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CHAPTER 1
INTRODUCTION AND GENERAL CONSIDERATIONS

The patterns of force that act on a tooth are more complex than is
generally believed. During an entire life span the teeth in both dental
arches are constantly being subjected to a great variety of complex forces,
pressures and stresses. First there is the little understood force of erup-
tion that acts on each tooth during the stages of its root formation. Then
there are pressures being applied continuously to the crowns of the teeth
by the surrounding musculature and the tongue. During the functions of
occluding of the teeth and masticating of food, forces of varying magnitudes
and directions are intermittently being applied to the teeth in both arches.
These forces produce a net horizontal component in the anterior direction
(the anterior component of forces) which drives the teeth forward or toward
the mid-line. Even when a tooth is isolated from proximal contacts in the
arch and out of contact with an antagonist, there is still the force of
gravity and the pressure of the atmosphere acting on it. Thus, the forces,
pressures and stresses which act on teeth are complex in nature and many
in number. Evidently they are all in balance since the teeth do occupy
positions of seeming equilibrium.

Orthodontic appliances also deliver forces to the crowns of teeth

when they are in a state of elastic deformation. The magnitude and
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direction of these forces can be predetermined and controlled rather ﬁre-
cisely in many instances. Yet the precise manner in which the forces ap-
plied to the crowns of teeth introduce stresses in the periodontal ligament
has not been clearly established. In the light of recent investigations,
however, it is now rather evident that it is the distribution of forces
against the alveolar walls, and not coronal forces, that determines the
patterns of alveolar bone resorption and apposition that make orthodontic
tooth movements possible. The actual manner in which forces are applied
to the crowns of the teeth is important only to the extent that it relates
to the pressures and tensions that are exerted against the wall of each
alveolus.

Since the roots of teeth are of different lengths and different mor-
phological configurations, the surface area of each root differs from tooth
to tooth. Thus, it follows logically that the surface area of alveolar
wall surrounding each root will vary accordingly in the different teeth.

If this is the case, then equal forces applied to teeth with different size
roots cannot be distributed equally to the walls of the alveoli. This is

apparent from the formula for pressure:

Force
Unit Area °

Pressure =

If the forces applied to the crowns of teeth are identical for two
given situations but the root surface areas are different, then the inverse
relationship between pressure and area will manifest itself. That is, the

tooth with greater root surface area will exert less pressure against the

wall of its alveolus (through the periodontal ligament), while the tooth




with lesser root surface area will develop greater pressure against the

socket wall.

It seems logical, then, to think of orthodontic tooth movement

as

being the result of pressure against the alveolar bone, stimulating osteo-

clastic activity and bone resorption. This must be so since orthodontic

forces applied to the crowns of teeth are immediately distributed to

the

roots where they are resisted. But the values of these pressures cannot be

calculated simply by dividing the sum of the forces acting on a tooth by its

total root surface area because the entire root surface is not involved at

any one time in resisting the movement that the forces on the crown are

tending to produce.

Orthodontic literature is replete with articles concerning the
cation of forces to teeth and the biologic reactions to these forces
the periodontal environment. Yet little attention has been given to
analytical evaluation of all the forces acting on a particular tooth
particular time under a particular set of circumstances. To achieve
clearer perspective and more accurate orientation toward orthodontic
lems as they relate to force distribution, research must be directed

the determination of the "effective root surface area" of each tooth

appli-
within
an

at a

a
prob-
toward

and

"effective root pressure' under various conditions of force application.

In the most recent literature gvailable on this subject, "effective root

surface area" is defined as the projected area of the root of a tooth on

the pressure side, and "effective root pressure" is defined as the required

pressure needed to start the tooth moving (Jarabak and Fizzell, 1963).




One of the most convenient ways of studying the distribution of
forces through the roots of the teeth to the alveolar walls is by the use
of free-body diagrams. For years, investigators have been using models to
represent different teeth and their respective alveoli. Some have used
simple mechanical models while others have devised and studied mathematical
models. With these models they have been able to demonstrate more realis-
tically many of the forces acting in one plane on both the crown and the
root of a tooth in a situation of equilibrium. This has been research in
the right direction, but only on a small scale when one considers that, in
the complete dentition, there are twenty-two roots which transmit forces to
the body of the mandible and up to thirty roots which do the same to both
maxillae. Each of these roots has its own size and shape. In addition,
root fusions and aberrant root formations are common and these present
mechanical peculiarities of their own.

The free-body diagrams used in most of the previous investigations
have an inherent limitation in that they show only the forces that act in
one plane of space and, hence, illustrate only the movements that occur in
two dimensions. Clinically, however, a tooth that is being moved ortho-
dontically responds to the application of forces by moving in three planes
of space, and therefore, three free-body diagrams might be needed to show
the forces.

From the foregoing explanation of current knowledge concerning ortho-
dontic tooth movements it can be concluded that there is a real, but un-

known, value of root pressure that initiates direct resorption of alveolar




bone. A corollary to this observation is that there must also be a real,
but unknown, subliminal pressure below which all movement ceases, and a

supramaximal pressure which will cause undermining resorption.




CHAPTER II

STATEMENT OF THE PROBLEM

The purpose of this project is to design and construct an enlarged,
proportional, anatomical model of a tooth and its alveolus which will allow
a qualitative evaluation of the tooth movements that occur when various
force systems are applied to the crown. The force systems that will be
applied to the three-dimensional model will be similar to those applied to
the teeth clinically, differing only in that the magnitudes will be greater
on the enlarged model. The movement that results under the influence of
each force system will be studied empirically and the apparent center of
tipping will be calculated mathematically. It is believed that there is a
parallel between the movement of the model tooth within its plastic alveo-
lus and that which occurs within the limits of the socket of a tooth imme-
diately after engaging an active orthodontic appliance onto a tooth, that
is, before any resorption has had a chance to take place.

It is hoped that this study will illustrate the analytical thinking
that must be pursued if one is to ultimately achieve a true understanding

of the biophysics of tooth movement.




CHAPTER III

REVIEW OF THE LITERATURE

Biophysics is defined as that branch of physics which deals with
living matter. It is the study of biologic function, structure, and organi-
zation in relation to and by the methods of physics. Obviously then, the
biophysics inherent in tooth movement is a subject with many ramifications.
When one undertakes a study of this subject by means of three-dimensional
models, still other considerations are introduced which must be investi-
gated thoroughly prior to experimentation.

Because of the complex character of the problem, the review of the
literature has been conducted with three specific and distinct purposes in
mind: (1) to find out what attempts have been made in the past to explain
the nature of orthodontic tooth movements and the precise mechanisms by
which they are brought about (studies of this sort were formerly classed
under the term 'biomechanics of tooth movement"), (2) to discover whether
any studies have been carried out in the past that define tooth movement
as a function of pressure or stresses rather than as a function of force
application, and (3) to determine whether models have ever been employed
to study the biophysics of tooth movement. Accordingly, this review is

reported in three sections,




A. Biomechanics of Tooth Movement

When it was first discovered that teeth could be moved through alveo-
lar bone, many dentists began to practice what soon became the clinical art
of moving teeth in order to correct certain irregularities of the dental
arches. Only as a result of the efforts of a few scientific thinkers was
orthodontics advanced from purely mechanical considerations to a more pro-
fessional and scientific endeavor which also placed significance on the
biologic principles involved in orthodontic tooth movements. Biomechanics
thus came into being as the science which related mechanics and biologic
findings to the correction of malocclusions of teeth. This section of the
review of the literature reports on those studies, done in the past, that
relate to the manner in which teeth move under the influence of orthodontic
forces, and those studies which give an analysis of the force systems used
to bring about tooth movements.

Sandstedt (1904, 1905) was the first investigator to employ a histo-
logic technique to examine orthodontic tooth movement. His experiments
involved tipping the incisors of a dog lingually by means of a continuous
archwire which was tightened with nuts every day for three weeks. From
histologic sections that were madg after the animals had been sacrificed,
he was able to explain WHY it is possible to move teeth through alveolar
bone, and he described the process which he called "undermining resorption.”
But he delved into the field of biomechanics when he described HOW the
teeth had moved., He observed that the crown of each tooth had moved in

the direction of the force while the apex of the root had moved in the
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opposite direction. Thus, he reasoned that in tooth movements we are deal-
ing with a "double-armed lever', the fulcrum being at about the middle of
the root (Figure 1A).

Angle (1907) did not agree with the explanation of tipping given by
Sandstedt and in his textbook he deplored the comparison of a tooth in its
alveolus to a stake in the ground. In his chapter dealing with tissue
changes incident to tooth movement he stated that there is little displace-
ment of the apex because of the greater resistance offered by the thickened
bone in that area and by the "innumerable fibers that encapsule the apex."

Oppenheim (1911) was the first to employ a primate (baboon) for his
studies of tooth movement. He applied a spring arch with ligatures for a
period of forty days, leaving one-half of the jaw as a control. His
findings differed sharply from those of Sandstedt (Figure 1B).

Oppenheim explained that his preparations showed bone changes almost
throughout the entire length of the root, decreasing in intensity from the
alveolar border to the root apex. In the area of immediate proximity to
the root apex he found that no changes in the bone were observable. He
concluded, therefore, that the tooth represents a '"one-armed lever' with
the apex of the root serving as the pivot point or center of rotation. He
stated further that the point of view held by several authors, that the
tooth represents a '"two-armed lever", was incorrect.

Johnson, Appleton and Rittershofer (1926) conducted their research
of tooth movement on two Macaque Rhesus monkeys using the labio-lingual

technique. The experiment (which lasted for twenty-six days in one animal
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FIGURE 1

THEORIES OF TIPPING

Figure 1A. Sandstedt (1904, 1905) states that the force, F, produces a
tilting around an axis which lies a little apically from the center
of the root. Thus two regions of pressure and pull arise lying
diametrically opposite to each other. 1In the regions of pressure
the old alveolar bone is resorbed (jagged line); in the regions of
pull new bone is added (horizontal shading). The cross-hatching
shows alveolar bone without transformation.

Figure 1B. Oppenheim (1911) states that a tooth moved by the force, F,
tilts around an axis which lies at the apex. Therefore, there is
only one side of pressure and one side of pull. On both sides,
the alveolar bone changes into a transitional spongy bone (hori-
zontal shading). On the side of pressure, this newly formed
transitional bone is resorbed (jagged line); on the side of pull
new bone is added. The cross-hatching shows the untransformed
alveolar bone at a greater distance from the moved tooth.
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and forty days in the other) demonstrated resorption and deformation of
the root apex. In addition, they described the nature of the movement as
being a tipping action in which the apex moved in an opposite direction to
that of the crown. Their specimens demonstrated that the moved tooth acted
like a "two-armed lever'" and that the fulcrum was in about the middle of
the root. This was in accord with Sandstedt's findings and contrary to
what Oppenheim had said.

Schwarz (1928) subjected monkeys' teeth to horizontal and oblique
forces and analyzed the ''tilting" of the tooth that occurred within the
alveolus. He found that in tipping a single rooted tooth, the center of
rotation always lies ''somewhere in the apical half of the clinical root,
and nearer to the middle of the root than the apex."

Kronfeld (1931) confirmed the results of Schwarz's experiment by
studying histologic sections of human teeth made from the jaws of a 38
year old man shortly after he died. He made very precise measurements of
the widths of the periodontal spaces and showed that a tooth exposed to a
strong horizontal stress (tipping force) had the minimum width at the
middle of the alveolus and more than double the width toward the upper and
lower ends of the root. He felt that this fact clearly established that
the location of the fulcrum of a moving tooth is in the middle of the root.

Storey and Smith (1952) studied the question of whether there was
an optimum force that would cause teeth to move without damage. Through
the use of very accurate measuring devices, they were able to determine

the distance a tooth moved under the influence of a known force application.
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The experiments involved moving canine teeth distally into first premolar
extraction sites. A '"light" spring and a "heavy'" spring were used to
deliver the different, predetermined forces to the canine teeth. The TYPE
of movement that occurred in every instance was described as "tipping
approximately about the apical one-third of the root."

Graber (1961) also reported several observations and theories con-
cerning the mechanics involved in tooth movements. He wrote in his text-
book that:

A tipping force of moderate intensity sets up a fulcrum at

about one-third the way up the root from the apex. But

several factors influence the position of the fulcrum. One

is the point of application of force. The closer to the

incisal edge the point of force application, the greater the

distance of the fulcrum from the apex. The same fulcrum

reaction takes place with an increase in the intensity of

force application. Heavy forces move the fulcrum away from

the apex; light forces move it closer to the apex.

In comparing tipping to bodily movement he noted that '"clinically, with
conventional fixed appliances, a greater force is usually required for
bodily movement."

Sicher (1962) described the structure and function of the periodontal
ligament. He admits that a one-rooted tooth can be observed to tip around
an axis or fulcrum situated somewhere in the middle one-third of the root.
He states, however, that since this claim rests on the observations of
overloaded teeth whose suspensory ligaments have been damaged, the location
of the fulcrum is still an open question. He adds that in multi-rooted

teeth the location of the fulcrum has not even been attempted.

This latter observation by Sicher, however, was not entirely
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accurate since Gantt (1960) had included in his study of tooth movement, a
description of the center of tipping of the mandibular molar teeth during
anchorage preparation with light forces. He had noted that the axis of
tipping of the anchor tooth occurred more commonly in the apical third of
the root than it did in the middle third of the root. His findings were
confirmed by similar radiographic studies that followed by Stier (1961),
Kemp (1962), Kravica (1963), and Follico (1964).

In addition to the studies reporting on the biologic aspects of
tooth movement, other investigations were being conducted concurrently to
determine the mechanics involved. A textbook on Dental Orthopedia by
Case (1908) included a chapter entitled "Principles of Mechanics in the
Movement of Teeth." From his discussion in this chapter of the different
types of tooth movement; of the different kinds of levers; of the rela-
tions of power, stress, and movement; of the action line of forces; and
of Newton's third law of motion, it is obvious that he was familiar with
the true meaning of the word '"'mechanics'" as described by physicists.

Fish (1917) summarized the trend of that time when he said:

The influence of technology on orthodontia demands

your attention. Engineering methods, applied in the diag-

nosis and the treatment of malocclusion are producing

results which mark the passing of empiricism in orthodontia.

Where an art has stood, there is growing up a science.

