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Welcome aboard! This book will lead you on an 
adventurous journey never before experienced 
in dental school. It is my hope that this book 

provides an exciting and refreshing foray into the world 
of biomechanics.

When a force is applied to the tooth, there is a law 
that governs its resulting orthodontic tooth move-
ment. Though you may question the need to discuss Dr 
Burstone’s work, it is imperative for me to state that the 
law of orthodontic force was founded by him. It remains a 
great privilege and point of pride to have studied biome-
chanics from him through years of personal discourse.

Looking back, my academic journey was much like 
listening to Sherlock Holmes profiling a person before he 
explains the reasons for his deductions or like revisiting 
a movie I had not quite grasped the first time around. 
Only after tackling many more journals was I able to 
put scattered pieces of jigsaw puzzles together to answer 
some of my many questions. This process is precisely 
why I suggested to Dr Burstone that we publish an orga-
nized set of materials that could follow the journey I went 
through to provide a more straightforward conceptual 
understanding of biomechanics. 

Many years later, all of our lectures of 35mm slide films 
and blackboards filled with white chalk at the Univer-
sity of Connecticut and Yonsei University were bound 
together into the first edition of this book—his legacy. 
While working on the first edition of the book, we wanted 
to focus on the following objective: that learning and 
thinking about biomechanics is fun at its core. For both 
students and teachers, we wanted this book to be an 
entertaining thinking journey. We also added clinical 
cases so the reader can see the theoretical principles 
applied in clinical practice. The chapters of the book are 

organized by stage. In other words, the book follows a 
somewhat cumulative method of learning and teaching; 
as such, the reader should follow along in page order. The 
first few chapters may be easy for anyone with an engi-
neering background, but they will still help familiarize 
the reader with new terminologies that are scientific but 
unique to orthodontics as well as less scientific orthodon-
tic terminologies as well. (We tried to eliminate jargon 
as much as possible.) So it is my personal suggestion 
that the introductory chapters NOT be skipped. Many 
orthodontists regard biomechanics as a tricky subject, 
but if by following the sequence of this book readers are 
able to break that stereotype, I would consider it a great 
personal success of mine. 

In this new edition, I’ve tried to restructure the book 
but remain true to our original mission. After all, this is 
a book of WHY (the concepts of orthodontics) rather 
than a book of HOW (the techniques of orthodontics). 
Therefore, the larger infrastructure of the textbook 
remains intact from its previous edition. As you might 
have noticed by the new title, I believe this is the best 
Watson can do without Sherlock around. In addition, 
many suggestions from readers are reflected in the new 
edition. Specifically, all the images of the book were recre-
ated so as to provide higher resolution and more detailed 
depictions. Also, video files have been added to supple-
ment the concepts where still images can’t quite cut it. You 
can readily access them by scanning the accompanying 
QR codes using your smartphone or tablet. 

We’ve also formed a discussion group to encourage 
questions or comments: https://www.facebook.com/
groups/BiomechanicalFoundation. In fact, readers of the 
first edition actually spotted a couple errors that have 
since been corrected, so please engage with me! 

Preface to the  
Second Edition
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Historically, the mainstay of orthodontic treat-
ment has been the appliance. Orthodontists 
have been trained to fabricate and use appliances 

and sequences of appliance shapes called techniques. 
However, appliances are only the instrument to produce 
force systems, which are the basis of tooth position and 
bone modification. And yet a thorough understanding 
of scientific biomechanics has not been a central part of 
orthodontic training and practice. Both undergraduate 
and graduate courses in most dental schools lack sound 
courses in mechanics and physics. What makes this prob-
lem worse is that there are few textbooks that describe 
biomechanics in a way that is suitable for the clinician. 
The authors hope this text will fill this void.

This book was motivated by the request of orthodon-
tists at all levels—from graduate students to experienced 
clinicians—to learn, understand, and apply scientific 
orthodontics and, in particular, efficiently manipulate 
forces in their everyday practices. This is particularly 
relevant at this time, when orthodontics is undergoing 
a wide expansion in scope. Twenty-first-century ortho-
dontics has introduced substantial changes in the goals 
and procedures: bone modification by orthognathic 
surgery and distraction osteogenesis, airway consider-
ations, temporary anchorage devices, plates and implants, 
brackets with controlled ligation forces, new wire materi-
als, and nonbracket systems such as aligners. No longer 
can clinicians depend entirely on their technical skills 
in the fabrication and selection of appliance hardware 
to adequately treat their patients. The establishment of 
treatment goals and the force systems to achieve them has 
become the paramount characteristic of contemporary 
orthodontics. 

Different orthodontic audiences can benefit in special 
ways from a force-driven approach to treatment. The 
clinician is aided in the selection of appliances, creative 
appliance design, and treatment simulation. Simulation is 
the most valuable because it allows the clinician to plan 
different strategies using force systems and then select 

the best. It enables more predictive appliance shapes 
that approach optimal forces. Unlike an older approach 
of trying out new procedures directly in the mouth, it is 
also cost-effective. Particularly in orthodontics, clinical 
evaluation requires long-term observation. With sound 
theory, many appliances can be evaluated so that long-
term studies or trials can be avoided.

