.0C 93.7 5 93.0( 93.sC 94.7:

80.t I 17.5( tt7.75 116.5( l16.5c r20.0(

96.9( r41.0( 141.2s t42.0( 142.0C t44.0(

113.1 r64.s( 165.0( 165.0( 165.5C t67.7:

Load (g) Irial6 Irial 7 trial 8 frial 9 Irial l0
t 0.0( 0.0( 0.0c 0.0( 0.0(

16.1( 24.0( 24.0{ 24.7: 24.7: 23.0(

47.0( 47.5( 47.0(, 48.7: 46.0(

48.48 70.25 70.7: 10.25 71.0( 70.25

64.64 93.5C 94.sC 94.2: 94.5( 94.0C

80.8 117.25 I18.25 I 18.0c I r9.0( I 18.25

96.9( l4 I .0c r42.75 142.2: 143.0( 143.0c

113.1 l 65.0c 167.0c 167.0( 168.2: r66.5C

Load (g) lfean ìD Winimum Vlaximum

0.0( 0.0( 0.0( 0.0(

l6.l 24.0t 0.64603491: 23.0( a^ 1<

32.3t 47.4( 0.72839244( 46.0( 48.75

48.4Í 70.3t 0.46022337( 69.s( 71.0c

64.6t 93.88 0.626387349 93.0( 94.75

80.r 117.9C 1.074967', 116.5( 120.0(

96.9( 142.2 0.98213203: l4l.0c 144.0(

I13.1 166. I 1.3 I 866936: 164.5C 168.2:
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Rod 12
Deflection of light point to nearest 1l4mm.

Load (g) Irial I frial2 Irial 3 Irial 4 Irial5
0.0t 0.0c 0.0( 0.0( 0.0c 0.0(

16.1( 23.7: 23.0C 23.7: 23.25 24.5(

JZ.Jt 47.2: 46.5C 46.75 46.5C 4',7 11

48.48 69.7: 70.5C 70.0c 70.0t 70.0(

64.64 93.7: 94.25 93.5C 93.2: 95.7:

80.8C 117.2: 119.0t 117.25 r 17.5( 119.7 5

96.9(. 141.0( t43.2: 142.0C 142.5( 143.0C

l 13. l2 t64.2: t66.2: 166.7: 166.0( 168.0(

Load (g) frial 6 Irial7 frial8 Irial 9 Irial l0
0.0c 0.0c 0.0c 0.0( 0.0( 0.0(

16.1 23.25 23.5C 24.5( 1A'7< 23.2:

)¿-32 47.25 47.5C 47.0( 48.0C 47.0(

48.4t 71.25 70.5C 70.7: 71.5C 71.0(

64.6t 93.2: 93.75 94.2: 94.5C 94.5C

80.8( n8.2: I 18.0c 119.2: n9.25 118.25

96.9( 142.5( t42.7: 143.5( t43.7: 1/1', 11

113.1 166.5( 167.0( 167.0c t68.2: 166.5C

Load (g) Mean SD Minimum Maximum

0.0c 0.0( 0.0( 0.0t 0.0(

16.1( 23.75 0.62360956¿ 23.0C 24.7:

J¿.J2 47.r 0.50277010¿ 46.5t 48.0C

48.48 70.5 0.594s3529t 69.7: 71.5C

64.64 94.08 0.75s07s41 93.2: 95.15

80.8( 118.38 0.8994597 tt 117.2: 119 .7 5

96.9( 142.6s 0.80104098f l4 I .0( 143.7 5

r t3.l 166.6: r.106797 r81 t64.2: t68.25

Slope y-Intercept

r.472090847 -0.364583333
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Rod 13
Deflection of light point to nearest 1i4mm.

Load (g) Irial I trial2 Irial 3 lrial 4 Irial 5

0.0( 0.0c 0.0c 0.0( 0.0c

16.1 24.0( 23.25 23.7: 23.5C aA aa

J¿.Jt 47.0( 45.0C 46.2: 46.25 46.0C

48.48 70.0( 69.5C 68.7: 69.0C 69.0C

64.64 92.5C 91.5( 9t;t: 92.0(" 92.0("