It is significant that in that same year another article appeared
in the International Journal of Orthodontia written by another consulting

engineer. Hanau (1917) wrote "Orthodontic Mechanics; Dental Engineering"

in which he defined such terms as force, resistance, velocity, work,
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energy and power, and such concepts as pressure on the root surface, pro-
jected root surface area, and volume of absorbed bone tissue.

Stanton (1928), although not an engineer himself, wrote about "Engi-
neering in Orthodontic Diagnosis' and urged the dental and orthodontic
societies and all dental schools to employ mechanical engineers to aid in
teaching and explaining the engineering principles in dentistry and ortho-
dontics. He further cited the great need for a textbook to be used in
this field.

Drenker (1956) gave great impetus to the trend toward greater utili-
zation of engineering mechanics in orthodontics. When he began his studies
of dentistry and orthodontics he had already earned two degrees in Mechani-
cal Engineering. He investigated and reported an analytical method for
calculating the forces and torques associated with second order bends.

Weinstein and Haack (1959) stressed the idea that the study of
theoretical mechanics, that is, the science of force action, is essential
in orthodontics. In addition, they called attention to the need for an
understanding of forces relative to the initiation of tooth movement. Par-
ticularly theyvemphasized the importance of the concept of equilibrium
which provides a method by which the forces and couples acting in differ-
ent planes and in different directions can be resolved and better under-
stood. Such forces include not only those acting upon the crowns but also
the reaction forces upon the roots.

Teasley, Penley and Morrison (1962) grouped the various means of

resolving a force system into three categories: (1) the use of mathematical
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formulae, (2) physical measurements, or (3) by a combination of the two.
They preferred to use physical measurements because it was the most practi-
cal method for the evaluation of orthodontic appliances.

In 1963, Weinstein, Haack, Morris, Snyder and Attaway, formulated
a hypothesis which they referred to as "an equilibrium theory of tooth
position." According to this hypothesis a tooth is considered to be a
body in the state of rest or equilibrium, when the resultant of all the
forces acting on the crown and those developed against the root is equal
to zero, If the forces exerted upon the crown have a zero resultant, then
the equilibrium of the tooth as a whole does not require the development
of reactive forces upon the root. They conducted a clinical experiment
which, they felt, established the validity of the theory.

Jarabak and Fizzell (1963) placed the greatest emphasis possible on
the importance of biomechanics (or biophysics) of tooth movement by devot-
ing four chapters of their textbook to this all-important aspect of ortho-
dontics. They discussed in detail the fundamentals of analytical mechan-
ics; applications of mechanics to orthodontic force systems; elementary
strength of materials; and biophysical considerations of orthodontic
forces. This comprehensive work embodies the most advanced concepts of
the nature of orthodontic tooth movements and is, indeed, "a study of the
biologic function, structure, and organization (of the teeth and the
periodontium) in relation to and by the methods of physics."

B. Tooth Movement as a Function of Pressure

For centuries, physicists have known the difference between force
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and pressure. Force is the action of one body upon another - a push or a
pull - measured in ounces, pounds, grams, or kilograms, etc. Pressure, on
the other hand, is defined very precisely in physics as force per unit
area and has the units of pounds per square inch or grams per square centi-
meter, etc. In orthodontics, however, the terms force and pressure have
often been used rather loosely and inaccurately in the past. 1In fact,
some orthodontists have considered the two terms to be synonymous and have
used them interchangeably to describe the entity that brings about ortho-
dontic tooth movements. Two examples of this are found in an article by
Stuteville (1937) in which he reports that, according to A.M., Schwartz:

A force of 20 gm. per square centimeter of root surface

will produce biologic tooth movement. He proves this by

moving the premolars of dogs and showing that forces of

20 gm. or less produce a biologic tooth movement.

If Schwartz made the original error of calling a pressure a force, Stute-
ville did not recognize the inconsistency in terminology. Instead, he
went on to describe the different tooth movements that he had achieved
through the use of different forces.

According to Richmond (1933) '"orthodontists have known only two
pressures, viz., excessive and mild and have never been able to define
either." This generalization again typifies the total lack of understand-
ing that has persisted in the orthodontic literature with regard to the
concept of pressure. Even in the present day, many orthodontists are

still unaware of the fact that tooth movement is a function of compressive

and tensile stresses developed within the periodontal ligament and not a
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function of force.

Angle (1907), in his textbook, speaks very accurately of areas of
tension and compression in the periodontal space and states that as a
result of pressure, the osteoclasts are stimulated to increase in number
and activity. But since he does not define the term pressure nor make
mention of the area of the root surfaces of the different teeth, one cannot
be sure that he was referring to the physical concept of force per unit
area.

As already noted, Schwarz (1932) attempted to relate tooth movement
to pressure. From his orthodontic force experiment on one dog he concluded
that the pressure resulting from the appliance should not exceed the
capillary blood pressure. He also stated that the pressure of the tooth
acting against the alveolus decreased as it approached the axis of rota-
tion where the force was zero.

Renfroe (1951) was one of the first orthodontic theorists to suggest
the idea that in tooth movement only a portion of the root surface is
involved at any one time in resisting the movement of the tooth in the
direction of the force. He alluded to the existence of an "effective root
surface area" when he wrote: '"The tooth with a purely round root when
moved bodily, presents fifty percent of its periodontal membrane fibers
to resist the movement and relaxes about the same number."

Storey and Smith (1952) investigated the effects that differential
forces, developed from "light'" and 'heavy" springs, had on canines and on

the anchor units. They found that the optimal magnitude of force for
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canine retraction ranged from 150 to 200 grams and for the movement of the
anchor units (lst molar and 2nd premolar) the range was from 300 to 500
grams. One of the conclusions they drew from their study was that:

Undoubtedly it is not the force that is exerted on the

tooth that is significant, but rather the pressure

(i.e., force per unit area) which is exerted at the inter-

faces between tooth, periodontal membrane and bone. It

is this pressure and its distribution over the surface of

the root that will be difficult to estimate for wvarious

appliances and this could limit their proper design.

Thus, they were the first investigators to focus attention on the
all-important concept of tooth movement being a function of pressure (in
the true physical sense) rather than simply a function of force.

Shroff (1953) claimed the periodontal membrane to be composed of a
loose fibrous connective tissue imbedded in a viscous tissue fluid. He
further stated that the forces of occlusion were transmitted to the bone
in two modes; first, as pressure due to the fluid content of the periodon-
tal membrane and, second, as tension due to the collagen fibers.

It had been stated by Boyle (1949) that these pressure effects are
rapidly dissipated due to the expulsion of fluid by way of the adjacent
marrow spaces and vascular channels and that the mechanism is similar to
a '"hydraulic and snubber absorber system."

Shroff, however, pointed out that it was erroneous to regard perio-
dontal tissue fluid as a "simple fluid subservient to the ordinary laws of
hydrostatics." He maintained that this fluid was very viscous and, more-

over, was confined by a complex meshwork of fine and coarse collagenous

fibers and cells. Applied pressure was not dissipated as rapidly as
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supposed and such pressure would not be equally transmitted in all direc-
tions as with simple liquids.

Much of what is known and understood about the application of force
in orthodontics has been derived through empirical methods. Although
treatment procedures based on empirically designed appliances have resulted
in unquestionable success, this procedure has contributed little to the
basic understanding of exactly how a given appliance operates, what its
variables are, how pressure is developed and distributed to the periodon-
tal ligament, and other pertinent information. The empirical method has
thus limited the complete analysis of appliances to the simplest forms of
force application such as forces exerted by coil springs, elastics, and
other unidirectional appliances. This situation has presented itself as
a result of the educational preparation of the orthodontist which has,
in the past, been limited in its scope relative to physics, engineering
and mathematics.

MacEwan (1954) illustrates this fact in his published article des-
cribing his treatment of a typical distocclusion case. He observed empiri-
cally that through the use of an upper ''buccal bar', light elastics, and
a rigid lower lingual arch as anchorage, the mandibular (anchor) teeth
remained undisturbed regardless of the length of time that intermaxillary
elastics were being used. He explains that:

This is possible because the amounts of force used are

kept below the stability limit, which is about 7 gm. per

square centimeter of root surface (or, more precisely, per

square centimeter of alveolar lamina dura) if the perio-
dontium is physiologically normal.
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Here we find reference to a value for the subliminal pressure against the

alveolar wall, below which all movement ceases.

2

How MacEwan arrived at the value of 7 gm/cm® as the "minimal"

pressure which causes no movement was later revealed by Stoller (1964).
In a paper read before the American Association of Orthodontists, he
stated that MacEwan had calculated the total root surface area of all the
lower teeth to be 12 cm2:

Area of Root Surfaces
Lower central incisor
" lateral incisor
canine
lst premolar
2nd premolar
" lst molar
Total Area (one side)

il
R oo N
ol OO L OO

|
=

MacEwan then measured the force exerted by the intermaxillary elastic on
each side to be 3 ounces, or 84 grams. This total force of 84 gm. was
distributed over six mandibular teeth on each side having a combined total
root surface area of 12 cmz. Thus,

Pressure exerted by each tooth = —%%—%ﬁz— =7 gm/cmz.

It is obvious, of course, that this is a gross over-simplification
of the complex concept of subliminal pressure because: (1) the force
measured was in an oblique direction and thus did not represent the hori-
zontal component which was tending to drive the anchor teeth forward;

(2) the root surface areas were only roughly estimated rather than measur-
ed accurately; and (3) total root surface area was used in the calcula-

tion of pressure, whereas only a portion of each root surface was actually
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involved in resisting the movement of these teeth in a forward direction.

Burstone et al. (1961l) very adequately described the interrelation-
ship of force and pressure in orthodontic tooth movements when they stated
that:

Force in orthodontics is useful only insofar as

it initiates a desirable tissue response. It seems

reasonable to assume that this response is a function

of the pressure distribution in the periodontal mem-

brane when a force is applied to the coronal portion of

the tooth.....Force is distributed throughout the mem-

brane in a manner which depends upon the root (length,

diameter and contour), the nature of the periodontal

membrane and the site of force application.

Sicher (1962) described the function of the periodontal ligament as
being similar to the protective and limiting action of other ligaments in
the body. He claimed that masticatory movements bring pressure to bear
on the periodontal ligaments of the teeth which leads to compression of
the tissues. The veins are temporarily emptied and thus injurious
pressures on the cellular elements are prevented. This protective func-
tion is augmented by the fact that the suspensory fibers on the tension
side limit the movement of the teeth during mastication.

It is noteworthy that Sicher pointed out that one should employ the
proper terminology when speaking of the movement of a tooth within its
alveolus. In tipping, for example, he states that one should describe
areas of tension and compression (rather than of tension and pressure).
This is certainly more consistent with the actual definitions of these

terms as used in physics. Tension and compression are both types of

stresses that can develop within a material, while pressure is the amount
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of force acting over unit area.

Jarabak and Fizzell (1963) applied logic, analytical thinking,
physics and mathematical disciplines to their evaluation of the fundamen-
tals of tooth movement. They were led to the conclusion that '"the first
requirement is to accept the idea that root pressure is the important fac-
tor in determining tooth movement instead of the force applied to the
crown of the tooth.'" They reasoned that since experience has shown that
a certain magnitude of force is needed to start a tooth moving and less
force is required to keep it moving, there must be three important values

P

of root pressure: ‘u = Supramaximal pressure at which undermining resorp-

Pn = Average root pressure needed to start translation of a

tion occurs,
tooth, and Pi = Subliminal pressure below which all movement ceases.
Although the values of these pressures are still unknown at this time,
they do not cease to be real values with units of grams per square milli-
meter. With this concept as a basis, they were able to express mathemati-
cally the conditions that must be met for tooth movements to be possible

at all.

C. Use of Models to Study Tooth Movement

In the past, various investigators have used models of teeth to
illustrate more effectively or to study the manner in which a tooth moves
within the limits of its alveolus and, orthodontically, by means of
resorption of bone. In general, two types of models have been employed;
physical models and mathematical models.

Case (1908) was one of the earliest writers who used a model to
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illustrate simple tipping. He drove a stake into the ground to a depth
of approximately two-thirds its length and then applied to the exposed
end, a force that was perpendicular to the stake (Figure 2). He demon-
strated that the exposed end (the crown) moved in the direction of the
force while the tip of the buried end (the root apex) moved in the oppo-
site direction. He noted that tipping occurred about an axis somewhere
near the middle of the buried portion or root.

Schwarz (1928) performed basically the same experiment but he used
a match stick which he placed into soft plaster (Figure 3). Before the
plaster had a chance to set, he applied a perpendicular force to the end
of the stick. The results were the same as Case had found, but he could
demonstrate it more effectively with the hardened plaster.

But Schwarz went a step further. He assigned values to the dimen-
sions of the model and to the applied force, and from this mathematical
model, determined the precise location of the axis of rotation in terms
of h and w (Figure 4). He then observed that it made little difference
where the force was applied on the crown portion. The center of rotation
did not vary significantly as h diminished down to zero, provided the
direction of force remained the same.

Bauer and Lang (1928) reported that Schwarz had made a fundamental
error in all his mathematical calculations since he did not take into
account the fact that the roots of teeth are not of uniform breath, but
rather more conical in shape. Thus, they analyzed a mathematical model

(Figure 5) which incorporated three basic assumptions:
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FIGURE 2

POST IN THE GROUND EXPERIMENT BY CASE
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FIGURE 3

MATCH STICK IN PLASTER EXPERIMENT BY SCHWARZ




FIGURE 4

MATHEMATICAL MODEL USED BY SCHWARZ
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lst, that the root is cone-shaped,

2nd, that the root is two-thirds the length of the tooth, and

3rd, that the force is applied at the extreme end of the crown
perpendicular to the long axis of the tooth.

Their equation, in terms of h and w, for the location of the center of
rotation differed from that of Schwarz, but one reason was that they
labeled the dimensions on their model differently.