While commercial orthodontic companies may not 
initially welcome clinical orthodontists who are knowl-
edgeable in biomechanics, it is to their advantage when 
new important products are introduced to be able to 
discuss the innovations with scientifically trained clini-
cians. Researchers in orthodontic physics and material 
science also need this background. Biologic research at 
all levels also needs to control force variables. Studies 
on experimental animals where forces or stresses are 
delivered must control the force system to have valid 
results. Many times biologists do not understand the 
forces in their research and, hence, erroneous or insig-
nificant results are obtained.

Because most orthodontists do not have a strong 
background in physics and mathematics, the goal of this 
book is simplicity and accuracy in developing a scientific 
foundation for orthodontic treatment. In an orderly, step-
by-step approach, important concepts are developed 
from chapter to chapter, with most chapters building 
on the previous one. From the most elementary to the 
most advanced concepts, examples from orthodontic 
appliances are used to demonstrate the biomechanical 
principles; thus, the book reads like an orthodontic text 
and not a physics treatise. Yet the principles, solutions, 
and terminology are scientifically rigorous and accurate. 

The biomechanics described in the book are ideal for 
teachers and students. The simplest way to teach clin-
ical orthodontics is to describe the force systems that 
are used. Clear force diagrams are far better than vague 
descriptions. The teaching of the past, such as “I make a 
tip-back bend here” or “I put a reverse curve of Spee in 
the arch,” is obviously lacking.

Preface to the 
First Edition
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What is the best way to learn biomechanics? The 
simplest approach is to carefully read each chapter and 
to understand the fundamental principles. Then solve 
each of the problems at the end of the chapter. It will be 
quickly apparent if one genuinely understands the mate-
rial. Over time, introduce biomechanics into your 
practice. When undesirable side effects are observed, use 
what has been learned to explain the problem. How could 
the side effect be avoided with an altered force system 
and appliance? Critically listening to lectures and read-
ing articles can also be good training for developing a 
high level of biomechanical competence. One learns to 
bond a bracket quickly, but development of creative-
thinking skills using biomechanics will take time.

It was the intent of the authors to write a basic book 
on orthodontic biomechanics that would be simple and 
readable. Clear diagrams and clinical cases throughout 
ensure that it is neither dull nor pedantic. Our philosophy 
is that the creative thinking involved in manipulating 
forces and appliance design should be fun. 

Note on the metric system
The authors have adopted the metric system as their unit 
system of choice. However, the long shadow of American 
orthodontics has influenced the terminology in this book. 
Because the United States is the only major country not to 
fully adopt the metric system and is a major contributor 
to the literature, some units used throughout the book 
are not metric. Tradition and familiarity require some 
inconsistencies: inches are used for wire and bracket slot 

sizes, and a nonstandard unit—the “gram force”—is the 
force unit. It is our hope that the specialty of orthodon-
tics will adhere fully to the International System of Units 
in the future; therefore, future editions of this book will 
most likely use only metric units.
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ing this treatment method that was once thought to be 
mysterious. There is no doubt that the Law of Ortho-
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A Color Code Convention for Forces
This book has several force illustrations that are used for different applications; there are activation and 
deactivation forces, equivalent forces, and resultant and component forces. To make it easier for the reader to 
understand the logical development of important concepts, a color code convention is utilized in this book. 
In situations where multiple forces must be shown, other colors may be utilized. 

Solid straight arrows and solid curved 
arrows represent forces and moments, 
respectively. Red arrows are forces that 
act on the teeth. Newton’s Third Law 
tells us that there are equal and oppo-
site forces acting on the wire or an 
appliance.

Forces acting on a wire are drawn in blue. In 
special situations, forces can act both on a 
wire and on the teeth; in this book, therefore, 
depending on the point of view, the function 
being considered determines the color of the 
arrow.

Equivalent forces such as a force 
and a couple or components are 
identified with yellow arrows.

Gray arrows denote unknown or 
incorrect forces.

Body motion including tooth motion 
is shown by a dotted straight or curved 
arrow. Motion arrows that describe linear 
and angular displacement are purposely 
different so that they are not confused 
with forces or moments. The blue dot 
represents the center of rotation.

The diagrams for the “Problems” in each chapter and their solutions at the end of 
the book are kept simple, so the standard code above is not used. Problem figures 
for emphasis show known and unknown forces as green arrows. Solutions are 
shown in red arrows. Equilibrium diagrams (forces acting on a wire, for example) 
can show force arrows in blue in the solution section.

The green wire represents the wire in 
a deactivated state. The orange wire 
represents the wire in its activated state 
when it is elastically bent. The gray wire 
represents a rigid stabiliz-
ing archwire. This wire is 
regarded as a rigid body that 
has infinite stiffness.
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Why We Need  
Biomechanics

1

"Don’t believe blindly in experience, but believe in theory, 
and think creatively."