80.8 115 .7 5 115.0( t14.2: I14.5t I15.7i

96.9( 139.2s 140.s( 138.2: 140.0( 138.7i

113.1 163.1: t62.2: 162.0( 163.5( 162.0(

Load (e) Irial 6 frial 7 Irial8 Irial 9 Irial l0
t 0.0( 0.0( 0.0c 0.0c 0.0(

16.16 24.0( 23.5C 23.25 24.25 23.0C

32.32 46.0( 46.25 45.5( 47.0C 45.5C

48.48 68.7: 69.25 69.0( 69.0( 68.25

64.64 92.2: 92.0( 92.7: 92.s( 91.0(

80.t 114.25 116.0( 114.7: I15.0( n4.2:
96.9( 137.7: t39.2: 138.25 138.2: 139.5(

113.1 162.0( I 61 .5( t62.0c 164.0( 163.0(

Load (e) Mean SD Minimum Maximum

0.0( 0.0c 0.0c 0.0c

16.1 23.6Í 0.44t74527( 23.0( 24.25

32.32 46.0t 0.635194633 45.0( 47.0C

48.48 69.05 0.46844897i 68.2: 70.0t

64.64 92.0 0.sr9748871 91.0( 92.7:

80.t 1r4.9: 0.67494855t 114.2: 116.0(

96.9( 138.9t 0.87757557¿ r37.7: r40.5(

I l3.l 162.6C 0.88349055t r 61 .5( 164.0(

Slope y-Intercept

t.432328501 -0.09375

r39



Rod 21
Deflection of light point to nearest Il4mm.

Load (g) Irial I Irial 2 frial 3 Irial 4 Irial5
L 0.0c 0.0( 0.0( 0.0c 0.0c

16. lé 24.0C 23.5( 24.2: 24.0(. 25.0("

JZ.JZ 48.0C 47.01 47.5( 47.0( 48.5(

48.48 72.0( 71.0( 7l.0( 70.7: 72.0(

64.64 95.0( 95.0( 94.7s 94.7: 96.0t

80.t I19.5( tt9 .7 5 n9.25 118.2: r21.0(

96.9( 144.0( 143.5C t43.7 5 144.0( r45.0(

t l3.l t68.2: 168.2s 168.0t 167.0( 170.0(

Load (g) Irial 6 Irial 7 Irial 8 trial 9 Irial10
(, 0.0( 0.0( 0.0( 0.0c 0.0(

r6.t(, 24.0C
.rA 1< 25.2: 25.2s 24.0C

J¿.J 48.0C 48.2: 47.01 49.0C 48.0C

48.48 7l.5C 72.0( 7t.75 '12.5( 72.0(

64.64 95.0( 97.0( 96.0C 96.7: 96.0(

80.8 119.7 5 l2l.0c 120.0c t22.0( l2l.0i
96.9( 143.0t 145.0c 144.0c t46.2: 141.2:

l l3.l 168.2: 169.0c t68.2: 171.0{ 170.5(

Load (g) Mean JD Winimum \4aximum

0.0c 0.0( 0.0( 0.0(

16. l( 24.35 0.60323203( 23.5( 25.2:

JZ.Jt 47.8 0.68768936t 47.0( 49.0C

48.4Í 71.6: 0.s6764621 70.7: 72.5C

64.64 95.63 0.8354 1406t 94.7: 97.0C

80.8 120.1 t.09417650t 118.2: 122.0(

96.9(. 143.9f |.33046566( 141.2: 146.2:

I 13.1 168.85 |.259409031 t67.0( 171 .0(

Slope y-Intercept

1.488850336 -0.1s625
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Load (g) trial I Irial 2 Irial3 frial4 frial 5

( 0.0( 0.0( 0.0( 0.0c 0.0(

16.1 24.5( 23.5( 24.0( 24.0C 25.0C

J¿.3 z 48.0( À1 a1 48.2: +t.tJ 48.0C

48.4t 72.0( 71.2: 72.0C 71.25 72.0C

64.6t 95.5C 95.0( 95.5C 95.2: 96.7 5

80.t t19.25 l19.0( il9.0c I 18.7i t20.2:

96.9( r 43.5C 143.5C 142.7: 144.2: t44.0(

113.1 t67.2s 167.0c 168.0( 168.25 r69.0(

Rod 22
Deflection of light point to nearest l/ mm.