In 1930, Fickel confirmed the mathematical calculations of Bauer
and Lang and he compared them with those of Schwarz. To achieve an accur-
ate comparison he made a model like the one used by Schwarz and another
one like the one used by Bauer and Lang, but he made them of identical
dimensions and similar in all respects except that one was cylindrical
(Figure 6A) and the other one cone-shaped (Figure 6B). In addition, he
constructed still another mathematical model of his own in which the root
was assumed to be a paraboloid curve. After determining the mathematics
related to the loading of his own model, he concluded that Bauer and
Lang's calculations were closer to his equation for the location of the
center of rotation and that Schwarz's calculations were incorrect. Never-
theless, he proceeded with an experiment (similar to Schwarz's match
stick experiment) in which he embedded a post in clay and pushed on it
with a force perpendicular to the post. The post moved (tipped) in the
clay and left an impression or void which he filled with Mellott's metal
after he had removed the post. On the resulting metal pieces (Figure 7)

he measured the distance from the lower end to the area of minimum width
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FIGURE 6

STANDARD MATHEMATICAL MODELS DEVISED BY FICKEL
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FIGURE 7
METAL PIECES FROM EXPERIMENT BY FICKEL

TO DETERMINE CENTER OF ROTATION
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(center of rotation). After repeated trials he concluded that the loca-
tion of the center of rotation was a function of the speed with which the
post had been moved through the clay.

Synge (1933), in an article describing the theory of an incompress-
ible periodontal membrane, pointed out that the question of how a tooth
turns when it is subjected to occlusal forces could be studied either by
means of an enlarged model of a tooth made of wood with the periodontal
area filled with an incompressible, elastic substance such as rubber, or
by working out mathematically the behavior of such a model without actu-
ally constructing it. Since he was Professor of Applied Mathematics at
the University of Toronto, he preferred to use the theoretical mathemati-
cal method because he felt it would be more 'powerful' provided that pro-
per attention were given to the limitations of mathematics in drawing
conclusions. He readily admitted that in using his mathematical model
certain "simplifying assumptions' had to be introduced in order to make
interpretation of the results possible.

In another article (The Tightness of the Teeth, etc.) published in
the same year (1933), Synge stated the problem as follows:

An elastic membrane fills the space between, and is

attached to, two rigid bodies, the tooth and the socket,

of which the former is subjected to assigned forces,

while the latter is held fixed, We assign to the membrane

the following properties:

(i) infinitesimal, but not necessarily uniform,
thickness;
(ii) homogeneity;
(iii) isotropy;

(iv) incompressibility;
(v) finite rigidity
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and we shall suppose that the free edge, or margin,

of the membrane is subject to atmospheric pressure.

The problem is to investigate the equilibrium of the

system, particularly with regard to the displacement

of the tooth and the strain and stress in the membrane.

The hypothesis that the membrane was incompressible had been ex-
pounded by Gysi (1930). It was based on the assumption that 80 percent
of the tissues of the human body is water, which, for all practical pur-
poses, is incompressible. The periodontal membrane - also being a tissue
largely composed of water - was believed to experience no change in
volume except "when blood in the blood-vessels is squeezed back into
the bony structure or into the adjacent mucous membranes by a prolonged
pressure.”

The theorem developed by Synge showed that the displacement under
a finite force is proportional to the cube of the thickness of the in-
compressible, elastic membrane of finite rigidity. For a conical model
with a membrane of uniform thickness several other facts were salient:

lst, the pressure in the membrane at the gingival margin was
always equal to atmospheric pressure.

2nd, under an axial load the pressure decreased from a maximum at
the apex to atmospheric at the margin.

3rd, under a transverse load the pressure was atmospheric at the
apex, the margin, and at an intermediate point near the center of rota-
tion. There were two points each of maximum and minimum pressure located

between the center of rotation and the apex, and between the center of

rotation and the gingival margin.
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4th, the distance between the center of rotation and the root apex
(along the long axis of the tooth) was determined only by the point of
intersection of the action line of the force with this axis. The dis-
tance between the center of rotation and the long axis of the tooth was
determined by the above point (of intersectiomn) and also by the direction
of the force. For a transverse force at the incisal edge of the cone-
shaped model the center of rotation was on the long axis about three-
fourths of the root length from the apex.

Zak (1935) introduced a unique, new method of photo-elastic analy-
sis of the mechanics of orthodontic tooth movements. He used metal
models of teeth, 2 or 5 mm. thick, embedded in corresponding élveoli of
celluloid as well as celluloid teeth of the same size embedded in metal
alveoli (Figure 8). By applying known, single forces and combinations
of forces to the crowns of the model teeth, he said that he was able to
reproduce movements that could be brought about by a removable appliance,
by Angle's pin and tube appliance, the ribbon arch, the edge-wise arch,
McCoy's open tube appliance and Case's appliance. The mechanical strains
produced in the celluloid tooth or alveolus were visible because of the
double refraction of light through the celluloid. Hence, qualitative
tensions arising in the tooth root and its surrounding alveolus were
studied and described. By this optical method, he also determined the
center of rotation in tipping as well as the conditions that lead to
tipping or translation (bodily movement) of teeth.

Hay (1939) concurred with the mathematical calculations that had




FIGURE 8

APPARATUS USED BY ZAK FOR PHOTO-ELASTIC

ANALYSIS OF THE MECHANICS OF TOOTH MOVEMENT
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been advanced by Synge regarding the periodontal membrane. But he con-
sidered the possibility of a compressible membrane since he felt that the ‘
compressibility of water is not small enough to be neglected. Thus, he
developed a mathematical theory of a compressible periodontal membrane
using the actual figures expressing the compressibility of water. From
his mathematical model he was also able to determine that the position
of the center of rotation ('"the point about which the tooth rotates when E

it is subjected to a load'") does not depend on the magnitude of the L

applied load but only on its point of application and its inclination to

the axis of the tooth. &

Hay (June, 1939) also calculated mathematically the pressures in

various portions of the membrane surrounding a cone-shaped root when

forces at different angles were applied to the linguo-incisal edge

(Figure 9). The capillary blood pressure was taken at 23 grams per
square centimeter which was the average of the values given by Schwarz. I

Adler (1946) reviewed all the model experiments on tooth movement

|
|
that had been performed up to his time, and he questioned the validity W
|
of the basic assumptions made by previous authors in the development of
their theories. TFor example, he did not believe that the periodontal
membrane was homogeneous as most authors had assumed. He postulated

that there must be some difference between the central and apical perio-

dontal membrane which would account for the greater degree of root resorp-
tion at the apex. Thus, he felt that a model showing tooth movement

should be such that it would also allow tipping about the apex (as Angle
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DIAGRAMS DEVELOPED BY HAY ILLUSTRATING PRESSURES

ON A MEMBRANE SURROUNDING A CONE-SHAPED ROOT
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and Oppenheim had described).

Adler also presented arguments intended to show that the strong
distinction made by some authors (notably Schwarz) between tooth move-
ments within the socket and those due to tissue changes was untenable.

In other words, he questioned whether it was logical and accurate to
consider two types of motion of a tooth: primary movement - within the
alveolus, and secondary movement - after change in the walls of the
alveolus.

Shwalb and Rechter (1950) constructed a transparent Bakelite model
of a bone socket and an acrylic tooth model was fitted and adapted to it.
Several types of orthodontic forces were applied to the crown portion of
the model tooth and the transparent socket was viewed through a polari-
scope. The internal stresses set up in the Bakelite model were photo-
graphed and the patterns of stress were related to the magnitude and
direction of the applied forces. They then discussed the correlation
of orthodontic principles with experimental results,

Burstone (1962) stated that there are three levels of observation
that can be used to describe the response of a tooth to forces: clinical,
cellular, and stress-strain. He believed that perhaps the most important
and least understood is the stress-strain level of activity in the perio-
dontal membrane. He emphasized the importance of models of teeth as
good research tools when he said:

Since at this time it is not possible to place strain

gauges in the periodontal membrane to measure stress
distributions, our knowledge of stress phenomena must
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depend on another approach. A mathematical model of

the tooth and surrounding structures can be constructed

based on certain assumptions. From these mathematical

models theoretical stress levels can be calculated if

the forces applied to the teeth are known.

Burstone also recognized the fact that to describe tooth movements
specifically and accurately a method would have to be evolved whereby the
center of rotation could be determined and described relative to three
mutually perpendicular planes. For purposes of simplification, however,
he limited his discussion to two-dimensional representations of teeth thus
considering only one plane of space. The assumptions that he made were
that stress distributions in the periodontal ligament were uniform for
pure translation and uniformly varying for pure rotation (tipping). Since
he also postulated that a linear stress-strain relationship exists, he
was able to predict mathematically the force system required for various
centers of rotation.

Haack and Weinstein (1963) used a two-dimensional, wooden model of
a maxillary central incisor which had elastic foam sponge in the space
between the root and alveolar process, to illustrate the ways in which
the application of forces to the crown of a tooth introduces a distribu-
tion of forces in the periodontal ligament (Figure 10). They believed
that '"it is the nature of this distribution which determines the pattern
of bone resorption and apposition and thus the whole complex geometry of
tooth movement." They were convinced that it was of great importance to

the practitioner of orthodontics and the graduate student to have a clear

understanding of this phenomenon and to be able to demonstrate it
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Fig. 7 + Above left: Application of a pure moment. Center of rotation at point slightly less than
M?‘ of root length from apexr. Above right: Pure moment plus & light force sufficient to shift center
of rotation to alveolar crest level. Below left: Moment the same. but increased force. Center of
rotation shifted to infinity. Below right: Moment same, but further increase of force. Center of
rotation shifted to apex

FIGURE 10
WOODEN MODEL USED BY HAACK AND WEINSTEIN

TO DEMONSTRATE SPECIFIC FORCE SYSTEMS AND TOOTH MOVEMENTS
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qualitatively. As far as a mathematical analysis of the force distribution
or a quantitative solution to the problem is concerned, they felt that it
was possible "only if rather severe simplifying assumptions are imposed"
which often made their clinical application impractical.

Jarabak and Fizzell (1963) employed mathematical models as an ad-
junct in their description of the biophysics of orthodontic forces. In
their description of translation of a tooth, a parabola was used to repre-
sent the contour of the root of a mandibular right canine (Figure 11).
With this geometric analog of the root of a tooth, they were able to em-
ploy integral calculus in order to determine: (1) the projected area of
the root (or parabolic curve, closed at the top), (2) the first moment of
area of the figure around the X-axis, and (3) the average moment arm (by
dividing the first moment of area by the area of the parabola). With a
knowledge of these values it was possible to solve for the centroid of
area. By means of this mathematical model the concept of "effective root
surface area'" was developed and the theory of "effective root pressure"
advanced.

Dempster and Duddles (1964) employed enlarged models of a tooth and
its socket made of composition board representing either buccolingual or
mesiodistal cross-sections of a lower molar (Figure 12). Through the
application of a coronal force acting at a definite angle, the tooth
moved and made contact with the socket. Force gauges were attached to
the model tooth at the points of tooth-socket contact and forces perpen-

dicular to the surface were measured at these points. Free-body diagrams
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FIGURE 11
MATHEMATICAL MODEL USED BY JARABAK AND FIZZELL

TO STUDY PURE TRANSLATION




Fig. 3  A:Chipboard modsl of tooth and socket: compression force gauge pushes tooth into contacts
with socket model. B:Tooth model suspended above penciled outline on work table with tension force
gauges attached at points normal to tooth profile. All forces are in balance

FIGURE 12
CHIPBOARD MODEL USED BY DEMPSTER AND DUDDLES

TO STUDY TOOTH STATICS AND EQUILIBRIUM
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of each equilibrium situvation included the magnitude and direction of each
force and its point of application. For a given set of conditions (when
the forces were in equilibrium), the gauges measured forces comparable to
those involved in the statics of the tooth.

Isaacson and Ledley (1964) found fundamental errors in the study
reported by Dempster and Duddles. They pointed out that, whereas Dempster
and Duddles completely ignored consideration of shear forces, ''the perio-
dontal membrane exerts reactive shear forces and these forces may be the

most important aspects of a force analysis for a tooth."

They also took
issue with the assumption made by Dempster and Duddles that the reactive
forces must be normal to the surface on which they act. The authors felt
that this assumption would be valid if the points of contact (between
tooth and socket) were frictionless, which is not the case with the real
tooth or even with the chipboard model. Four of the illustrations used
by Dempster and Duddles to depict the balance of moments in a situation
of equilibrium were found to be totally incorrect. Other figures were
only "slightly unbalanced." Finally, the authors felt that Dempster and
Duddles had not considered functional forces correctly and that it was
inaccurate to describe "six degrees of freedom of tooth motion" because a
tooth is constrained by the periodontal membrane and attached "very well"
to the bony jaw. They stated that six degrees of freedom would exist ounly

for an already extracted tooth, as for any unattached three-dimensional

body.




CHAPTER IV

PROCEDURE

A. Selection of the Model Tooth

A three-dimensional, enlarged, anatomical model of a lower left
canine was used in this investigation (Figure 13). This model tooth was
selected from the new series of twenty-eight normal teeth and nine varia-
tions by Dr. P.A. Lindstrom of Stockholm, Sweden. These models of human
teeth are made by the Denoyer-Geppert Company, Chicago, Illinois. They
are enlarged so that the height of each model (along the long axis) is ten
times that of an average sized tooth. They are cast in an unbreakable
light-weight plastic and are hollow.

The lower left canine was selected for three reasons: (1) it was
felt that a single-rooted tooth would make the measurements of tipping
and translation more uniform and easier to interpret, (2) it is a tooth
that frequently requires tipping distally (or translation) in actual clini-
cal situations and, thus, the information derived from this study would
be directly useful, and (3) it would be upright when placed in a plastic
alveolus and set on a platform; thus, it could very conveniently be made
to have the same spatial relation on a table as this tooth has in the
mouth.

Although the plastic model tooth was comparatively rigid and
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FIGURE 13

PLASTIC MODEL OF A LOWER LEFT CANINE
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inflexible, the fact that it was hollow made it possible to distort the
tooth slightly by applying a compressive force on it. To eliminate this
potential source of error, the tooth was made into a solid mass by filling
the inside with Plaster of Paris. This was accomplished by drilling a
1/4" hole at the apex of the root and a 1/8" hole at the tip of the crown.
The plaster was poured through the hole at the apex and air was allowed to
escape through the hole at the opposite end. A vibrator was used in the
process to make the plaster flow smoothly and to avoid trapping air.

When the plaster had set, the crown tip and root apex were recontoured to
their original shapes.

B. Construction of the Model Alveolus

Two preliminary steps were necessary to construct the plastic alveo-
lus into which the tooth would fit accurately with its rubber 'periodontal
ligament": (1) a mold had to be constructed into which a liquid plastic
could be poured; (2) a stone model of the root of the tooth had to be
made to provide the inside shape of the alveolus, which was to be cast in
liquid plastic. Since the latter stone model would be used to give us
not only the shape of the alveolar wall, but also the inside dimensions,
it had to be wider than the actual root of the model tooth by the thick-
ness of the rubber "periodontal ligament" that was to be used. In this

way, the finished alveolus would accomodate exactly the root of the model

tooth together with the uniform thickness of rubber 'periodontal ligament".