—Charles J. Burstone

Dentofacial changes are primarily achieved by the orthodontist apply-
ing forces to teeth, the periodontium, and bone. Hence, the scientific 
basis of orthodontics is physics and Newtonian mechanics applied 
to a biologic system. The modern clinician can no longer practice or 
learn orthodontics as a trade or a technique. The orthodontist must 
understand forces and how to manipulate them to optimize active 
tooth movement and anchorage. Communication with fellow clinicians 
and other colleagues in other fields requires a common scientific 
terminology and not a narrow “jargon.” There is no such thing as a 
unique “orthodontics physics” divorced from the rest of the scientific 
community. New appliances and treatment modalities will need a 
sound biomechanical foundation for their development and most 
efficient use.
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Every profession has its trade tools. The carpenter 
uses a hammer and a saw. The medical doctor may 
prescribe medication and is therefore a student of 

proper drug selection and dosage. Traditionally, the 
orthodontist is identified with brackets, wires, and other 
appliances. Such hardware is only a means to an end 
point: tooth alignment, bone remodeling, and growth 
modification. The orthodontist achieves these goals by 
manipulating forces. This force control within dentofacial 
orthopedics is analogous to the doctor’s dosages. An 
“orthodontic dosage” includes such quantities as force 
magnitude, force direction, point of force application 
(moment-to-force ratios), and force continuity.

Historically, because the end point for treatment is the 
proper force system, one might expect the development 
and usage of orthodontic appliances to be based on 
concepts and principles from physics and engineering. 
On the contrary, however, most appliances have been 
developed empirically and by trial and error. For that 
reason, treatment may not be efficient. Many times unde-
sirable side effects are produced. If appliances “work,” at 
a basic minimum the forces must be correct, which is 
independent of the appliance, wires, or brackets. 
Conversely, when bad things happen, there is a good 
possibility that the force system is incorrect.

These empirically developed appliances rarely discuss 
or consider forces. Forces are not measured or included 
in the treatment plan. How is it possible to use such mech-
anisms for individualized treatment? The answer is that 
they are shape driven rather than force driven. Different 
shapes and configurations are taught and used to produce 
the desired tooth movement. This approach is not unrea-
sonable because controlled shapes can lead to defined 
wire deflections that relate to the produced forces. Unfor-
tunately, there is so much anatomical variation among 
different patients that using a standard shape for a bracket 
or a wire or even modifying that shape will not always 
produce the desired results predictably.

An example of a shape-driven orthodontic appliance 
is what E. H. Angle called the ideal arch. In a typical 
application of this ideal arch, an archwire is formed with 
a shape so that if crooked teeth (brackets) are tied into 
the arch, the deflected wire will return to its original shape 
and will correctly align the teeth. Today, wires have been 
improved to deflect greater distances without permanent 
deformation, and brackets may have compensations to 
correct anatomical variation in crown morphology. The 
principle is the same as Angle’s ideal arch, but this 
approach is now called straight wire. Straight-wire appli-
ances can efficiently align teeth but can also lead to 
adverse effects in other situations. The final tooth 

alignment may be correct, but the occlusal plane may be 
canted or the arch widths disturbed. Intermediate second-
ary malocclusions can also occur. An understanding of 
biomechanical principles can improve orthodontic treat-
ment even with shape-driven appliances by identifying 
possible undesirable side effects before any hardware is 
placed. Aligners also use the shape-driven principle of 
an ideal shape. 

All orthodontic treatment modalities, including differ-
ent brackets, wires, and techniques, can be improved by 
applying sound biomechanics, yet much of clinical ortho-
dontics today is delivered without consideration of forces 
or force systems. This suggests that many clinicians 
believe that a fundamental knowledge and application of 
biomechanics has little relevance for daily patient care.

Scientific Biomechanics

There are many principles and definitions used in phys-
ics that are universally accepted by the scientific commu-
nity. At one extreme, there is classical physics—concepts 
developed by giants like Newton, Galileo, and Hooke. 
There are also other scientific disciplines, such as quan-
tum mechanics. What the author finds disturbing is 
the hubris of what is called pseudo-biomechanics—new 
physical principles developed by orthodontists that are 
separate and at odds with classical mechanics. Ortho-
dontists’ journal articles and lecture presentations are 
filled with figures and calculations that do not follow the 
principles of classical mechanics. Orthodontists may be 
intelligent, but we should not think we can compete with 
the likes of Newton.

There is another major advantage in adopting scientific 
or classical mechanics. The methodology, terminology, 
and guiding principles allow us to communicate with our 
scientific colleagues and set the stage for collaborative 
research. Imprecise words can confuse. We speak of 
“power arms,” but power has a different meaning to an 
engineer than it does to a politician or a clinician. Force 
diagrams in orthodontic journals are difficult to decipher 
and may not be in equilibrium. The concepts, symbols, 
and terminology presented in this book are not trade jargon 
but will be widely recognized in all scientific disciplines.