Slope y-Intercept

1.48647454 0.05625

141

Load (g) trial 6 frial 7 Irial8 Irial9 Irial 10

0.0( 0.0( 0.0c 0.0c 0.0(

l6.l aA al 24.5(, a^ 11 25.5(" 't^')1

J¿.Jt 48.0( 48.7: À1 1< 49.5( 48.5(

48.48 71.2: 72.5C 72.0C 72.5( 72.25

64.64 95.75 96.5C 96.0r 97.2: 96.5(

80.8 I 18.25 120.2: t20.2: r21.5( t21.0(

96.9( r44.0c 144.5C t44.2: r46.0( 145;7:

1 13.1 167.0( r70.0( 168.5( 171.0( 169.5(

Load (e) VIean SD Minimum Maximum

0.0c 0.0( 0.0c 0.0t

16. I ') /l Á', < 0.565808 1 7: 23.5C 25.5(

JZ.J/ 48.17 5 0.62416611 47.25 49.s(

48.48 71.9 0.48876261 71.2: 72.5(

64.64 9( 0.7264831si 95.0( 97.25

80.t 119.7: r.0540925s3 118.2: 121.5C

96.9( 144.2: 0.993031274 142.7: 146.0c

I l3.l 168.5i t.337 49351 167.0C 171.0c



Rod 23
Deflection of light point to nearest ll{mm.

Load (g) frial I Irial 2 Irial 3 Irial4 Irial 5

0.0( 0.0c 0.0c 0.0t 0.0c

16.16 24.0( 23.0C 23.5C 23.2: 24.5(,

JZ.JI 47.5( 45.75 47.75 46.5( 47.75

48.48 71.2: 69.s( 70.5C 70.0( 7l.0c
64.64 94.7: 9t.7: 93.0C 93.2: 94.0(

80.8 I 18.5( 116.2: t17.25 115.5( 118.75

96.9( t42.0( r40.0( 140.0c r40.s( 141.0(

tt3.t2 164.5( 164.5( t64.sc r63.s( 165.0t

Load (g) trial 6 Irial 7 Irial8 trial 9 Irial l0
L 0.0( 0.0( 0.0( 0.0( 0.0(

I6.l( 23.5C 24.0( 23.5( 24.5( 23.2:
JZ.J2 46.25 /11 ^r 1 47.0(" À1 a< 46.s(

48.4f 69.75 70.0c 69.5t 71 .0C 69.0(

64.64 9r.7 5 93.0C 90.7: 94.0C 93.25

80.t I15.5i 116.5C 116.2: 117.0C l17.0c

96.9( r38.25 140.0c r 3 8.7i 141.0C 140.5c

ll3.l 162.7s 164.25 I 63.5( r64.0c 164.5C

Load (g) Mean JD Winimum Maximum
0.0( 0.0( 0.0( 0.0c

16.1 23.7( 0.524404424 23.0( 24.5C

32.31 46.9: 0.674948558 45.7: 47.7:

48.41 70.r 0.75645371 69.0( 71.2:

64.6t 92.9: 1.217921721 90.7: 94.7:

80.t l16.8i 1.106797181 l 15.5c I 18.7i

96.9( t40.2( l.0916348( 138.25 t42.0(

113.12 164.1 0.6687 467 5: t62.7 5 r65.0c

Slope y-Intercept

1 .446620 108 0.04t 666667

1Aa
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APPENDIX 2 EXPERIMENTATION DATA

Ðfc

Flexible - Trial 1

)isplacement (mm)

Rod -oad (g) Vertical F{orizontal

ll 16. I 13.2C 4.5C

3Z.J 26.5( 6.64

48.48 37.6( 6.st

64.64 50.3( 9.72

r6.l( 7.4 10.5i

5¿.)2 t4.41 2t.2(
48.4t 23.0t 31.5t

64.6t 3 1.8? 37.5t

I 16.1 3.9(. lt.lé
32.31 6.48 22.61

48.4t 9.0i 36.67

64.6t 12.8: 44.68

)isplacement (mm)

ìod Load (g) Vertical Horizontal

21 16.16 l3.95 4.7(

26.79 1.8(

48.48 37.8i 9.08

64.64 52.1 11 /1\

2t l6.l 8.59 9.9(

J ¿.Jz l5.l 20.62

48.4Í. 23.0t 32.5(

64.6t 3l. t 40.s2

2 16.1 3.64 r 1.9t

5¿.Jt 6.75 20.92

48.48 10.5i 35.01

64.64 13.33 4f .J,
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Flexible -Trial2

Displacement (mm)

lod Load (g) Vertical .Iorizontal

l1 r 6.1 13.61 2.6

25.9: 7.4C

48.48 J I.¿3 8.6C

64.64 50.63 9.61

16. lÉ 6.81 9.7:

r 3.8f 21.34

48.48 22.6C 28.01

64.6¿ 31.28 39.1

l3 l6.l 3.01 I 1.8(

32.31 6.83 22.01

48.48 10.1 35.2(

64.64 12.6t 43.2t

)isplacement (mm)