The mold that was used for the pouring of the liquid plastic was a

wooden box whose inside dimensions were: 3.5'" X 3.5" X 8.0" (Figure 14).
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FIGURE 14

MOLD FOR CASTING THE ALVEOLUS
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The four sides of this box and the bottom were held together with wood
screws so that it could be disassembled for removal of the plastic alveo-
lus after this had been cast and set solid. In order to facilitate the
removal of the center core (or stone model of the root) from the hardened
plastic, the wooden mold was sectioned longitudinally into two halves.
These were pinned together to maintain accurate alignment. This made it
possible to cast the alveolus in two halves which could be approximated
to form the whole model alveolus.

The center '"core'" used in the construction of the alveolus was made
as follows: (1) the root of the model tooth was covered with a uniform
(2 mm.) thickness of red utility wax. The thickness of the wax was check-
ed for uniformity by means of a straight pin inserted into the wax at
different places, and a vernier calipers to measure the depth to which
the pin had penetrated. The wax did not cover the root all the way up
to the cemento-enamel junction of the model tooth; instead it was trimmed
to follow the contour of the cemento-enamel junction at a level that was
15 mm. below this anatomical landmark. This was done to simulate the
actual condition that exists in the mouth whereby the average distance
between the alveolar crest and the cemento-enamel junction is 1.5 mm. 1
(2) impression plaster was used to make an impression of the root of the

model tooth with its covering of a uniform thickness of utility wax.

1. Kronfeld, R.: Dental Histology and Comparative Dental Anatomy.
Lea and Febiger, Philadelphia, 1937.




This impression was poured in dental stone and the resulting stone model
(Figure 15) was used to form the inside of the alveolus.

Castolite Liquid Plasticl was used for the casting of the model
alveolus. This plastic is supplied with a liquid hardener which is mixe
into the liquid plastic to initiate the cold-curing (exothermic) reactio
In the solid state it is a water-clear plastic.

As already mentioned above, the wooden mold was in two parts. Thi
allowed the alveolus to be poured in layers. The mold was laid flat on
its side and the stone model was supported in the center by means of a
dowel wire projecting from its apex and a handle projecting out from the
top as illustrated in figure 16A, The Castolite was poured into the mol
and allowed to set. When the lower half of the mold was completely cast
(and hardened) aluminum foil was adapted to that half of the alveolus to
act as a separating medium in the pouring of the second half. The top
half of the wooden mold was approximated to the lower half and fixed in
position by its pins. The Castolite was mixed and poured in layers into
this part of the mold as seen in figure 16B. After this half was com-
pletely cast and set, the wooden mold was disassembled by removing the
screws that held the sides and bottom together. The two halves of the
plastic alveolus were then separated and the '"center core" (or stone
model) was removed. The model that resulted was in two pieces that fit

together against each other; it had the outside shape of a square column
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1. The Castolite Company, Woodstock, Illinois.




FIGURE 15

MODEL OF THE ROOT USED TO FORM

THE INSIDE SHAPE OF THE ALVEOLUS
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METHOD OF CASTING THE ALVEOLUS IN TWO STAGES
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3.5" X 3.5" X 8.0". The inside shape and dimensions were those of the
stone model of the root. The outside surfaces of the alveolus were squar-
ed off and trimmed with a power saw, sanded, and polished. The inside
surfaces were contoured where necessary and flaws in the castings were
repaired as needed.

C. Construction of the Periodontal Ligament Analog

A Perma-Flex Cold Molding Com.pound1 was used to make a rubber-like
webbing that would represent the periodontal ligament of the model tooth.
This compound is a black, viscous, polysulfide base, liquid synthetic
rubber that is supplied with a curative compound or catalyst. It sets at
room temperature and forms a rubbery, flexible, extremely elastic sub-
stance,

The model "periodontal ligament" was made in two halves - one half
for the mesial surface of the root and the other half for the distal sur-
face. The two pieces of rubber webbing (Figure 17A) consisted of:

(1) strands running longitudinally from the alveolar crest to the apex
that were not parallel but converged toward the apex and (2) circumferen-
tial strands arranged in such manner as to represent the angulation that
the different groups of periodontal fibers make with the root surfaces of
the teeth. This is illustrated by the diagram in figure 17B. For ex-

ample, the '"horizontal fibers' of the periodontal ligament around the

1. Trade name; "BLAK-STRECHY'. The Perma-Flex Mold Company,
Columbus, Ohio.
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Cross-section through
Circumferential Strands
Showing Angles Made with
Surface of the Root

RUBBER ANALOG OF THE PERIODONTAL LIGAMENT

AND DIAGRAM OF A LONGTITUDINAL CROSS-SECTION
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coronal third of the root which are approximately perpendicular to both W
|

the root surface and the alveolar crest, are represented on the analog by |

rubber strands that have the long axis of their cross-section1 perpendicu- |
lar to the root surface. The fibers around the central portion of the
roots of teeth form acute angles with the root surfaces and they are I

called "oblique fibers'. These are represented on the model by having i

the rubber strands (around the center of the root) form acute angles2 w

with the surface of the root. The angles vary from 75° to 50° to 85° at r

the different levels of the root (Figure 17B). y
The two webs or nets of rubber were made in molds that were con- J

structed out of two pieces of sheet Plexiglas. In preparing to make the lw‘

molds, two paper templates were cut and fitted to the mesial and distal w*
\

faces of the root. Upon these templates the network of desired rubber M
strands was drawn. The templates were then transferred to the sheets of
3/8" (thick) Plexiglas and the required grooves were milled into the

Plexiglas with a saw blade designed for cutting plastic. The resulting |

molds are shown in figure 18, f

After the molds were cleaned they were coated with a release agent |

to prevent undue adhesion; then they were set adjacent. The freshly Hmi
i

1. All these strands - both longitudinal and circumferential - were Wyi
rectangular in cross-section. I

2. These angles are averages of measurements that were made on photo- ‘m
graphs of actual histologic sections of the periodontal ligament.
Sicher, H.: Orban's Oral Histology and Embryology. The C.V. Mosby
Company, Saint Louis, 1962,




FIGURE 18

PLEXIGLAS MOLDS USED TO FORM

THE ANALOG PERIODONTAL LIGAMENT
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mixed rubber compound was poured onto the molds, spatulated into the
grooves, and smoothed so that a very thin layer remained on the flat sur-
face of the mold. After 48 hours, the networks were removed and all of
the interstices were cleared. The two networks were attached with Ducco
cement to the mesial and distal surfaces of the root of the model tooth
(Figure 19).

D. Methods of Study

The completed analog of tooth, periodontal ligament and alveolus,
was mounted rigidly with bolts onto a plywood assembly having two plat-
forms ~- one at the base and one at the level of the crest of the plastic
alveolus as seen in figure 20. For maximum stability and rigidity of the
entire system, these platforms were fixed to the back of the plywood
assembly with glue and long wood screws, and the whole assembly was rein-
forced with appropriately placed wooden and steel braces. A pulley on
an adjustable bracket was placed on each side of the upper platform to
allow for the suspending of weights over the sides.

Two dial indicators were used to measure the movements of the tooth
in a mesiodistal plane. One was affixed to the lower platform and it
contacted the mesial surface of the root through a hole drilled in the
plastic alveolus at the level .390 inches up from the apex. The other
dial indicator was mounted on the upper platform and it contacted the
distal surface of the crown of the tooth at a level 7.379 inches from
the apex (or 6.989 inches above the lower dial indicator). The deflec-

tions of the crown and those of the root were measured to thousandths of




FIGURE 19

MODEL TOOTH WITH ANALOG PERIODONTAL

LIGAMENT CEMENTED TO THE ROOT SURFACE
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FIGURE 20
COMPLETED ANALOG MOUNTED ON PLYWOOD

ASSEMBLY WITH CROWN AND ROOT DIAL INDICATOR
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a millimeter by the upper and lower dial indicators respectively.

Four screws were inserted into the labial surface of the model tooth
in order to serve as posts for the attachment of the weights to:the tooth
and to facilitate the procedure for applying pure couples to the tooth.
These screws were placed at three different heights (Figure 21) so that
the points of force application could be at different distances from the
incisal edge. They were designated according to their positions on the
crowns as follows:

#1 = top post (screw closest to the incisal edge)

#2 = left middle post
#3 = right middle post
#4 = bottom post (screw furthest away from the incisal edge)

The three levels selected for the screws corresponded proportionately to
the various "bracket heights" that are possible clinically with the
different banding techniques.

E. Applying Pure Couples to the Analog

Pure couples were applied to the tooth by means of a rig that con-
sisted of a flexible steel blade -- 3 inches wide and 31 inches long; a
round steel rod 15 inches long; and a large pulley mounted rigidly on
the steel rod. Figure 22 illustrates the manner in which a moment of
force was applied to the steel rod b suspending weights from the large
pulley. It also demonstrates how this moment of force was transmitted
through the flexible steel blade to the tooth where it was expressed as
a couple because of the two-point contact that the blade made with two

of the screws (#1 and #4) on the labial surface of the tooth. The




A =total height of tooth 10.594in.
B = incisal edge to Crown Dial Indicator 3.215 in.
C = Crown Dial Indicator to Root Dial Indicator 6.989in.
D =Root Dial Indicator to root apex 390in.
E =Post No.l to Post No.2 S76 in.
F =Post No.2 to Post No. 4 608in
G = Post No.4 to Crown Dial Indicator 830in
H = root apex to Center of Tipping (0) (variable)
FIGURE 21

DIAGRAM OF HEIGHTS OF IMPORTANT

POINTS ON THE MODEL TOOTH
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DIAGRAM OF APPARATUS USED TO APPLY

PURE COUPLES TO THE MODEL TOOTH

61




62
magnitude of the couple being applied to the tooth at any particular time
was exactly the same as the magnitude of the moment being generated by
the weights on the pulley. The length of the moment arm in this case was
4.078 inches, which was the radius of the pulley. This was determined
by measuring the outside diameter of the pulley with calipers and divid-
ing this diameter by two.

Seven different weights were suspended from the pulley at separate
intervals and readings of crown deflection and root deflection were taken
each time after 2 1/2 minutes had been allowed to elapse. The magnitude
of the moment producing the deflections was calculated by multiplying
the weight used by the moment arm (4.078 inches) and this was recorded
next to the corresponding deflections as seen in the Data Sheet in
Appendix I. The weights used ranged from one-half pound to four pounds
(inclusively) with an increment of one-half pound each time. After
recording the deflections produced by each particular couple, the weights
were removed to allow the rubber to return to its original shape and
bring the tooth back to zero readings on the dial indicators. Then the
next weights were applied to the pulley, and the same procedure was
repeated.

F. Applying Tipping Forces to the Analog

In order to produce tipping of the model tooth within the limits
of its alveolus, single forces of known magnitude and direction were
applied to the crown. The point of force application was also known in

every instance since the screws in the labial surface of the tooth were
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used as the posts for the application of the forces and the positions of
these screws (relative to the total height of the tooth) had already been
predetermined.

The first set of data was taken with the weights attached to the
top post (#1). Orthodontic steel ligature wire (.012 in.) was used to
attach a tray to the top post on the tooth. A suitable length of wire
was used so that the tray could extend beyond the pulley at the right end
of the platform and hang suspended over the side (Figure 20). Since the
height of the pulley was adjustable, the direction of pull of the wire
could be controlled. A level was used to set the wire horizontal to the
floor. This made the direction of pull approximately perpendicular to
the long axis of the tooth since the tooth and its alveolus were set up-
right in the platform assembly.

The weights used in this part of the experiment ranged from one-
half pound to five pounds (inclusively) with an increment of one-half
pound each time. Thus, a total of ten single forces were applied in a
distal direction to the top post on the crown of the tooth. The deflec-
tions of the crown and those of the root were measured by the upper and
lower dial indicators respectively and recorded on the data sheet next
to the weight that produced them. Readings of the deflections were taken
after each of the particular weights had been allowed to act on the
tooth for a period of 2 1/2 minutes. To test the accuracy of the data,
the entire procedure was repeated three times and the corresponding data

were designated: Trial A, Trial B, and Trial C.
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When all the data had been obtained for forces applied to the top
post, the wire was changed to one of the middle posts (#2) and it was
made parallel to the floor by adjusting the height of the pulley. The
exact same procedure as already described for the top post was followed
in obtaining the data for the middle post, and the experiment was repeat-
ed three times (Trials A,B,C) using the same weights and the same time
interval as before.

After all the data had been recorded for post #2, the wire was
then attached to the bottom post (#4) and the experiment was repeated
another three times as described above. All of the data obtained were
analyzed according to Fisher's Analysis of Variance.

G. Producing Bodily Movement of the Model Tooth

In order to produce bodily movement of the model tooth distally
(within the limits of its alveolus) a force and a couple had to be
applied to the crown of the tooth. This was achieved by utilizing the
pulleys at both ends of the upper platform and by attaching appropriate
weights to the top and bottom posts (#1 and #4) on the crown. The tooth
was considered to have translated distally (or moved bodily) when the
upper and lower dial indicators measured precisely the same deflection
in the same direction for both the crown and root.

The particular combination of force and couple that would be re-
quired to produce bodily movement of the tooth against the resistance of
the rubber '"periodontal ligament'" could have been determined experimen-

tally by the process of trial and error, or calculated mathematically if
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the location of centroid of effective root area were known. The latter
method was selected because it was more practical and convenient.

The mathematical calculations that were used in the location of
the centroid of area and in the determination of the force system needed
to produce pure translation will be described in Chapter V and discussed
in Chapter VI. From these equations, it was possible to predict that a
force of 6.6 pounds acting on the top post (#1) in a mesial direction
(toward the left) in conjunction with a force of 8.5 pounds acting on
the bottom post (#4) in a distal direction (toward the right) would pro-
duce bodily movement distally if both forces were parallel to each other
and perpendicular to the long axis of the tooth.