Note that the theme of this book is orthodontic biome-
chanics. The “bio” implies the union of biologic concepts 
with scientific mechanics principles. Let us now consider 
some specific reasons why the modern orthodontist 
needs a solid background in biomechanics and the prac-
tical ways in which this background will enhance treat-
ment efficacy.
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Selecting or Designing a New Appliance 

Optimization of Tooth Movement 
and Anchorage

The application of correct forces and moments is neces-
sary for full control during tooth movement, influencing 
the rates of movement, potential tissue damage, and pain 
response. Furthermore, different axes of rotation are 
required that are determined by moment-to-force ratios 
applied at the bracket. For example, if an incisor is to be 
tipped lingually around an axis of rotation near the center 
of the root, a lingual force is applied at the bracket. If the 
axis of rotation is at the incisor apex, the force system 
must change. A lingual force and lingual root torque with 
a proper ratio must then be applied. These biomechani-
cal principles are relevant to all orthodontic therapy and 
appliances—headgears, functional appliances, sliding 
mechanics, loops, continuous arches, segments, and 
maxillomandibular elastics (also sometimes referred to 
as intermaxillary elastics). The hardware is only the 
means to produce the desired force system. 

Equally important as active tooth movement is the 
control over other teeth so that they do not exhibit unde-
sirable movements. This is usually referred to as anchor-
age and depends in part on optimally combining and 
selecting forces. Some orthodontists might think that 
anchorage is determined by factors independent of forces. 
For instance, the idea that more teeth means greater 
anchorage is very limiting. Working with forces can be 
more effective in enhancing anchorage, such as in pitting 
tipping movement against translation. All archwires 
produce multiple effects. Many of these effects are unde-
sirable, which should also be considered anchorage loss. 
In a sense, a new malocclusion is created, resulting in an 
increased treatment time. Let us assume that translation 
of teeth could be accomplished at the rate of 1 mm per 
month. In a typical orthodontic patient, rarely does tooth 
movement exceed 5 mm. Not considering any waiting 
for growth, total treatment time should be no longer than 
5 months. So why is treatment longer? Usually, more time 
is required to correct side effects. The use of temporary 

anchorage devices (TADs) may eliminate side effects. A 
good biomechanical understanding is required to success-
fully use TADs; otherwise, adverse effects can still occur.

Selecting or Designing a New  
Appliance
New appliances and variations of older existing appliances 
are continually presented in journal articles or at meet-
ings. What is the best way to evaluate these appliances? 
One approach is to try them in your clinical practice. This 
evaluation will be quite limited because there is a lot of 
variation in a small sample of malocclusions. Moreover, 
it is time-consuming and unfair to the patient. Because 
treatment is so long term, it may take many years to arrive 
at a conclusion on the efficacy of a new appliance. A better 
approach would be an evaluation based on sound and 
fundamental biomechanical principles. Drawing some 
force diagrams is much easier than protracted treatment. 
This is particularly valid when considering that most new 
appliances and techniques do not stand the test of time. 

Orthodontists have always been very creative. Not all 
great research has come from university research labo-
ratories. Whether in their own offices or on typodonts 
in the lab, clinicians have made significant achievements 
in bracket design, various wire configurations, and treat-
ment sequences (techniques). It is much more efficient 
to work with a pencil and a sheet of paper (or a computer) 
than it is to go through the demanding trial and error 
approach. The best appliances of the future will require 
rigorous engineering and sound biomechanical method-
ology. 

Let us assume for now that we have selected the best 
appliance for our individual patient. There are still many 
variables that require a sound biomechanical decision. 
For example, what size wire should we use? A 0.014-inch 
nickel-titanium (Ni-Ti) superelastic wire is not the same 
as a 0.014-inch Nitinol wire. The choice between a 0.016- 
and a 0.018-inch stainless steel (SS) archwire is significant. 
The larger wire gives almost twice the force.
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Research and Evaluation of  
Treatment Results

The clinician can be surprised at the progress of a patient. 
When the patient arrives for an appointment, mysterious 
changes are sometimes observed. Why is there now an 
open bite or a new reverse articulation (also referred to 
as crossbite), or why is the malocclusion not improving? 
These unexpected events may be attributed to biologic 
variation. Or it may be the wrong appliance (or manu-
facturer). In reality, most of the clinical problems that 
develop can be explained by deviation from sound biome-
chanical principles. Thus, an understanding of applied 
biomechanics allows the orthodontist to determine both 
why a puzzling and problematic treatment change 
occurred and also what to do to correct it. Sometimes 
the force system is almost totally incorrect; other times, 
a small alteration of the force system can produce a 
dramatic improvement.

The prediction of treatment outcomes requires precise 
control and understanding of the applied force system as 
well as the usual cephalometric and statistical techniques. 
Good clinical research must control all of the known 
variables if the efficacy of one appliance is to be compared 
to another. Let us consider a study that is designed to 
compare the different outcomes between a functional 
appliance and an occipital headgear. It is insufficient to 
simply specify headgear or even occipital headgear. Head-
gears can significantly vary not only in force magnitude 
but also in direction and point of force application. It is 
little wonder that some research studies lead to ambig-
uous and confusing conclusions.

A biomechanical approach to clinical studies opens up 
new avenues for research to help predict patient outcomes. 
The relationship between forces and tooth movement 
and orthopedics requires more thorough investigation. 
Relationships to be studied include force magnitudes, 
force constancy, moment-to-force ratios at the bracket, 
and stress-strain in bone and the periodontal ligament.