Rod -oad (g) Vertical Horizontal

2l i6.1é I J.JJ 4.14

32.32 25.65 7.38

48.48 38.04 9.51

64.64 51.3t t2.l

22 16.16 t.) I 10.78

14.84 21.1

48.48 22.3C 21 l)

64.64 30.5t 40.91

L 16. r 3.5: 11.4',

32.31 7.1 23.6t

48.4t 10.69 35. r

64.6t 13.66 45.8C

t44
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Flexible - Trial 3

)isplacement (mm)

ìod Load (g) Vertical :Iorizontal

l1 l6.l ( 13.39 2.1

32.31 26.21 o.4 /

48.4t 38.4i 7.66

64.6t 53.3i 10.'72

l r6.1 7.84 7.5t

32.31 t4.64 18.8t

48.48 23.5( 30.06

64.64 31.7', 40.42

IJ 16.1 3.55 t2.84

32.31 6.8C 25.5C

48.4f 9.14 35.81

64.6t 11 /11 43.61

Displacement (mm)

Rod Load (e) r'ertical Florizontal

21 16.1 r2.8t 3.9(

) ¿.,) / 25.41 8.79

48.48 36.'7 | 9.1

64.64 51.52 t3.4t

22 l6.l 7.4t 8.7(

32.3 r4.9t t9.25

48.4t 23.52 19.2:

64.64 30.54 39.65

l6.l 3.81 r0.8c

32.31 6.9r 22.8i

48.4f 10.0( 35.49

64.64 13.4( 44.81
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Flexible - Trial 4

Displacement (mm)

ìod Load (e) Vertical ¡Iorizontal

l1 16.1( 14.02 2.1

26.54 5.3(

48.48 38.43 7.01

64.6t 51.64 8.33

I 16.1( 7.62 8.63

T4,6C 18.34

48.4f 22.83 30.38

64.6t 30.7', 40.1(

l3 16.t( 12.7i

32.32 6.9( 24.9:

48.48 8.14 35.71

64.64 t2.01 44.03

Displacement (mm)

Rod i-oad (g) y'ertical :lorizontal

zl 16.1 IJ.JI 3.78

3¿.J2 25.3t 7.4

48.48 36.4: 9.01

64.64 51.16 13.0(

2t l6. t 8.1 tt.4(
32.31 t4.81 20.9C

48.48 22.19 20.9C

64.64 30.35 lla 1^

16.l 3.8( 12.0:

32.31 7.22 23.91

48.4t 9.3' 36.79

64.64 I J.l 46.1
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Flexible - Trial 5

Displacement (mm)

lod Load (g) y'ertical Horizontal

l1 t6. r IJ.JJ 2.61

26.48 5.65

48.48 39.1 1 7.93

64.64 s2.6( 10. l5

I 16. l 10.33

JZ.)Z I 3.9C t9.21

48.48 ¿).¿t 30.6i

64.64 31.5; 40.91

1 16.16 J.J I 13.0r

6.5( 25.28

48.4Í 9.21 36.8t

64.6¿ 12.r 44.9:

)isplacement (mm)

Rod Load (g) Vertical Florizontal

21 16.1( 13.41 4.0J

32.32 26.03 8.4(

48.4t 37.3', 11.01

64.6¿ 52.72 12.65

2t 16. r 7.61 9.3t

32.3 14.29 20.81

48.48 22.04 20.81

64.64 30.21 39.53

2 16. I 3.79 ] ¿.JL

6.54 24.9C

48.48 9.93 J /.JL

64.64 12.84 47.39

r41
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Flexible - Trial 6

Displacement (mm)

Rod Load (g) r'ertical Horizontal

II 16.1 13.22 J.4L

JZ.)2 25.72 5.85

48.48 37.9( 7.32

64.64 53.7 | 9.2C

I l6.l 6.92 9.62

JZ.J 14.69 r9.3t

48.48 24.r 28.2t

64.64 29.84 37.6C

t3 r 6.l 4.r5 11.09

32.31 7.52 23.3Í

48.4f. 9.7: 35.7(

64.64 t2.53 +5.t L

Displacement (mm)

lod Load (g) Vertical Horizontal

21 16.1( 13.7i ^ 
41

32.32 24.3( 8.3(

48.4Í 37.9t 8.6(

64.6t 54.1 t1.64

22 r 6.1 7.38 10.55

32.31 t5.92 20.8t

48.48 24.0t 20.88

64.64 31.21 40.02

2 t6.1( 4.2( 11.61

32.32 7.92 23.7(

48.4Í t0.52 36.0i

64.6¿ 13.5 I 45.4(
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Flexible -Triall