To test the accuracy of these calculations and the validity of the
prediction that was made from them, the experimental procedure was con-
ducted as follows: (1) a weight of 6.6 pounds was attached to the top
post and suspended over the left side of the platform. Its action line
was made parallel to the floor with the aid of a level; (2) the weight
of 8.5 pounds was bracketed in include plus and minus one pound, i.e., a
range of weights that included 7.5, 8.0, 8.5, 9.0 and 9.5 pounds was
attached to the bottom post and suspended over the right side of the
platform. The action line of these forces was also made parallel to the
floor; (3) readings of the crown and root deflections were taken after
each of the weights applied to the bottom post had been suspended for

2 1/2 minutes.




CHAPTER V

EXPERIMENTAL RESULTS

A. Appraisal of Tipping Produced by Pure Couples

The first data that were gathered in this experiment related to the
behavior of the tooth under the influence of pure couples acting on the
crown. As noted in Chapter IV under the description of methods of apply-
ing pure couples to the analog, the rig was so designed that only pure
couples would act on the tooth. This consideration was important since
it was known that a pure couple acting anywhere on the tooth would cause
the center of rotation (or tipping) to be at the centroid of the tooth.

All the couples were in a clockwise direction in relation to the
labial surface of the tooth. Invariably, they produced a distal tipping
of the model tooth, that is, the crown moved distally in every instance
while the apical portion of the root moved in the opposite direction
(mesially). As the magnitude of the couple was increased in successive
trials from 2.039 to 16.312 pound-inches, the deflections of both the
crown and the root increased propoftinnately. In other words, the greater
the magnitude of the applied couple, the greater was the degree of distal
tipping. These same characteristics and results were obtained when the
entire experiment was repeated a second time.

The amounts of crown and root deflections produced by each couple
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in both Trials A and B, are seen in Appendix I. The apparent center of
tipping in each instance was determined mathematically according to the
calculations shown in Appendix II. The graph in figure 23 was prepared to
illustrate the changes that occurred in the location of the apparent cen-
ter of tipping as the magnitude of the tipping couple increased.

B. Appraisal of Tipping Produced by Single Forces

The application of single forces (of different magnitude but con-
stant direction) to the crown of the model tooth produced crown and root
deflections that were characteristic of tipping, that is, the crown moved
in the direction of the force (distally) while the root moved in the
opposite direction. Changing the magnitude of the applied force had defin-
ite effects on the degree of the crown and root deflections as well as on
the position of the center of tipping. When these same forces were again
applied to the tooth, but at a different level of the crown, the deflec-
tions of the crown and root and the location of the center of tipping
changed. The data collected in this part of the experiment are shown in
Appendices III, IV, and V.

The direction of the single forces was kept constant throughout all
the trials, that is, all the forces acted parallel to the floor in a dis-
tal direction regardless of the magnitude or point of application. Thus,
there were two variables in this part of the experiment: force magnitude
and point of application.

1. The Effects of Changing Force Magnitude

The graph in Figure 24 shows that as the applied force increased in




LOCATION OF APPARENT CENTER OF TIPPING

(inches above apex)

TIPPING COUPLE (Ib-in.)

FIGURE 23
GRAPH OF APPARENT CENTER OF TIPPING

VS. TIPPING COUPLE
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AVERAGE CROWN DEFLECTION (mm.)
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magnitude from one-half pound to five pounds the deflections of both the
crown and the root also increased uniformly. The range of deflections
was different for the different points of application but, nonetheless,
the increase in the deflections was similar in all three cases. The curve
in black demonstrates the increase in deflections when the forces were
applied at the top post (#1) on the crown of the tooth. The blue and the
red curves show the relationship of force vs. deflection when the forces
were applied at the middle (#2) and bottom (#4) posts respectively.

The distal tipping produced by each single force was evaluated indi-
vidually. The apparent center of tipping in each instance was determined
mathematically according to the calculations shown in Appendix II. The
distance up from the apex of each apparent center of tipping was plotted
against the particular force magnitude that produced the tipping. The
changes that occurred in the position of this center of tipping are shown
in the graph in figure 25.

2, The Effects of Changing Point of Application

As already noted above, the graph in figure 24 shows that deflec-
tions increased uniformly as force magnitudes increased. For a particular
force magnitude, however, the defléctions were different for each of the
three points of force application. The deflections were greatest when
the single forces were applied to the top post (#1) and least when the
forces were applied to the bottom post (#4). This is also represented on
the composite graph of all data seen in figure 24.

The location of the apparent center of tipping was calculated for
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each individual tipping situation by following the same mathematical pro-
cedures described in Appexdix II. The effect that the point of applica-
tion had on the center of tipping is shown graphically in figure 25 by
the different levels of the curves. The apparent centers of tipping were
always more cervical when the forces were applied to the top post (#1)
and closest to the apex when they were applied to the bottom post (#4).

3. Statistical Analysis of the Data

The measurements of deflection of the crown of the model tooth were
analyzed by Fisher's Analysis of Variance with the results shown in table
I. As mentioned previously, the sources of variation were force magni-
tude (weights), and points of application (positions). Another source of
variation (trials) was introduced by the repetition of the experiment on
three separate occasions. The usual 2-factor and 3-factor interactions
were calculated and their sums of squares are also listed in table I.
The mean square for the T x W x P interaction, when combined with the
mean square for the T x W interaction yields a new mean square of
.00002066 which will serve as an estimate of experimental error. Both
of the other interactions were found to be significant when tested
against this estimate of experimental error. The mean squares due to the
different weights and due to the different points of attachment of the
weights were significantly large. There was, however, no significance
attached to the mean square due to the different trials.

The measurements of deflection of the root were also analyzed

according to Fisher's Analysis of Variance and the results obtained are
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TABLE I

ANALYSTS OF VARIANCE
(CROWN DEFLECTIONS)

SOURCES D.F. S.S. M. S. F. SIGNIFICANCE
=H
TRIALS 2 .000071 .0000355 1.72 3.17 (5%) N.S.
WEIGHTS 9 .353870 .0393189 | 1902.50 2.75 (1%) *#%*
POSITIONS 2 .008631 .0043155 26.23 18.00 (1%) **
TXW 18 .000417 .0000232 N.S.
TXP 4 .000658 .0001645 7.96 3.68 (1%) **
WXP 18 .004651 .0002584 12,50 2.29 (1%) *%*
TXWXP| 36 .000699 .0000194
TOTAL 89 .368997
Standard Deviation of Error = .0045 mm.

997 CONFIDENCE LIMITS are T (2.67 X .0045) =T .012 mm.

D.F. = Degrees of Freedom

S.S. = Sums of Squares

M.S. = Means of Squares

*%% = Highly Significant Variance Ratio
N.S. = Non-significant Variance Ratio
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shown in table II. The sources of variation were the same as for the
crown measurements, viz., trials, weights and positions. The usual
2-factor and 3-factor interactions were calculated and their sums of
squares are listed in table II. The mean square for T x W x P, when com-
bined with the mean square for the T x W interaction, yields a new mean
square of .0000256 which will serve as an estimate of experimental error.
Both of the other interactions were found to be significant when tested
against this estimate of experimental error. The mean squares due to the
different weights and due to the different points of attachment of the
weights were significantly large. There was, however, no significance
attached to the mean square due to the different trials.

The two estimates of experimental error (error variance) were so
nearly alike as to confirm the belief that the distributions of errors
shown by the two gauges were alike. From these mean squares it is possi-
ble to estimate the size of the distribution of experimental errors. The
combined mean square is about .000023 and hence the standard deviation is
about .0048 millimeters. The 99% confidence limits of such distribution
are plus and minus .012 millimeters (Figure 26). The lower dial indica-
tor was graduated in .00l millimeters per division and the upper dial
indicator was read:to ‘the nearest thousandth of a millimeter. In effect
the least count of the measuring indicators was about .00l and therefore
the 997 confidence limits were between 12 and 13 times the least count of
the measuring instruments. This is not an unacceptable magnitude although

it is a rather small wvalue.




TABLE II

ANALYSIS OF VARIANCE
(ROOT DEFLECTIONS)
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SOURCES D.F. S.s. M.S, F. SIGNIFICANCE
F============:=====ﬁ=========g========Q=========T=================a
TRIALS 2 |].000350 .000175 1.72 3.17 (5%) N.S.
WEIGHTS 9 .378364 .042040 1641.41 2.75 (1%) e
POSITIONS 2 .038430 .019215 62.38 18.00 (1%) =%
TXW 18 .000483 .000027 N.S.
TXP 4 1.001232 .000308 12.03 3.68 (1%) **
WXP 18 .019133 .001063 41.52 2.29 (1%) ddx

TXWXP 36 .000898 .000025
TOTAL 89 .438890
Standard Deviation of Error = .00506 mm.

999 CONFIDENCE LIMITS are T (2.67 X .00506) = T .0135 mnm.

E»o
v W

Fdek
N. S,

it on

Degrees of Freedom
Sums of Squares
Means of Squares

Highly Significant Variance Ratio

Non-significant Variance Ratio




FIGURE 26

GRAPH OF DISTRIBUTION OF EXPERIMENTAL ERROR

]
+.012 mm.
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C. Appraisal of Bodily Movement Produced by a Force and a Couple

Figures 21 and 27 provide the dimensions of the model tooth and
the equations of equilibrium for bodily movement. The force Fy was arbi-
trarily set at 6.6 pounds for convenience. By solving the equations of
equilibrium, F, was found to be 8.577 pounds where the location of cen-
troid was considered to be 4.229 inches above the apex.

The graphs in figure 28 show that crown and root were equally dis-
placed from their rest position when F, was 8.75 pounds. The disagree-

ment from the calculated value was 0.173 pounds.




Fy
Fm = Motivating Force Fm -Ft -Fr = O
Fy = Counter-acting Force Fyxa-F.xb = 0]
Fr = Resultant of resisting
forces (at Centroid)
Fmn =Ft *Fy
a = |.184 inches =F; +F4 (-%—)
b = 3.980 inches =Fy(1+-3)
Fm =1.297 F;

FIGURE 27
VECTOR DIAGRAM AND EQUATIONS OF EQUILIBRIUM
REPRESENTING THE FORCE SYSTEM NECESSARY

TO PRODUCE BODILY MOVEMENT OF THE MODEL TOOTH
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CHAPTER VI

DISCUSSION

Biophysical considerations are rapidly replacing the trial and error
method of constructing orthodontic appliances. Physical and mathematical
models have been utilized to great advantage to provide needed informa-
tion regarding the mechanics of orthodontic forces and tooth movements.
The newer concepts in the area of biophysics have been advanced in recent
years by Graber (1961), Burstone (1962), Haack and Weinstein (1963), and
Jarabak and Fizzell (1963). Their theories and observations, in particu-
lar, were the forerunners of this study.

This research deals with the assessment of the physical aspects of
a biophysical process unique to the teeth and the periodontal ligament.
The biophysical process consists of the bone resorption and apposition
that occurs when a force or force system is applied to a tooth by means
of orthodontic appliances. An assessment of the physical aspects of this
process includes: (1) an analytical evaluation of the forces, moments and
couples, themselves, (2) a studylof the tooth movements that result, and
(3) an appraisal of the reaction forces and the stresses that develop to
resist the tooth movements. In order to study these physical phenomena,
it was necessary to design and construct an analog of a tooth and its

periodontal environment. This discussion will relate to other models in
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the literature, to this analog and to the findings obtained from the use
of this assembled analog.

In order to maintain continuity and orderliness, the experimental
results will be discussed in the same order that was established in the
preceding chapters: (1) the location of the centroid of effective root
area, (2) an assessment of tipping, and (3) the phenomenon and appraisal
of bodily movement.

Location of the Centroid of Effective Root Area

In physics, the term "centroid", when used alone, presupposes the
center of mass of a three-dimensional object. In the present study, how-
ever, this term will always refer to the centroid of effective root area

"centroid'" is used

(as described in the Glossary), even when the word
alone for the sake of brevity.

The method employed to locate the centroid of the model tooth in-
volved the application of pure couples to the crown of the tooth. Since
a couple consists of two coplanar, non-collinear forces that are equal
and opposite, their resultant is always zero. Consequently, a couple has
no effect in producing translation of the body on which it acts; it can
only produce (or resist) rotation. An important consideration is the fact
that a body acted on by a couple can be kept in equilibrium only by an-
other couple of the same moment and in the opposite direction. Thus, if
a tooth is acted upon by a single pure couple, its rotation (tipping) is

resisted by an equal and opposite couple acting on the root. This coun-

ter-couple is the sum of all the stresses, developed within the periodontal
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environment, which act against the root. In the case of the model tooth
with a pure couple applied to the crown, the system was in equilibrium
when the tipping was resisted by an equal and opposite couple acting on
the root. At this point the motion of the tooth ceased and the deflec-
tions of the crown and root were recorded on the data sheet.

The rubber material which comprised the analog periodontal ligament
was elastic and homogeneous. Thus, the stresses which resisted the tip-
ping varied at different levels of the root. Theoretically speaking, the
maximum stresses occurred at the apex on the side of compression. The
minimum stresses occurred at the level of the center of tipping where
there were only vertical shear stresses. The point at which the com-
pressive and tensile stresses are zero (under the conditions of a pure
couple acting on the crown) is called centroid.

It is significant that the position of the centroid of a body is
not affected by changes in the magnitude of the applied couple because
the resisting couple will also increase proportionately. Thus, the magni-
tude of the two forces may be increased, and/or the perpendicular dis-
tance between the two forces may be increased and the body will always
rotate about the same point (centroid) so long as only a pure couple is
acting upon the body. Accordingly, it is possible to predict that, ex-
cepting experimental error, the center of tipping would always be the
same regardless of the moment of the pure couple applied to the crown of
the model tooth.

Experimentally, this was not the case. Figure 23 shows graphically
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the results obtained when pure couples of uniformly increasing magnitudes
were applied to the crown. When the moment of the couple was minimal,
the tipping occurred about an axis near the apex. As the moment of the
couple was increased through the range of 8, 12, and 16 pound-inches, how-
ever, the location of the center of tipping remained nearly constant at
a point 4.2 inches above the apex. The fact that at the lower magnitudes,
the tooth did not behave as predicted, was attributed to the fact that
the tooth and its rubber "periodontal ligament" did not fit tightly in
the plastic alveolus. At the lower magnitudes all of the strands of
rubber did not come into contact with the walls of the alveolus, and the
places where the rubber was not tightly compressed against the alveolus
could be seen through the clear plastic. At the higher magnitudes, how-
ever, the greater stresses that were developed were distributed over more
of the surface of the alveolar walls (two '"areas of compression" were
definitely established) and the tooth conformed to the predicted charac-
teristics.