Force systems and “dosage” determine not only tooth 
or bone displacement with its accompanying remodeling; 
unwanted pathologic changes involving tissue destruction 
can also occur. Root resorption, alveolar bone loss, and 
pain are common undesirable events during treatment. 
Some histologic and molecular studies suggest a relation-
ship between force or stress and tissue destruction. 
Although other variables may be involved, a promising 
direction for research is between stress-strain and the 
mechanisms of unwanted tissue changes. To control pain 

and deleterious tissue destruction, it is likely that future 
research will validate that “dosage” does count.

How Scientific Terminology Helps

As previously discussed, orthodontic appliances work by 
the delivery of force systems. In this book, the methods 
and terminology of the field of physics are adopted. Tooth 
movement is only part of a subset of a broader field of 
physics. This allows orthodontic scientists and clinicians 
to communicate with the full scientific community 
outside of dentistry, setting the stage for collaborative 
research. Many of the specialized orthodontic terms 
produce a jargon that is imprecise and certainly unin-
telligible to individuals in other disciplines. The orthodon-
tist speaks of “torque.” Sometimes it means a moment 
(eg, the force system). At other times, however, it means 
tooth inclination (eg, “the maxillary incisor needs more 
torque”). Imprecision leads to faulty appliance use, which 
will be discussed later.

A universal biomechanical and scientific language is 
the simplest way to describe an appliance and how it 
works. It not only allows for efficient communication 
with other disciplines for joint research but also offers 
the best way to teach clinical orthodontics to residents or 
other students. The old approach was primarily to teach 
appliance fabrication. Treating patients was just following 
a technique. An adjustment was how you shaped an arch: 
“Watch how I make a tip-back bend, and duplicate it.” 
Emphasis was on shape, and therefore we can call it 
shape-driven orthodontics. The biomechanical approach 
emphasizes principles and force systems. This approach, 
force-driven orthodontics, is the theme of this book.

With clear terminology and sound scientific principles, 
the learner can better understand how to fabricate and 
use any appliance or configuration. It shortens the time 
and confusion in teaching students. It is said that a 
number of years of experience is required to complete 
the education of an orthodontist. Some say as many as 
10 years. Why? It is the time needed to make and learn 
from your mistakes. If the student understands the 
biomechanical basis of an appliance, many common 
mistakes will never be made.

It is not only the beginning student who benefits from 
sound biomechanical teaching. As new appliances are 
developed, the experienced orthodontist can better learn 
the “hows” and “whys” so that the learning interval is short-
ened. More importantly, fewer errors will be made. Lectures 
at meetings will be shorter and easier to understand.
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Advantages of Biomechanical Knowledge

Knowledge Transfer Among 
Appliances

The orthodontist may feel comfortable treating with a 
given appliance because routine treatment has become 
satisfactory and predictable. However, if he or she wants 
to change appliances (eg, moving from facial to lingual 
orthodontics), the mechanics may not be the same. When 
lingual orthodontic appliances were introduced a few 
years ago, some orthodontists were troubled that their 
mechanics (wire configurations and elastics) did not do 
the same on the lingual that they did on the buccal. 
Biomechanical principles that determine the equivalent 
force system on the lingual are simple to apply. Clinicians 
could have saved much “learning time” spent doing trial 
and error experimentation. A few simple calculations 
covered in chapter 3 could have helped the clinician avoid 
any aggravation.

Advantages of Biomechanical 
Knowledge
Historically, there have been many exaggerated claims 
made by clinicians and orthodontic companies about the 
superiority of appliances or techniques. Hyperbole is used 
with such terms as controlled, hyper, biologic, and fric-
tionless. Journals and orthodontic associations are now 
doing a better job of monitoring possible conflicts of 
interest. The best defense against unwanted salesmanship 
is to stay vigilant and always apply scientific biomechan-

ics. What may look possible becomes clearly impossible 
when the underlying principles are understood. The 
pitcher in Jacques Carelman’s painting looks reasonable, 
but it will not pour coffee (Fig 1-1). On the other hand, 
a sound biomechanical background can make possible 
what appears impossible. A filled wine bottle is placed in 
a curved wine rack. The rack is not glued to the table, so 
one might think that the bottle will tip over, but it does 
not (Fig 1-2). As will be discussed later, the bottle is in 
static equilibrium, and hence the impossible becomes 
possible. Figure 1-3a shows an auxiliary root spring on 
an edgewise arch designed to move the maxillary incisor 
roots to the lingual. Is this possible or impossible? A labial 
force is required to insert the spring (Fig 1-3b). After 
insertion, the spring is bent to push lingually on the cervix 
of the crown to produce lingual root torque. What is 
easily overlooked in this situation is that the rectangular 
wire in the slot will produce an equal and opposite force 
with labial root torque, making this appliance impossible 
(Fig 1-3c). Placing the auxiliary root spring on a round 
or undersized wire makes the mechanism possible (Fig 
1-3d).