)isplacement (mm)

Rod Load (g) Venical Horizontal

11 16. l6 t2.38 2.91

24.83 6.0:

48.48 35.9( 9.2(

64.64 52.04 10.42

t2 t6.t( 7.2: 9.0c

)¿.)2 t5.62 r7.98

48.48 24.3( 26.6C

64.64 30.8t 37.61

t3 r6.1é 4.95 10.4(

32.32 9.2, 21.79

48.48 12.0t 33.68

64.64 14.81 43.1

)isplacement (mm)

ìod Load (g) y'ertical Horizontal

21 16. l( t2.42 5. t:
J¿.J 2 2s.09 6.7(

48.4Í 3t.ol 10.0:

64.6¿ 52.39 t2.2:

22 16.I 7.17 9.31

16.5C t 8.l
48.4t 23.2i 18.16

64.6t 30.45 3 8.54

z: 16.1 4.68 I 1.35

32.31 8.2t 22.8i
48.4t I l.8t J+.OJ

64.6t l6. t 45.05

t49
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Flexible - Trial 8

Displacement (mm)

Lod Load (g) Vertical Horizontal

ll t6.t( t4.2( 2.6t

3¿.Jl 26.58 4.64

48.48 38.1 6.43

64.64 51.95 8.2-t

l6 l( 7.85 6.43

JZ.Jz 14.93 18.9:

48.48 22.6( 29.4',

64.64 30.69 39.4i

l3 16.1( 3.5i 12.0t

J¿.52 6.9( 23.1

48.48 9.92 35.0t

64.64 t2.1 43.43

)isplacement (mm)

Rod Load (g) y'ertical lorizontal
21 16.1 13.23 4.06

JZ.J2 25.08 5.64

48.4t 36.2( 8.9C

64.6¿ 51.61 I 1.03

22 16. l 7.32 9.9C

J¿.JI I 5.04 20.54

48.4Í 22.42 20.54

64.6t 30.3i 39.8C

2 16.1 3.8( tl.75
)2.32 6.9( 23.03

48.4Í 10.5 35.58

64.6¿ 13.6i 45.2'j
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Flexible - Trial 9

Displacement (mm)

Rod Load (g) Vertical Iorizontal

u 16.1 13.7 ¿ 4.0t

32.3i 26.3t 7.1

48.4f 3 8.3t 7.58

64.64 52.2: 9.64

I 16.16 8.0( r0.72

JZ.)l 15.5: 19.1

48.4t ¿5.4\ 41.6i

64.6¿ 31.89 41.6',

16.1 4.t4 13.25

32.31 6.65 26.37

48.48 9.71 36.58

64.64 r 2.8t 44.31

)isplacement (mm)

Rod Load (g) Vertical Horizontal

2l 16.16 14.3C A.rî

)z.Jl 26.2't 5.82

48.48 37.7: 9.44

64.6¿ 52.83 I l.l

22 16.16 9.25 ll.4t
J¿.J2 15.88 22.51

48.48 23.55 22.5i

64.64 31.94 41.03

lo.l 4.71 12.53

32.31 6.7i 24.2(

48.4t 10.41 36.4t

64.6t 13.33 45.8',
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Flexible - Trial 10

Displacement (mm)

lod Load (e) Vertical Jorizontal
il 16.1é tt.9i 2.2C

3Z.Jt 25.11 6.97

48.48 38.64 7.64

64.64 5l.92 9.32

r6.l 8.49 8.3'
32.31 l+.12 17.82

48.4Í 24.1 29.83

64.6¿ 3t.25 +v.Jl

t 16.16 3.8( 10.4(

32.32 7.3C ¿J.tq

48.48 t0.79 34.74

64.64 12.31 42.72

)isplacement (mm)

lod Load (g) y'ertical Horizontal

2l 16. r 12.89 3.48

3¿.32 25.48 8. l4

48.4t 36.49 9.94

64.6t 52.2( 16.1(

22 16.l 8.3: 8.9:

5¿.J2 15.4: 20.22

48.48 22.91 20.21

64.64 30.99 40.4',

¿ l6.l 4.35 I 1.9(

32.32 7.83 22.9

48.4t I 1.01 3s.6't

64.6t 13.85 45.38

t52



Risid - Trial I

)isplacement (mm)