The deflections of the crown and root, under the influence of pure
couples, were in the magnitude of hundredths of a millimeter (see Appen-
dix I), From a study on propagation of error, a variation of less than
two-tenths of an inch in the location of the centroid is well within the
limits of variation due to experimental error in deflections. It can be
stated, therefore, that the centroid was located experimentally to be a
level of approximately 4.2 inches above the apex of the model tooth and

that tipping occurred consistently about this point when the moment of
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the pure couple applied to the crown was greater than 8 pound-inches.

The findings of this part of the experiment substantiated the state-
ment made by Burstone (1962) that "if a pure moment (a couple) is placed
anywhere on a tooth, a center of rotation occurs at the centroid of the
tooth." He was referring here to the centroid of a two-dimensional repre-
sentation of a tooth - the point at which the stresses would be zero. He
described the position of centroid as being ''mear the middle of the root."

The position of centroid, relative to the middle of the root, was
determined more accurately in this study. The total height of the model
tooth was 10.6 inches. The height of the root was found by taking the
highest point of the cemento-enamel junction on the distal surface and its
lowest point on the labial surface and bisecting the distance between
these two points. An imaginary plane passing through this bisecting
point, parallel to the floor when the tooth is in the upright position,
was taken as the upper limit of the root of the tooth. The total length
of the root then, from the apex to the average height of the cemento-euna-
mel junction was 7.2 inches. This meant that the centroid, being 4.2
inches above the apex, was not in the exact center of the root. Rather,
it was 0.6 inch above the middle of the root.

Haack and Weinstein (1963) had also produced tipping of a model
tooth by the application of a clockwise pure couple to the crown., As
mentioned in the Review of Literature, their model consisted of an en-
larged cross-section of an upper central incisor made of wood. The cross-

section was in the labial-lingual plane and consequently, the tipping
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that occurred under the above-mentioned conditions was in the lingual
direction (Figure 10). With respect to the location of the center of
rotation (center of tipping) in relation to the height of the root, they
observed that "the center of rotation is now a little less than half the
root length from the apex." That is to say, they found the center of
tipping to be somewhat apical to the center of the root.

The fact that the model tooth used in this research did not behave
in exactly the same manner as the model employed by Haack and Weinstein
can be explained by the fact that the nature of the two models is entirely
different. The model used by Haack and Weinstein had a foam rubber ''mem-
brane" of uniform depth as well as uniform thickness, The anatomical
model used in this study also had a uniform thickness of rubber webbing
throughout, but, because of the contours of the root, there was a greater
quantity of rubber around the cervix of the root where the tooth was wid-
est and less rubber surrounding the narrower, apical portion of the root.
Consequently, the stresses developed were different in the two cases. It
is likely that the information provided by the three-dimensional model
of a tooth, with the actual contours and configuration of a real tooth
was more reliable than that which was derived from the two-dimensional
model used by Haack and Weinstein. The two experiments concurred, how-
ever, on the finding that '"the center of rotation is not affected by
variation in the moment of the couple.'

Jarabak and Fizzell (1963) approached the problem of the location

of centroid differently. They studied the stresses acting on the root of
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a tooth when only a tipping couple was applied to the crown, and theo-
rized that "the maximum stress occurring on the root can be calculated
from the formula for fiber stresses in a beam, which indicates that the
maximum stress probably occurs at the apex." This theory will be dis-
cussed in detail later in relation to the stresses involved in this re-
search. At this point, therefore, it is relevant only to mention that
they labelled the distance from centroid to the most remote periodontal
fiber at the apex, a, and the distance from centroid to the extreme fiber
in the cervical region of the root, g. Since the stresses varied uni-
formly from the '"region of low stress' around the centroid to a maximum
at the apex, the distance, a, was greater than the distance, g, which is
the same as saying that the centroid was slightly above or cervical to
the center of the root when only a pure couple was applied to the crown.
This observation has been validated by this investigation.

Assessment of Tipping

A pure couple is rarely, if ever, applied to a tooth in the mouth
because it is virtually impossible to eliminate all the other external
forces that act on the tooth. An orthodontic appliance can be designed
and constructed to deliver a couple to the crown of a tooth but, invari-
ably, it will also exert some horizontal or vertical or transverse force
on the tooth. Even as the activated appliance exerts forces against the
bracket, friction develops between the contacting surfaces of the wire
and the bracket resulting in frictional forces acting on the tooth. 1In

addition to this consideration, other factors enter in which make the
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matter even more complex. For example, when the tooth is placed in func-
tion by chewing or occlusion, other external forces act upon it which
tend to negate the existence of a pure couple.

One need only look at the apparatus that was used in this experi-
ment for purposes of applying a pure couple to an enlarged model tooth,
to realize how difficult it is to have precise control of all forces act-
ing on a tooth. It is more often the case that tipping is brought about
clinically by the action of a single predominating force in the desired
direction in combination with other forces that are unavoidable. For this
reason, a second method of producing tipping was also selected for study
in this investigation.

Single forces ranging in magnitude from one-half pound to five
pounds were applied to the model tooth at three different levels of the
crown. An attempt was made to have the forces perpendicular to the long
axis of the tooth by setting the tooth upright in its socket as nearly
perpendicular to the floor as possible and the action line of the forces
as nearly parallel to the floor as possible. It will be assumed through-
out this discussion that all the forces acted at right angles to the long
axis of the tooth and that movement of the tooth occurred only in a
mesial-distal plane.

The data that were collected in the three trials performed for this
part of the experiment were averaged individually (Appendices IIL, 1V,
and V) and these averages were plotted as shown in figure 24, The curves

reflect the fact that as the magnitude of the force increased the
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deflections of both the crown and the root also increased. The rate of
increase of the deflections was greater at the higher magnitudes although
the increments of force magnitude were kept constant at 0.5 pound. As
mentioned in Chapter V, the deflections of the crown were always in a
distal direction while the deflections of the root were in a mesial
direction. Naturally, this indicates that in every instance the tooth
tipped distally about an axis somewhere in the root of the tooth.

The level of the point of application on the crown had definite
effects on the degree of tipping produced by a particular force. The
graph in figure 24 indicates that both the crown and root deflections
were consistently greatest when the forces were applied more incisally
on the crown (Post #1) and least when applied closer to the cervix of
the tooth (Post #4). The reason for this is obvious. When a force, per-
pendicular to the long axis of the tooth, is applied to the crown, a
moment of force is produced which equals the product of the force magni-
tude multiplied by the moment arm. In the case of the experimental
model, the moment arm was the distance between the point of force appli-
cation and the center of tipping. Thus, a force applied at the top post
had the longest moment arm and one applied to the bottom post, the short-
est moment arm. One would expect that the greater the moment of force,
the greater would be the degree of tipping. This was borne out in the
findings.

Earlier it was mentioned that in every instance the tooth tipped
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distally about an axis somewhere in the root. The location of this cen-
ter of tipping was determined mathematically for each force used as out-
lined in Appendix II. These equations are based on the established prin-
ciple of plane geometry that the corresponding sides of two similar tri-
angles are proportional to each other. The diagram in Appendix II is a
schematic representation of the long axis of the model tooth and the two
dial indicators used in this experiment. The height, C, between the two
dial indicators was known to be 6.989 inches. The distance between the
center of tipping and the root dial indicator was designated, X. There-
fore, the distance between the center of tipping and the crown dial indi-
cator was C-X. The crown deflection (a) and root deflection (b) were
also known since they were measured experimentally for each force. Hence,
it was possible to solve for X. Accordingly, it was shown that the dis-
tance between the root dial indicator and the center of tipping was
equal to 6.989 times the root deflection divided by the sum of the crown
and root deflections. To determine the height, H, between the apex and
center of tipping, the height, D, (between the root dial indicator and
the apex) was added to each value of X.

The location of the center of tipping was plotted against each
force that produced the tipping. These data are seen in the graph in
figure 25. The different levels of the curves indicate that the center
of tipping was consistently furthest from the apex when the forces were
applied to the top post. When the forces were applied to the middle

post, the center of tipping moved closer to the apex. When the bottom
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post was used as the point of force application, the center of tipping
was closest to the apex. This confirmed the statement by Graber (1963)
that "several factors influence the position of the fulcrum. One is the
point of force application. The closer to the incisal edge the point of
force application, the greater the distance of the fulcrum from the apex.”

Another significant result observed during this part of the investi-
gation was that whenever a single force acted on the crown of the tooth,
the center of tipping was always below or more apical to the centroid of
effective root area. This was true even for the case of the maximum
force applied to the top post. (Tipping occurred about an axis 3.395
inches above the apex when a 5 pound force was applied to the top post.)
As mentioned in the previous section, the centroid was found to be at
approximately 4.2 inches above the apex, and this was the point about
which tipping occurred when a pure couple was applied to the tooth. This
finding supports that of Haack and Weinstein (1963) wherein they showed
that the center of rotation was located more cervically when a pure cou-
ple was applied to the crown in contrast to its more apical position
when a single force was used. Burstone (1962) had also found that "a
lingually directed single force placed on the crown of a tooth produces
a center of rotation somewhere between the centroid and the apex."

The position of the center of tipping did not remain constant for
the different force magnitudes. All three curves seen in figure 25 show
that as the force increased in magnitude, the center of tipping moved

cervically or away from the apex. This progressive shifting of the
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center of tipping relative to the apex occurred throughout the entire
range of forces including the higher force magnitudes of 3, 4, and 5
pounds. This discounted the possibility that the changes in the position
of the center of tipping was brought about solely by the fact that the
tooth did not fit tightly in its plastic alveolus. Rather, it demon-
strated that in this experiment, at least, the force magnitude did have
an influence on the location of the center of tipping. Again, this was
in agreement with the clinical observation made by Graber (in the work
cited above) that "heavy forces move the fulcrum away from the apex;
light forces move it closer to the apex."

Although this may be true clinically, certain studies have shown
that, theoretically, the magnitude of the force should have no effect on
the location of the center of tipping. Burstone (1962) stated in his
discussion of the biomechanics of tooth movement that "if a single force
were placed on the crown of the tooth, the center of rotation should be
the same irrespective of the magnitude of the force. A 'light' or
'heavy' force would tend equally to move the crown in one direction and
the root in the other.'" Of course, his theoretical analysis was based
on certain assumptions made about stress distribution in the periodontal
ligament. One of these was that a 'linear stress-strain relationship
is postulated." 1In clinical situations, the forces applied to the teeth
may exceed the elastic limit of the periodontal fibers or they may even
be so excessive that the root of a tooth will come into direct contact

with the alveolar crest on one side and the alveolar bone of the fundus
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on the other., In these cases the location of the center of tipping will
change as force magnitude is increased. In the analog used in this
experiment, apparently a linear stress-strain relationship in the rubber
""periodontal ligament' did not exist for the range of forces that was
used.

Haack and Weinstein (1963) produced lingual tipping of a wooden
model tooth first, by the application of a "light, simple, posteriorly
directed force'" on the crown and then by applying a "strong, simple force"
in the same direction. The point of force application was the same in
both cases. They noted that 'whereas the amounts of compressions and
extensions in the periodontal ligament have changed, the location of the
center of rotation has not." This observation was also contrary to the
findings of the present study wherein it was found that the center of
tipping shifts cervically as force magnitude increases. It was felt
that the different nature of the two models must again be held respon-
sible for the disagreement in experimental results.

The model used by Haack and Weinstein had a narrow strip of foam
sponge of uniform depth to represent the periodontal ligament around the
tqoth. The force magnitudes that they used were those that would pro-
duce areas of compression and tension in the foam sponge. Even when
the "strong, simple force" was used, its magnitude was just enough to
produce a slightly greater degree of compression and tension than that
which was produced by the lighter force. Under these conditions, a

linear stress-strain relationship was possible and the tooth tipped about
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the same point regardless of the increase in force magnitude.

The three-dimensional model used in this research, on the other
hand, more closely approximated the actual situation that exists within
any real alveolus. That is to say, the cervical portion of the root,
being wider than the apical portion, presented a greater surface area
and consequently, was surrounded by a greater volume of rubber "perio-
dontal ligament'". Therefore, the compressive stresses acting against
these portions of the model root were similar to those developed on the
side of compression in a real tooth when the latter is being moved dis-
tally by a single predominating force in the distal direction. As men-
tioned above, these compressive stresses in the rubber '"periodontal liga-
ment' apparently were not directly proportional to the strains that were
produced.

Jarabak and Fizzell (1963) presented roentgenographic evidence to
support their assertion that the center of tipping can sometimes lie out-
side of the tooth root. This is certainly true and it can be shown both
experimentally and mathematically. This research, however, was not
directly concerned with this special type of tipping and hence, dis-
cussion of this phenomenon will be deferred until the section on Bio-
physics of Tooth Movement comes under consideration.

Assessment of Bodily Movement

A tooth undergoes translation or bodily movement when it changes
its position mesially, distally, lingually, labially, or buccally, with-

out any change in orientation of its axes. This is often desirable in
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the course of orthodontic treatment, but very difficult to achieve.
This experiment has demonstrated the fact that whenever a single force
is applied to a tooth, the tooth tips because of the moment of force
that is developed. The same is true when a couple is applied to a tooth,

The simplest way of producing pure translation or bodily movement
of a free-floating body in space is by applying a single force on the
body exactly at its center of mass. The teeth, however, are not free-
floating bodies; they are situated and held tightly in a periodontal
environment. Consequently, a single force applied on a tooth at the
center of mass (if it were possible) would initiate reactive forces
against the root of the tooth to resist the movement of the tooth from
its rest position. Pure translation would not have necessarily taken
place under these conditions. Thus, it is evident that to achieve pure
translation of a tooth within its alveolus (or of the model tooth within
its plastic alveolus) a single force would have to act through the cen-
troid of effective root area and not through the center of mass of the
tooth which may be different. As noted in the Glossary, the former
point is the geometric center of the projected area of the root.,

Since it is not possible clinically to apply a force exactly at the
centroid of effective root area, another method must be employed to pro-
duce bodily movement. A force and couple acting simultaneously on the
crown of the tooth will produce bodily movement if they are oriented so
that, in effect, the resultant is a single force acting through the cen-

troid.
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The various combinations of a force and a couple that meet the re-
quirements necessary to produce pure translation can be calculated mathe-
matically if the position of centroid and the distances between the
points of force application are known. The centroid of effective root
area was determined in this experiment by applying pure couples to the
tooth and observing the point about which the tooth tipped in a mesial-
distal plane. This was discussed in a previous section,.