The many advantages of biomechanical knowledge for 
the clinician, including better and more efficient treat-
ment, have been mentioned here. But what about for the 
patient? Obviously, one benefit is better and shorter treat-
ment. Another significant advantage is the elimination 
of undesirable side effects. Side effects might require 
more patient cooperation. To correct problems, new 
elastics, headgear, surgery, or TADs may be prescribed. 
With better mechanics, such anchorage loss would not 
have happened. It is not fair to ask our patients to cover 

FIG 1-1  Jacques Carelman painting of a pitcher. Although 
the pitcher looks reasonable, it will not actually pour coffee, 
much like some orthodontic appliances seem reasonable 
but do not actually work.

FIG 1-2  A wine bottle in a curved wine rack. Although it 
would seem that the bottle would fall over, it is in a state of 
static equilibrium so that it does not move. Similarly, some 
orthodontic principles that seem illogical are actually quite 
effective because they are based on sound biomechanics.
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up our mistakes with added treatment time or added 
therapy requiring considerable appliance wear, such as 
headgear.

The future of the profession will be determined by how 
well we train our residents. Currently, not all graduate 
students are being trained in scientific biomechanics in 
any depth. Ideally, when a student graduates from a 
program, an understanding of biomechanics should be 
second nature. Otherwise, he or she will not be able to 
apply it clinically. Lectures and problem-solving sessions 
are very useful; however, biomechanical principles must 
be applied during chairside treatment. Carefully super-
vised patients and knowledgeable faculty are the key 
ingredients to teaching biomechanics.

Conventional wisdom in orthodontics has emphasized 
the appliance. Graduate students and orthodontists were 
taught to fabricate appliances or make bends or adjust-
ments in these appliances. Perhaps some lip service was 
given to biomechanics or biology, but basically the clini-
cian was a fabricator and user of appliances. Treatment 
procedures were organized into a technique sequence. 
This empirical approach to clinical practice led to the 
development of different schools of thought, sometimes 
identified with the name of a leading clinician. Shape- 
driven orthodontics (where forces are not considered) is 
usually a standard sequence or cookbook approach that 
does not adequately consider the individual variation 
among patients.

The new wisdom is not appliance oriented. It involves 
a thinking process in which the clinician identifies treat-
ment goals, establishes a sequence of treatment, and then 
develops the force systems needed for reaching those 
goals. Only after the force systems have been carefully 
established are the appliances selected to obtain those 
force systems. This is quite a contrast to the older process 
in which the orthodontist considered only wire shape, 
bracket formulas, tying mechanisms, friction, play, etc, 
without any consideration whatsoever of the forces 
produced.

FIG 1-3  (a) An auxiliary root spring on an edgewise arch designed 
to move the maxillary incisor roots to the lingual (before insertion). 
(b) A labial force is required to insert the spring. (c) After insertion, the 
spring is bent to push lingually on the cervix of the crown to produce 
lingual root torque. However, the rectangular wire in the slot will 
produce an equal and opposite force with labial root torque, making 
this appliance impossible. (d) Placing the auxiliary root spring on a 
round or undersized wire makes the mechanism possible.

a

b

c

d
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Advantages of Biomechanical Knowledge

It is easy for the clinician to harbor negative feelings 
about orthodontic biomechanics. Some may believe that 
treatment mechanics are only common sense and that 
intuition and everyday knowledge are sufficient. Others 
may regard biomechanics as too sophisticated, demand-
ing, and complicated for daily practice. Indeed, many of 
us became dentists and orthodontists because, as 
students, we disliked mathematics and physics and 
preferred the biologic disciplines. Fortunately, the phys-
ics used in orthodontics is not complicated, and many 
simple principles and concepts can be broadly and prac-
tically applied. Orthodontics is not nuclear physics. Scien-
tific biomechanical thinking is actually easier than vague 
and disorderly thought processes, and it simplifies our 
overall treatment. 

The genius of pioneers such as Newton is that their 
principles are anything but common sense.  Aristotle 
reasoned that if a heavy weight and a light weight were 
dropped from the same height, the heavy weight would 
hit the ground first. This seems like common sense. Gali-
leo, on the other hand, thought that both weights would 
hit the ground at the same time. He supposedly dropped 
two different weights from the Leaning Tower of Pisa to 
prove his point. Many common-sense ideas are false. 
Common sense would tell you that the earth is flat and 
that the sun revolves around the earth, and yet the earth 
is round, and it revolves around the sun. As will be shown 
in this text, many of our conventional and accepted ortho-
dontic ideas from the past are invalid.

There are many textbooks and articles that describe 
techniques involving different types of brackets, sequences 
of wire change, and slot formulas, much like a recipe in 
a cookbook. Many malocclusions might be successfully 
treated following such cookbook procedures. However, 
surprises can occur as unpredicted problems develop 
during treatment. One or more recipes will not always 
work because malocclusions vary so much. Therefore, 
the clinician must seek sound biomechanical principles 
rather than a technique to correct the problem. Thus, 
bioengineering is needed not only for the challenging 
situation but also for the routine patient who may show 
an unexpected response to an appliance. Even if we typi-
cally treat by a certain technique, we must have 

biomechanical knowledge and skill in reserve, which will 
be required when unfortunate surprises strike. If that 
knowledge is not readily available because we do not 
continually apply it, we limit our ability to get out of 
trouble. By way of analogy: The author recently tried to 
do some simple plumbing. When the house became 
flooded, an experienced plumber was called, and his 
backup knowledge and expertise solved the problem. 
Unfortunately, when the orthodontist gets into trouble, 
he or she traditionally does not seek the advice of others, 
leading to either a poorer result or a lengthier treatment 
time.