ìod Load (e) Vertical Horizontal

ll 22.3C 15.1 3.04

38.4( 28.tt 1.04

54.62 43.42 r0.8i
70.78 58.2t t4.0s

86.94 15.8i r 5.8:

t2 22.3C 8.42 5.7t
38.4( r4.11 ll.)z

54.62 22.73 19.9t

70.78 3t.93 27.3',

86.94 31.5t 31.5t

t3 22.3C 3.3( 9.6(

38.4( 5.',lt t3.9¿

54.61 7.91 20.21

70.7Í I l.9t 21.69

86.9¿ 32.8( 32.8(

)isplacement (mm)

Rod Load (g) Vetical r{orizontal
2l 22.3( r 5.9; 3.8¿

38.4( 29.9: 8.1i
s4.6t 43.55 12.4t

10.71 57.9t 14.7t

86.9t 77.g'., 17.8',

2i 22.3( 1.9: 6.23

38.4( 15.7: 14.93

54.61 23.3( 23.72

70.7Í 31.91 28.7i

86.9¿ 36.8: 36.8:

23 ¿¿.51 J .L+: 5.93

38.4( 7.5f t2.93

54.6i 10.85 19.0(

70.7Í 14.14 23.6¿

86.9t 26.45 26.4:
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Rigid -Trial2

)isplacement (mm)

Rod Load (g) Vertical Iorizontal

ll 22.3( 15.4t 3.5(

38.4( 28.3t 8.0E

54.62 I 1.55

70.78 57.0¿ 10.1

86.94 67.81 15.9(

I 22.3t 8.3; 5.6(

38.4( 15.3t l0.l
54.62 23.61 17.51

70.7f 31.2( 26.0t

86.94 41.5( 31.3i

1 22.3( 2.7( 1.5C

38.4( 5.78 t4.19

54.61 9.24 t8.9C

70.18 t2.2{ ¿4.t1

86.94 16.1 28.14

)isplacement (mm)

lod -oad (g) Vertical :Iorizontal

21 22.3C 16.7: 3.95

38.4( 30.0t 9.01

54.62 43.2( 9.6t

70.78 56.63 15.1

86.94 70.71 16.1

22 22.3( 9.1 8.55

38.4( 16.1 r 5.3

54.61 23.9', 24.69

70.7t 32.52 30.29

86.9t 40.72 33.9(

2: 22.3( 2.58 6.8(

38.4( 4.49 11.1

54.61 8.04 16.5:

70.78 10.7i 21.1

86.94 13.8i 26.4:
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Rigid - Trial 3

)isplacement (mm)

Rod -oad (g) Vertical Iorizontal

l1 22.31 15.4: 3.7'
38.4( 28.4Í 7.tl
54.62 42.9( 8.28

70.78 s6.02 11.74

86.94 t+.t I 9.68

I 22.3C 7.75 6.99

38.4( 15.13 I¿.1)

s4.62 23.2( 17.81

70.7Í 30.8i 25.72

86.9t 39. r

I 22.3( 2.4t 9.9:

38.46 s.2t 14.6Í

54,62 8.',71 18.9t

70.78 ll.7i 23,2¿

86.94 15.25 27.7t

Displacement (mm)

Rod -oad (g) Vertical Horizontal

¿l 22.3C 16.0't 5.5(

38.4( 29.4i 8.6(

54.62 43.02 9.1 I
70.7t ) /.)i 13.6(

86.91 71.5t 19.41

22 22.3( 8.1( 8.31

38.4( 1 5.6( 15.62

s4.61 23.3: 23.99

70.7Í aa 1
J¿.1 32.+2

86.9t 40.7( 40.21

23 22.3( 2,34 6.4(

38.4C 6.0c n.29

54.62 9.74 t6.r9

70.78 13.0c 21,03

86.94 t7.2( .rÀ a'
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Rigid - Trial 4

)isplacement (mm)