Figure 27 shows the vector diagram and the mathematical calcula-
tions that were used to determine the necessary dimensions of force and
couple that would produce pure translation of the model tooth. The dis-
tance, a, between the top and bottom posts on the crown was 1.184 inches.
(This was derived by adding heights E and F in figure 21.) The position
of centroid was taken to be 4.229 inches up from the apex. Further cal-
culations give 3.980 inches as the distance between centroid and the
bottom post on the crown, which is designated, b, in figure 27.

The equations of equilibrium that are applicable to the diagram
are also presented in figure 27. By solving these equations simultane-
ously and inserting the known values of a and b in the last step, the
following equation results: Fy = 1.297 Fr. This indicates that in order
for the body in the diagram to be in equilibrium, the magnitude of Fj
would have to be 1.297 times that of Fy.

To test these theoretical calculations an experiment was performed
on the model tooth as described in Chapter IV (section G.). The experi-

mental results were reported in Chapter V (section C.). The graph in
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figure 28 shows that as the magnitude of F increased from 7.5 pounds
toward the predicted value of 8.5 pounds the deflections of the crown
increased while those of the root decreased. Obviously, the curves in
figure 28 would intersect when the deflection of the crown and that of
the root were the same value and in the same direction. Experimentally,
this occurred, not at the predicted force of 8.577 pounds, but at 8.75
pounds. The error was about 2 percent of the nominal value. This close
agreement indicated that the location of the position of centroid had
been reliable and that the calculations used to predict the force system
necessary to produce pure translation were correct.

The moment of the couple in this system was calculated by multi-
plying the force F. (6.61 pounds) by the perpendicular distance between
Fy and Fy (1.184 inches). This is possible because, analytically, Fp
can be thought of as being two separate forces having the exact same
point of application and identical action lines. One of the forces
would have a magnitude of 6.61 pounds and, together with Fes comprises
the couple in the system. The remainder of Fy (8.75 - 6.6l = 2.14
pounds) is the net single force acting on the tooth in a distal direction.
Thus it is seen that the actual force system that produced bodily move-
ment of the model tooth a distance of .034 mm. (Figure 28) in a distal
direction consisted of a counter-clockwise couple of 7.8l pound-inches
(6.61 X 1.184) and a single force in the distal direction of 2.14 pounds.
Reference to figure 23 shows that when a couple of 7.8 pound-inches is

applied to the tooth, the location of centroid was about 4.25 inches
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above the apex. The assumed value had been 4.229 inches.

This experiment with a three-dimensional model tooth confirmed
still another empirical observation that had been made by Graber in his
textbook on orthodontics that 'clinically, with conventional fixed
appliances, greater force is usually required for bodily movement'. It
is obvious now that this is true because of the magnitude of the counter-
couple that must be exerted on the tooth just to offset the tipping
effect of a single force.

Haack and Weinstein (1963) had performed essentially the same
experiment on their two-dimensional model. They produced bodily move-
ment of the tooth by applying a single force ''so that its action line
passes through the center of resistance of the supporting (foam sponge)
periodontal ligament." They noted that this center of resistance was
the same as the center of rotation obtained when a pure couple had been
applied to the model tooth. Having demonstrated qualitatively, the
bodily movement produced by a single force acting at the centroid of
their model, they then produced the same movement with an equivalent
force system that consisted of a couple and a force applied on the crown.
They did not attempt, however, to quantitate any of the forces or dimen-
sions used because they felt that 'the model and the examples described
are chiefly of pedagogic value."

Jarabak and Fizzell (1963) studied the phenomenon of pure trans-
lation from the standpoint of pressure required to start a mandibular

right canine moving bodily in a distal direction. They recognized that
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in order to accomplish translation in clinical situations a force and a
couple would be necessary because the force system had to be applied at
the bracket on the crown of the tooth., The required couple was desig-
nated F - Ft and the single force in the distal direction, Fm' Since
the point of application of the resisting force was unknown, it was
agreed to be at the centroid of the projected area of the tooth. To
determine the location of this centroid they took the dimensions of the
mandibular right canine that were shown by Black to be those of an aver-
age sized tooth, and then constructed a graph of a parabola that matched
closely the outside contours of a mesial-distal projection of the root of
this tooth. The equation for this curve was determined by using the
dimensions of the actual root to provide the constants. Then through
the use of integral calculus, they determined the area contained within
the parabola (closed at the top by the X-axis). The value was taken as
the projected root area of the tooth and its geometric center or cen-
troid of area was then calculated with integral calculus., With this
information they were able to arrive at a reasonable estimate of '"the
average pressure for best movement." When a practical force value of
250 gm. was assigned to F,, however, and the bracket width was 3.7 mm.,
they found that the forces inside the slot of the bracket would have to
be about 757 gm. to provide the counter-couple needed to keep the tooth
upright while it translated distally, parallel to the occlusal plane.
This magnitude of force is so great and so completely unreasonable for

a piece of orthodontic wire of the size that would normally be used,
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that they were led to conclude: 'What we have done here is to develop
the reason for the customary orthodontic practice of tipping this tooth
until its crown is in nearly correct position, then uprighting it in its
new position, and finally closing the remaining space between it and the
adjacent premolar.'" In other words, they discounted the feasibility of
producing pure, continuous bodily movement by means of current orthodon-
tic apbliances. The reasons underlying this clinical fact have been
amply demonstrated by this investigation.

Biophysics of Tooth Movement

In the first part of the Review of Literature, biophysics was de-
fined as the study of biologic function, structure, and organization in
relation to and by the methods of physics. The moving of teeth through
alveolar bone is certainly a biologic response that is brought about by
forces acting on the surfaces of the teeth. These forces are either
from the natural environment of the teeth or from orthodontic appliances.

From a clinical viewpoint, two facets of biophysics are of major
concern., First, what type of force system is required to produce a
given center of tipping, and second, what are the optimal pressures and
stresses in the periodontal ligament that stimulate direct resorption
of bone? The first of these problems is important because it is evident
that if the orthodontist could control the location of the center of
tipping, then desired tooth movements could be achieved more directly.
This is true even of bodily movement which is tipping about an axis loca-

ted at infinity. The second consideration is important because, ohviously
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teeth would move in a more rapid and expeditious manner, with a minimum
of damage to the tissues, if the stresses in their respective periodontal
ligaments were always optimal. A solution to these problems will require
a thorough understanding of forces and moments that may act on the teeth
as well as detailed assessment of the histologic changes within the perio-
dontal spaces that are brought about by specific force systems.

This research has thus far answered in part the question of how
the center of tipping in a single-rooted tooth is affected by several
basic force systems applied to the crown. It has also been established
that bodily movement is possible experimentally, although difficult to
achieve clinically.,  The matter of stresses that are developed in the
periodontal spaces during the different tooth movements, however, has not
been adequately described and must be investigated. This part of the
discussion will deal, therefore, with a theoretical evaluation of the
stresses that might be produced in the periodontal ligament by each of
the force systems used in this study. The analytical thinking that will
be used in this section has its basis in the branch of physics called
mechanics.

In one respect, the analog used in this investigation was not accur-
ately representative of the anatomical conditions in the periodontsl
spaces. Since the rubber 'periodontal ligament" was cemented only to the
root surface, it did not reproduce the tensile stresses that exist on the
"tension side" of the periodontal ligament. These tensile stresses are

probably more important than the compressive stresses in the aratomy.
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Sicher (1962) believes that '"the limiting factor in this physiologic
orthodontic force is not, as has been claimed, the capillary or tissue
pressure, but the tensile strength of the suspensory fibers.'" The fact
that the tensile stresses of the periodontal ligament are replaced by
compressive stresses in the analog in no way invalidates the findings of
the study. The net effect on the tooth is the same regardless of whether
the movement is resisted by a '"push" on one side or a "pull' on the other.

It is self-evident that the stresses developed within the periodon-
tal ligament are dependent upon the intensity and the type of force sys-
tem applied to the crown of the tooth. Essentially, there will always be
at least three types of stresses present: (1) compressive stresses on
the side of the root where the periodontal ligament is being compressed;
(2) tensile stresses on the opposite side where the periodontal fibers
are being stretched (the tension side); (3) shearing stresses around the
edges of the root and in the regions between areas of pure compression
and pure tension. These various stresses cannot readily be separated and
measured. Thus, in a quantitative evaluation made by Jarabak and Fizzell
(1963) the stresses were "expressed collectively as 'pressure' in grams
per square millimeter of projected area.'" 1In this theoretical discussion,
shearing stresses will be considered negligible and attention will be
focused on the tensile stresses that limit the movement of the teeth in
clinical situations, and compressive stresses which performed the same
function in the analog. The simplifying assumption made by Jarabsk and

Fizzell to study the phenomenon of stresses will also apply ia this
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discussion. That is, the projected root area is assumed to be a close
approximation of the effective root area. This is convenient, for it
gives the researcher a tool whereby he can calculate the stresses that
develop in different situations. This provides a basis for comparison.

It has been established that a tooth will translate or move bodily
when the resultant on the tooth is a single force whose action line passes
through the centroid of effective root area. Such a case was demonstrated
on the model tooth. Since a single force applied to the crown of the
tooth would produce a tipping couple, bodily movement was achieved by
adding a couple on the crown that would neutralize the moment of the tip-
ping couple. What remained, then, was the translating force (Fm) alone.
This brought about the observed bodily movement of .034 mm. distally that
was described earlier.

When translation occurs and the tooth is in equilibrium, the sum-
mation of all the resisting forces may be considered as if it were a
single force, F,., also applied at the centroid of effective root area and
equal and opposite to Fp. Under these conditions, a simple relation
exists between the translating force and the stress on the projected root
area in units of force per unit area. The formula for the stress at any
point in the projected root area can be written:

Frm
5= AT
where F, is the translating force and A, is the effective root area (or
projected root area which is considered to the the same). From the sec-

tion on bodily movement, it was seen that when a force and a couple acted
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on the crown, the net translating force was 2.14 pounds. The projected
root area of the model tooth was determined graphically to be 12.68 sq.

in., The stress in this case was, therefore, = .165 pounds per

214
12.68
square inch anywhere on the projected root area.
When a pure couple was applied to the model tooth, it was observed
that tipping occurred about the centroid of projected root area. In this
instance there was no translating force. Therefore, the stress occurring

at any level of the root could be calculated from the formula for fiber

stresses in a beam:

Sx = MIX

M represents the magnitude of the tipping couple, X is the distance
from the centroid to the level where the stress is to be determined, and
I is the amount of inertia of the projected root area around the axis
through the centroid.

Referring once again to the experiment on the model tooth and to
figure 23 specifically, it was noted that a couple of 7.8 pound-inches
produced tipping about a point approximately 4.25 inches above the apex.
(This point was later shown to be the centroid.) To find the stress at
the level of the Root Dial Indicator when a couple of 7.8 pound-inches
was acting on the crown, the distance X as seen in figure 21, was deter-
mined to be 3.86 inches (4.25 - .390). The moment inertia was determined

4

graphically to be 37.99 in.™. Substituting these values into the above

equation, the stress at the level of the lower dial indicator was found
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to be:

7.8 (3.86) _

37.995 .792 pounds per square inch.

To find the stress near the cervix of the root due to a pure couple,
the distance X was taken as 1.91 inches above the centroid. This dis-
tance was measured directly on the model tooth with the rubber "periodon-
tal ligament'" (See Figure 19). The stress in this cervical region was

found to be:

7O§7.;é91 = ,380 pounds per square inch.

When a single force was applied to any of the three posts on the
crown, the stresses in the rubber '"periodontal ligament' were much greater
and more complex. As an example, the stress at the level of the Root
Dial Indicator was determined for the case of a single force of 5.0 pounds
acting on the bottom post (#4). The theory of the summation of stresses
from two force systems had to be employed because the stresses in this
case were neither uniform, as in the case of pure translation, nor uni-
formly varying, as in the case of pure tipping about centroid.

Experimentally it was shown that a single force applied to the
crown of the tooth caused the tooth to tip about an axis that was always
below or apical to the centroid.l If one examines what has occurred to
the centroid, itself, in this instance, it becomes obvious that centroid
had to shift its position as the tooth tipped about an axis other than
centroid. That is, the long axis of the tooth had to undergo a combina-
tion of tipping (about centroid) and translation. How this is possible

is explained by the principle of mechanics which will be described next.
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Even though only a single force is applied to the crown, this can
be resolved into a couple and a force. This is done by imagining that
there are two equal and opposite collinear forces, acting at the centroid
of projected root area. (Since the resultant of these two imaginary forces
is zero they in no way change the real force system applied to the tooth
nor alter in any way the equilibrium of the system.) Each of the imagin-
ary forces at centroid is equal to the force applied to the crown. Their
action line is parallel with that of the real force applied to the crown.
One of these imaginary forces combines with the force on the crown to
produce a couple. The other imaginary force acts as a translating force
since its action line passes through centroid. The total stress at any
point is the algebraic sum of the stresses produced by the force and the

couple. Thus, the total stress at the level of the Root Dial Indicator

is: o - (Fn D) X Fp

X I Ar

The total stress at the opposite end of the root can be expressed as:

g - Fmb) g . Fo
g I A,

F, in this instance, represents the single force applied to the
crown. For this sample calculatiqn of stress, Fp will be taken as the
5.0 pound force that was applied to the bottom post in the course of the
experiment. b 1s the distance from the bottom post to centroid and is
equal to 3.98 inches (Figure 27). X is the distance between the centroid

and the Root Dial Indicator (Figure 21). As mentioned above, X = 3.86

inches; Ay is the projected root area of the model tooth which was found
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to be 12.68 square inches; and I is the moment of inertia of the projected
root area around the axis through centroid (37.99 in.4). g is the dis-
tance from the centroid to the level where stress is to be determined in
the cervical region of the root. As in the previous example, g will be
taken to be 1.91 inches. Two equations were necessary to express the
stress in this instance because, according to the theory of superposition,
the simultaneous application of both a translating force and a tipping
couple causes an addition of the stresses, provided that the maximum
stress does not exceed the elastic limit of the stressed material. 1In
order to add tensor quantities like stress, their direction must be taken
into consideration. In the situation being discussed here, the stresses
due to the translating force and those due to the tipping couple had a
cumulative effect in the cervical region and, thus, the algebraic sum
was found by adding the two. In the apical portion, however, the stresses
due to the tipping couple are, in part, cancelled out by those due to
the translating force. Hence, the algebraic sum of the stresses in this
case, is found by subtracting the stress due to the translating force
from the stress produced by the tipping couple.