What about the “easy” case we may routinely treat 
successfully? It could be argued that applying creative 
biomechanics could also improve our treatment result 
or allow us to treat more efficiently. We might treat a 
Class II patient without extraction with some leveling 
arches and Class II elastics. A certain technique might 
work, negating any biomechanical thinking. However, 
the end point might be different than our treatment goals. 
Perhaps the mandibular incisors are undesirably flared 
or the occlusal plane angle steepened too much. The goals 
and quality of treatment can vary so much that it is diffi-
cult to define what a routine or “easy” case entails. It takes 
a very knowledgeable orthodontist to identify what an 
“easy” case really is. 

Technical competence is developed by fabricating and 
inserting appliances, but understanding principles 
involves thinking. Admittedly, technical skill is important 
in daily practice. But performing techniques without 
understanding the fundamental principles behind them 
is risky. At the same time, principles without technique 
lack depth. This book therefore explains the “hows” and 
“whys” of orthodontic treatment, which are inseparable. 

Orthodontic biomechanics is not just a theoretical 
subject for academics and graduate students. It is the 
core of clinical practice; orthodontists are biophysicists 
in that daily bread-and-butter orthodontics is the creative 
application of forces. The 21st century will be character-
ized by a major shift from shape-driven orthodontic 
techniques to a biomechanical approach to treatment, 
and with this shift will come rapid advancements in treat-
ment and concepts.
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Page numbers followed by “f” indicate figures; those followed by “t” 
indicate tables.

A
Activated spring, 20, 142
Activation force, 12f, 13, 137, 139f, 142, 232, 329f
Activation force diagram, 137
Activation moment, 282–283, 283f, 290f, 290–293
Adhesive, 385
Amontons-Coulomb Law, 385
Anchorage

bone quantity and quality effects on, 207
clinical perception of, 206
definition of, 5, 206
fiber-reinforced composites as, 418f
friction effects on, 396–398, 397f
growth-related changes effect on, 210–211
for incisor intrusion, 112–115, 112f–116f
indirect, stainless steel ligatures for obtaining, 212, 212f
inflammatory response effects on, 206
intraoral

devices, degrees of freedom and biomechanical basis of, 
211–212

differential moments used to attain differential stress, 208–209, 
209f

force added to active unit, 210
moment-to-force differential, 210
number of teeth and segment units, 208
occlusal interferences, 210
occlusal interlocking, 210

optimization of, 5
overview of, 205
parafunctional habits and, 210
soft tissue load considerations, 210–211
temporary devices for. See Temporary anchorage devices.
in three-piece intrusion arch, 104f
tip-forward, 259, 259f
total tooth load at axis of resistance effects on, 206
transpalatal arch effects on, 212
variables that affect

biologic, 206–207
mechanical, 206

Angled bends, in spring, 285, 285f
Angled elastics, resultants for, 26f
Angular acceleration, 164
Anisotropy, 164
Annealed wire, 427

Anterior crisscross elastic, 74, 74f, 76f, 78
Anterior reverse articulation, 188f
Anterior vertical elastics, 68, 69f, 85f
Antirotation bends in spring, 296f
Appliance(s)

designing of, 5
evaluation of, 5
force-deflection rates of, 97f
force-driven. See Force-driven appliance.
knowledge transfer among, 7
labial, 218–219
selection of, 5
shape-driven, 4
simplification of, 19–20, 20f
statically determinate. See Statically determinate appliances.

Appliance ankylosis, 269
Applied force, 384, 385f, 397f
Archwires. See also Wire.

canine bypass, 297–301, 299f
characteristics of, 422–423
consistent force system, 333f–338f, 333–339
continuous. See Continuous archwire.
curve of Spee with, 403, 403f
deformation of, 403
ductility of, 428
effects produced by, 5
in equilibrium, 144, 144f
force system delivered by, 28
force-deflection rate of, 97f, 423–424, 425t–426t
ideal arch application of, 4
inconsistent force system, 333f–338f, 333–339
lingual, 221, 222t
maximum bending moment of, 427
maximum deflection of, 428
maximum elastic twist of, 429t
maximum force of, 422, 427
maximum torque of, 429t
for posterior intrusion, 119
preformed, 229
selection of, 5, 421–429
stiffness of, 424f, 428
three-dimensional control using, 403
torque/twist rate of, 429t
toughness of, 428
triad characteristics of, 422–423
types of, 401
ultimate tensile strength of, 428

Aseptic necrosis, 194, 194f
Association, of moment and force, 239–240, 239f–240f

Index
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Asymmetric applications, of lingual arch
unilateral expansion, 245f–251f
unilateral rotation, 252f–254f, 252–255
unilateral tip-back and tip-forward mechanics, 255–259, 256f–259f