Rod Load (g) Vertical Horizontal

t1 22.3C t6.4{ 5.32

38.4( 28.21 8.8i
54.62 42.1 7.9¿

70.78 55.7'' 7,99

86.94 68.49 9.8t

I 22.3( 8.51 7.3t

38.4( 15.3C 12.0t

54.62 23.4C 18.32

70.7t 32.tC 27.05

86.9¿ 39.1 r 29.31

1 22.3( 1.91 9.5(

38.4( 5.0, 13.9t

54.61 7.99 19.8ç

70.7t 11.49 26.25

86.94 14.6( 29.05

Displacement (mm)

lod Load (g) y'ertical :Iorizontal

2l 22.3( 16.6t Á<1

38.4( 30.0! 7.84

54.62 42.73 6.99

70.78 57.83 lt.9t
86.94 70.71 13.61

22 22.3C 7.78 8.4t

38.4( 15.81 13.9(

54.62 24.22 23.5(

70.'7t 3 l.6J a 1 À,
Jl.¿t,

86.94 40.7r JO.J ,

¿: 22.3( 3.5( 7.41

38.4( 7.2: l1.l
54.61 10.0; 18.6(

70.7f 13.4t Zl.4z

86.9t 17.1 21.1
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Rigid - Trial 5

Displacement (mm)

ìod Load (e) Vertical ilorizontal
l1 22.3C 15.06 4.1

38.4( 28.7t 5.79

54.62 42.52 9.6:

70.78 55.0' 7.9:

86.94 69.4( 9.02

I 22.3C 9.0t 6.2(

38.4( 15.3( t2.29

54.62 23.91 18.8t

70.78 31.2: ¿J -Z)

86.94 38.7t 28.13

1 22.3C 2.63 5.69

38.4( 5.61 8.62

54.62 I.)z t3.4:
70.78 I 1.5; 18.14

86.94 14.5: 22.82

Displacement (mm)

Rod Load (g) Vertical i{orizontal
2',[ 22.3C 16.5t J.JJ

38.4( 29.1 7.2(

54.62 43.3',, I l.Ji
70.73 56.21 t.7.t I

86.94 70.1 1 3.9:

22 22.3(. 8.28 6.3:
38.4( 15.88 I 1.6f

54.62 23.9 19.9',

10.7r 31.1 ¿o.t,
86.94 40.8: Jt-l

z) 22.3C 3.4: 6.4:
38.4( 7.0: 12.5t

54.62 10.41 17.0(

70.78 14.3t 22.5(

86.94 17.5t 25.8(
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Rigid - Trial 6

)isplacement (mrn)

Rod Load (g) Vertical :Iorizontal

ll 22.3( t5.4', 4.8 r

38.4( 28.1 6.51

54.61 + r.l 7.53

70.7t 55. I 8.1

86.9¿ 70.9t 9.31

22.3( 8.3: 6.6t
38.4( 15.7t 12.0t

54.61 23.5r IO.Zt

70.'7t 31.5t 21.1

86.9t 38.2: 29.4:

l3 22.3( 2.3t 7.82

38.4( 4.8', 14.21

54.61 8.2i 17.53

70.7t l r.0i 23.0(

86.9t 13.6( 27.4(

)isplacement (mm)

Rod Load (g) Vertical Horizontal

21 22.3C 11.3 2.8a

38.4( 30.s 6.7(.

54.62 43.02 8.12

70.78 s9.24 I 1.5(

86.94 71.73 I 1.91

.)..
22.3C 8.44 7.02

38.4(. 16.63 13.59

54.62 24.]i t6.62

70.78 32.21 24.38

86.94 39.48 30.94

¿3 ¿¿.5L 3.83 6.8(

38.4( 7.44 t 3.01

54.62 10.2i l7.55

70.78 14.13 LJ.IJ

86.94 17.0s 26.29
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Rigid -TrialT

Displacement (mm)

Rod -oad (g) Vertical lorizontal
ll 22.3C 15.0; 5.05

38.4( 28.0C 8.7

54.61 40.6i 8.71

70.7t s4.91 9.8C

86.9t 67.51 8.7(

22.3( 9.14 8.2t

3 8.4( 15.6i 12.81

54.62 22.9i r 8.8;

70.78 30.6t 23.7:

86.94 40.8: 24.7(

1a
IJ 22.3C 3.0i 9.2:

38.4( 5.6 l 14.01

54.62 8.21 17.4Í

70.78 I l.6C 22.99

86.94 1 5.5C 26.s3

Displacement (mm)

Rod Load (e) Vertical Horizontal

21 22.3C 18.28 2.82

38.4( 31.1 6.39

54.62 43.3C 9.09

70.78 52.4( t3.04

86.94 70.21 t2.5:

2t 22.3( 8.1 5.8:

38.4( 16.0i 13.2t

54.61 23.3: 21.5(

70.7t 30.64 25.2Í

86.9t 40.1 29.91

z 22.3C 2.4C 5.7(

38.4( 5.55 10.8{

54.62 8.02 t7.2t

70.78 10.6't aa A1

86.94 t4.71 28.5:
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Rigid - Trial 8