Substituting the known values into the equations above, the total

stress at the level of the Root Dial Indicator (near the apex) was found

to be:
SX = Mﬁl&) - _.5_1.0._ = 1.628 pOUI‘_dS per
37.99 12.68

square inch.

The total stress at a level 1.91 inches above the centroid (in the cervi-

cal region) was found to be:




107

g = (5.0) (3.98) (1.91) , _5.0 _ 406 pounds per
2 37.99 12.68

square inch.
Earlier it was pointed out that a theoretical assessment of the
compressive stresses developed in the rubber '"periodontal ligament" would
be useful because it would provide a basis for comparing the effects that
different force systems have on tooth movements. In this light, the
actual values of stress presented here become secondary to the following
five important observations that can be made. (1) By applying a pure
couple to the crown of a tooth, one can obtain tipping around centroid.
(2) Pure tipping (about centroid) produces stresses that increase uni-
formly (from a minimum at centroid) in proportion to the distance away
from centroid. The stresses near the apex were greater than those in
the cervical region for the simple reason that the apex was further from
the centroid. The ratio between these two values of stress was 2.08
(.792 divided by .380). (3) A single force applied to the crown pro-
duces a combination of tipping and translation which can be observed
both clinically and experimentally (on the model tooth) as a tipping
about an axis somewhere between centroid and the apex. The stresses
developed in the rubber 'periodontal ligament' under this condition were
also greatest at the apex (on thé sice of compression). The ratio be-
tween the stress developed at the apex and that developed at the cervical
region in the case of a single force applied to the crown was 2.69
(1.628 divided by .606). This ratio was greater than that for a pure

couple (2.08). This indicates that when a single force is applied to
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the crown of a tooth, the apex is more heavily stressed than if a pure
couple were used. (4) By complete neutralization of the tipping moment,
one can place the center of tipping at infinity and obtain pure trans-
lation. (5) This evaluation of stresses in the analog periodontal liga-
ment has provided a method of analytical thinking which might be follow-

ed in the future in both animal experiments and clinical investigationms.




CHAPTER VII

SUMMARY AND CONCLUSIONS

A, Summary

1. An enlarged, three-dimensional analog of a lower left canine
and its periodontal environment was designed and constructed to study
the tooth movements that result when various force systems are applied

to the crown of the tooth.,

2. The force systems applied to the model tooth included pure cou-

ples ranging from 2.0 to 16.3 pound-inches and single forces, approxi-
mately perpendicular to the long axis of the tooth, ranging from 0.5 to
5.0 pounds. In addition, a combination of a force and a couple was
applied to the crown to produce pure translation. The couple in this
case was 7.8l pound-inches and the single force was 2.14 pounds.

3. Tooth movements in a mesial-distal plane were measured by two
dial indicators that were read to thousandths of a millimeter. Omne dial
indicator measured the deflections of the crown; the other, those of the
root.

4. The centroid of effective root area was calculated from the
deflections produced by the action of pure couples on the crown. A
simple principle of plane geometry served as a basis for these calcula-

tions.
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5. The center of tipping was calculated in every instance of tip-
ping produced by the single forces applied at three different levels of
the crown. The data were analyzed according to Fisher's Analysis of
Variance.

6. It was predicted that bodily movement of the model tooth would
result if the force system applied to the crown consisted of a particular
force plus a couple. The necessary ratio and magnitudes were calculated
mathematically using the position of centroid determined previously.

The predicted force system was applied to the tooth. The experimental
results showed that the predicted values had been correct to within two
percent of the nominal values.

7. A theoretical evaluation of the compressive stresses in the
analog periodontal ligament was presented.

B. Conclusions

1. When pure couples were applied to the crown of the model tooth,
tipping occurred about a point which became stable when the moment of
the couple was equal to or greater than 7.81 pound-inches. Experimen-
tally it can be shown that this definite point is the centroid of effec-
tive root area.

2. When single forces were applied to the crown of the model tooth,
tipping occurred in every instance about a center of tipping that was
somewhere between centroid and the apex. The exact location of this cen-
ter of tipping can be calculated mathematically if the deflections of

the crown and root are known.
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3. The location of the center of tipping was influenced by the
magnitude of the applied single force. As the magnitude of the force was
increased, the center of tipping shifted further away from the apex, but
was always below the centroid. Conversely, when lighter forces were
applied to the crown, the center of tipping was consistently closer to
the apex.

4., The location of the center of tipping was influenced by the
level of the point of force application on the crown. The closer the
point of application was to the incisal edge, the further up from the
apex was the center of tipping (but always below the centroid). Con-
versely, as the point of application was moved to positions closer to the
cervix, the center of tipping moved closer to the apex.

5. It is possible to predict the force system necessary to produce
pure translation if the location of centroid of effective root area is
known.

6. It is possible to employ scale models of teeth to investigate
tooth movements that take place within the limits of the periodontal
spaces when force systems are applied to the crown.

7. An appropriately designed analog of a tooth and its periodontal
environment can be used successfully to study the stresses that develop
at different levels of the periodontal spaces, and to determine the mathe-
matical calculations and equations of equilibrium that are applicable to
real situations in the mouth.

8. Additional studies with physical models, and animal research




followed by further clinical investigations, will be needed before all
the concepts of the biophysics of tooth movement are definitely estab-

lished and universally understood.
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APPENDIX I

CROWN AND ROOT DEFLECTIONS PRODUCED BY

CLOCKWISE COUPLES -ON THE CROWN

113

A B AVERAGE

[Force Moment Moment* : Deflecfionm Deflection Deflection
Arm ) o .

(1b.) (in.) (1b.-in.) (mm.) (mm.) (mm.)
Crown Root - Crown Root Crown Root
0.5 4.078 2.039 011 .001 .011 .001 .011 .001
1.0 " 4,078 ,018 .013 .019 .016 .019 .015
1.5 " 6.117 .033 .033 .032 .038 .033 .036
2.0 " 8.156 .061 .078 .063 .080 .062 .079
2.5 " 10.145 .083 .109 .090 .122 .087 .116
3.0 " 12.234 104 .143 111 .160 .108 .152
3.5 " 14.273 128 .182 147 .199 .138 .191
4.0 " 16.312 .162 .225 .162 .234 .162 .229

% The moment of force on the steel rod.

The magnitude

(and direction)

of the couple applied to the tooth was equal to this moment of force.




APPENDIX II
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DIAGRAM OF THE LONG AXIS OF DISTALLY TIPPED TOOTH AND

MATHEMATICAL CALCULATIONS FOR DETERMINING LOCATION

OF CENTER OF TIPPING IN RELATION TO THE APEX

C.D-IQ

R.D.I.

crown deflection

root deflection
6.989 in. (See. Fig. 21)
0.390 in. (See Fig. 21)

distance between center of tipping
and Root Dial Indicator

distance between center of tipping
and the apex

Xtbss C~-X1:a
aX = b(C - X)
aX = bC - bX

aX + bX = bC

]
o
Q

X(a + b)




CROWN AND ROOT DEFLECTIONS PRODUCED BY SINGLE

APPENDIX TII

FORCES APPLIED AT THE TOP POST (#1)
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A B AVERAGE
Force Delection Deflection Deflection Deflection
(1bv.) (mm.) (mm. ) (mm.) (mm. )
Crown Root Crown Root Crown Root Crown Root
0.5 .013 .001 .01l6 .001 .012 .003 .0l4 .002
1.0 .030 .013 .029 .012 .025 .013 .028 .013
1.5 .050 .032 .051 .033 .048 .036 .050 .034
2,0 .070 .051 .071 .055 .068 .054 .070 .053
2.5 .092 .081 .098 .093 .096 .094 .095 .089
3.0 .118 .113 124,123 L1221 .127 L1211 .121
3.5 .139 .137 .149 .154 .148 .152 .145 .148
4.0 .161 .163 .173 .182 .174 .183 .169 .176
4.5 .200 .206 .199 .208 .194  .207 .198 .307
5.0 .251 .263 245 ,260 .235 .256 244 260




CROWN AND ROOT DEFLECTIONS PRODUCED BY SINGLE

APPENDIX IV

FORCES APPLIED AT THE MIDDLE POST (#2)
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A B C AVERAGE
Force Deflection Deflection Deflection Deflection
(1b.) (mm.) (mm.) (mm. ) (mm. )
Crown Root Crown Root Crown Root Crown Root
0.5 .018 .005 .018 .002 .018 .001 .018 .003
1.0 .032 .017 .032 .003 .029 .010 .031 .010
1.5 .051 .034 .043 .012 .048 .023 .047 .023
2.0 .069 .050 .060 .026 .068 .040 .066 .039
2.5 .09 .068 .079 .043 .081 .051 .085 .054
3.0 .105 .076 .105 .075 114 ;074 .108 .075
3.5 131 .107 .130 .101 .129 .099 .130 .102
4.0 .152 .135 .148 124 142 .122 L147  L127
4.5 .183 .,167 .178 .152 .175 .167 .179 .162
5.0 .216 .206 .210 .200 .208 .201 +211 .202




APPENDIX V

CROWN AND ROOT DEFLECTIONS PRODUCED BY SINGLE

FORCES APPLIED AT THE BOTTOM POST (#4)
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A B C AVERAGE
Force Deflection Deflection Deflection Deflection
(1b.) (mm. ) (mm.) (mm. ) (oxm. )
Crown Root Crown Root rown Root Crown Root
0.5 .015 .001 .012 .001 .015 .002 014 .001
1.0 .025 .007 .023 .006 .026 .006 .025 .006
1.5 .034 .013 .039 .015 042 .017 .036 .015
2.0 .052 .025 .058 .027 .052 .025 .054 .,026
2.5 .069 .039 .074 .042 079 .042 074 .044
3.0 .090 .058 .095 .058 .104  .067 .096 .061
3.5 .111 .078 .109 .074 .129 .098 .116 .083
4.0 .128 .094 134 .093 .148 .114 .137 .100
4.5 .150 .113 .148 .106 .168 .133 .155 117
5.0 .188 .148 174 144 .190 .153 .184 .148




GLOSSARY

ANALOG: That which is analogous to something. It refers to something
similar in function but different in origin and structure.

BODY: A quantity of inert matter, the particles of which move little or
not at all in relation to one another.

CENTER OF MASS: That point in a (three-dimensional) body about which the
sum of the moments of all the individual masses constituting the
body is zero.

CENTER OF ROTATION: A fixed point about which a body rotates.
CENTROID: See Centroid of Effective Root Area.

CENTROID OF EFFECTIVE ROOT AREA: The geometric center of the projected
root area. The point around which the area is balanced. A line
passing through this point, perpendicular to the long axis of the
projected root area, bisects the projected root area.

COLLINEAR FORCE SYSTEM: A coplanar force system in which the lines of
action lie on the same straight line.

COPLANAR FORCE SYSTEM: A force system in which the lines of action of
.the forees lie in the same plane. L

COUPLE: = A system composed of two forces of equal magnitude and opposite
direction having lines of action which are parallel but which do
not coincide.

EFFECTIVE ROOT PRESSURE: The net motivating force on a tooth divided by
the Effective Root Surface Area of that tooth.

EFFECTIVE ROOT SURFACE AREA: That portion of the total surface area of
the root that is involved directly in resisting the movement of a
tooth in a specified direction.

EQUILIBRIUM, THE CONDITIONS OF:
- as the sum of the forces in am "x" direction must equal zero.
b. the sum of the forces in a "y" direction must equal zero.
c. the sum of the forces in a "2z" direction must equal zero.

d. the sum of the moments about a given point must equal zero.
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FORCE: Any action .of one body against another which alters or tends to
alter a body's state of rest or of uniform motion in a straight line.

FORCE SYSTEM: A combination of two or more forces acting on a body.

FREE-BODY DIAGRAM: A diagram that shows all .of the external forces act-
ing on a body.

FULCRUM: A fixed point against which a lever pushes. Some authors have
used this term to mean center of rotation or center of tipping.

LINE OF ACTION: A line of indefinite length of which the force vector
is a segment.

MOMENT OF A COUPLE: The product of one of the forces and the perpendi-
cular distance between the forces.

MOMENT OF FORCE: The product of the magnitude of a force, and the per-
pendicular distance from the line of action of the force to a point
which is the center of rotation induced by that force.

PARALLEL FORCE SYSTEM: A force system in which the lines of action are
parallel.

POINT OF APPLICATION: The point on a body at which a force is applied.
The point of application of a given force acting on a rigid body
may be transferred to any .other point on the line of action without
altering the effect of the force.

PROJECTED ROOT AREA: The area of the projection of the root of a tooth
that is made on a screen that is in a plane parallel to the long
axis of the tooth when the rays of light are parallel, For pure
translation in the distal direction, the projection that is con-
sidered is the one that occurs when the screen is in a buccal-
lingual plane and the light source is in a mesial position directed
distally.

STATIC EQUILIBRIUM: The state of a body in which it is experiencing zero
acceleration, that is, either moving with a constant velocity or at

rest.

STRAIN: Change in volume and/or shape of a body, or part of a body, due

to applied forces. The three simplest strains are: (a) longitudinal:

change in length per unit length; (b) volume: change in volume per

unit volume; (c) shear: angular deformation without change in volume.
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STRESS: The system of forces in equilibrium producing or tending to pro-

. duce strain in a body or part of a body. Some writers regard the
stresses as the force applied to deform the body and others as the
"equal and opposite forces with which the body resists. In all cases
the stress is measured as a force per unit avea. The simplest
stresses are: (a) tensile or compressive stress, e.g. the force per
unit area of cross-section applied to each end of a rod to extend
or compress it; (b) hydrostatic pressure, e.g. the force per unit
area applied to a body by immersion in a fluid; (c) shear stress,
e.g. the system of four tangential stresses applied to the surfaces
of a rectangular block (each force being parallel to ome edge) tend-
ing to strain it so that two of the sides become identical parallelo-
grams, the others being unaltered in shape.

VECTOR: An arrow that is drawn to represent a vector quantity.
. WEIGHT: That force exerted on every body by the gravitational pull of
the earth. It is the single force which is the resultant of the

large number of parallel forces that attract every particle of
matter in a body toward the earth.
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