)isplacement (mm)

lod Load (g) y'ertical Horizontal

11 22.3( 15.88 3.21

38.4( 28.3 6.95

54.62 A1 11 8. l4

70.78 s5.6t 9.2Í

86.94 68.71 I l.0t

I 22.3( 8.64 6.2C

38.4(, L O.Zz I 1.73

54.62 t9.32

70.78 aa I 27.8:

86.94 40.s5 32.5(

I 22.3( a1
J.l 6.71

38.4( 5.44 14.18

54.62 8.21 18.05

70.78 I 1.5: 22.83

86.94 15.5! 25.81

Displacement (mm)

Rod -oad (g) Vertical Florizontal

2l 22.3( 18.8? 2.83

38.4( 31.44 5.9(

54.62 44.3( 9.25

70.7r 57.91 l l.9c

86.9t 11 Àt¡ l.r- t4.8i

2t 22.3( 9.01 6.4

38.4( 16.82 14.41

54.62 4,1 1 20.31

70.7t 31.91 2s.78

86.9¿ 40.39 33.04

¿ 22.3C 2.63 5.3(

38.4( 6.21 t2.4(

54.62 8.8t aa 
^ç

70.7t t2.5t 22.48

86.9¿ 15.85 27.3C
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Risid - Trial 9

Displacement (mm)

lod oad (g) Vertical ïorizontal
II 22.3( 13.6t J.4:

38.4( aa Á. 6.1

54.61 39.4: 10.0:

70.7t 53.3t 9.s r

86.9t 68.6( 13.9',

I 22.3C 7.9t 6.02

38.4( 15.6i 13.81

54.62 21.4t 15.52

70.78 29.2Í 20.99

86.9¿ 42.1 25.0Í

I 22.3( 4.0( 8.6t

38.4( 5.5: 15.2:

54.61 8.8ç 18.6!

70.7Í 10.si a1 ,1'

86.9t 13.0t 26.5:

)isplacement (mm)

Rod -oad (g) y'ertical :Iorizontal
21 22.3C 17.5f 5.21

38.4( 30.73 9.75

54.62 41.31 t0.32

70.7Í 55.3t 12.62

86.94 69.4( 12.71

2t 22.3( 8.1 1.71

38.4( t6.69 t 6.l
54.61 23.7( 23.1

70.7t 30.8ç 27.7:

86.94 39.44 a^ n.
J+. t 2

22.3( 3.22 6.52

38.4( 6.7 I1 .7:

54.61 9.91 15.83

70.7t 12.8: 21.31

86.9t 17.63 2',7.2:
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Rigid - Trial 10

)isplacement (mm)

lod -oad (g) y'ertical Horizontal

ll 22.3( 16.43 3.0i
38.4( 26.22 5.43

54.61 39.81 8.4(

70.7t 56.4( r 3.13

86.9t 68.34 13.13

I 22.3( 9.54 7.04

38.4( ts.28 tl.7(
54.61 23.21 t7.8(

70.7Í 32.03 27.61

86.9t 40.2: 3l.l

13 22.3(
.) </ 9.4¿

3 8.4( ).¿( r4.1

54.61 8.0; 17.31

70.18 10.2t 23.0',

86.94 14.9: 26.8a

Displacement (mm)

lod Load (g) Vertical lorizontal
21 22.3( t6.64 l.lt

38.4( 29.93 À À^+.+2

54.62 41.99 6.r3
70.7r 56. I 14.4i

86.94 70.3 t 14.8t

22 22.3( 7.81 1 
^.

38.4( 16.4( 16.24

54.61 ¿5. I 22.71

70.7t 31.81 28.5t

86.9t 39.71 aÀ 1
)L+. I

¿: 22.3( 3.5C 6.0t

38.4( 6.48 11.4',

54.61 9.64 1 5.9(

70.7t 13.06 2t.7f
86.9t t6.54 26.1
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APPENDIX 3 SCHEMATIC DIAGRAMS OF APPARATUS

12.7 mm

Exploded diagram ofj ig.
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Drilling diagram of apparatus. All measurements are in millimeters. Holes indicated by

the letter A are 1/8 inch (3.18 mm) in diameter for the light emitter reference points.

Holes indicated by the letter B arc 1116 inch (1.59 mm) in diameter for the securing

screws of the guide jig (used to steady the rods representing premolars distal the canine

rods). The letter C indicates the centre of the semicircle on which the central incisor,

laferal incisor and canine rods are located.
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