Asymmetric headgear, 53, 53f
Asynchronous Class II elastics, 68f–70f, 68–71
Austenitic nickel-titanium

description of, 413
stress-strain curve of, 414f
superelastic, 413–414
transition temperature range of, 415–416, 416f

Austenitic phase, 411, 415
Auxiliary retraction spring, 398, 399f
Auxiliary root spring, 8f
Auxiliary spring attachment, to lingual arch, 223, 223f
Axis of resistance

description of, 202–204, 203f
total tooth load at, 206

Axis of rotation, 200–201

B
Balanced moments, 144, 144f
Barycenter, 201, 201f
Bauschinger effect, 238, 278, 278f, 428
BCC. See Body-centered cubic.
Beam theory, 233
Begg bracket, 141
Bending moment, 237, 277f
Bends

angled, 285, 285f
in continuous archwire, 343–346, 344f–346f
V-, 290, 296, 329–333, 329f–332f, 330t, 343–344, 345f, 402
Z-, 327–329, 327f–329f, 330t

Beta-titanium spring, 340, 341f
Beta-titanium wires

coefficient of friction for, 385
for composite cantilevers, 368–369
force-deflection curve of, 408, 409f
mechanical properties of, 412t, 412–413

Bilateral constriction, 236, 236f
Bilateral expansion, 234–236, 235f–236f, 239f
Bilateral rotation, in shape-driven method, 239f
Biologic variation, 6
Biomechanics

description of, 4
equilibrium and, 151–155, 152f–156f
importance of, 9
knowledge of, advantages of, 7–9
negative feelings about, 9

Bite. See Crossbite; Deep bite; Open bite.
Bodily movement, 173
Body-centered cubic, 410–411, 411f
Bone remodeling, 207
Bone resorption, 190, 206
Bone turnover rate, 207
Boundary conditions, 145, 145f, 322–323
Bracket(s)

design of, 392–393
force systems at, 182–186
friction and, 392–393
friction-free, 387–388
geometries of. See Geometries.
interbracket axis, 315, 315f
interbracket distance, 321–322, 322f, 324
intrabracket forces, 403f
lingual precision, 219, 220f
lingual translation of, 170
low-friction self-ligating, 387, 388f
malaligned, force from straight wire in, 312–314, 312f–314f

narrow, 392–393, 393f
self-ligating, 392
single force at, 187–188
three-bracket segments, 339–343, 339f–343f
three-dimensional control using, 403
tooth displacement at, 166–171
virtual bracket repositioning, 344–346, 345f–346f

Bracket path, 189
Bravais lattices, 411
Buccal crown rotation, 212
Buccolingual translation, 211
Bypass arch, 340–341, 343, 343f

C
Calibrated spring, 274
Canine(s)

activation forces on, 391
axial inclination of, 340, 340f
distal movement of, 402f
high, extrusion of, 341, 342f
intrusion of

bypass arch with rectangular loop for, 114, 115f
cantilever for, 114, 115f
continuous archwire for, 346, 346f

leveling of, with continuous archwire, 298, 298f, 300f
retraction of

en masse, 267–268
frictional force, 388–391, 389f–391f, 394f
phases of, 388, 390f
separate, 295–297, 296f, 305

rotation of, 402f
Canine bypass archwire, 297–301, 299f
Canine root spring, 297–301, 300f
Canine-to-canine incisor bypass arch, 296–297, 297f
Cantilever(s)

beta-titanium, 369, 369f
biomechanical force generated by, 358, 359f
buccal, 366f
canine guidance using, 360f
clinical uses of, 369f
combining activations on different planes, 370, 370f
composite, 363, 364f, 368–369, 369f
configuration of, 363f–368f, 363–367
consistent force system and, 335f
curved, 364, 365f
definition of, 358
design of, 359f–362f, 359–361
force system of, 358–359, 359f
force vector angulation and, 363, 364
indications for, 359
lingual arch used as, 366f
load-deflection reduction using, 363f, 363–364
long, 363
loop added to, 364, 366f
major configurations of, 364, 366f, 367
maxillary left canine rotation corrected using, 360f
from maxillary second premolar, 254, 254f
mechanics of, 367
medium-length, 363
minor configuration of, 364, 365f
molar tip-back generated by, 362f
palatal arch as, 364
short, 363
straight-wire, 237f
symmetric tip-back, 258, 258f
temporary anchorage device ligated to, 363f
wire selection for, 362–363
zigzag-shaped, 363, 364f
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Cantilever springs
bypass arch and, 343, 343f
in continuous archwire, 270f
statically determinate retraction system, 272, 273f

Cartesian coordinate system, 14, 15f
Center of mass, 201
Center of resistance

asymmetries and, 26
definition of, 49
determining of, 49
force and, 49
force system at, 184f, 322
headgear force applied at, 46f
intrusion of, 93f
location of, 175
of molars, 246
origin of concept of, 200–201
positions of, 203
rotation around, from couple, 32
3D asymmetric model of, 202–204
3D symmetric model of, 202
3D volumetric, 204
2D projection model, 201

Center of rotation. See also Pivot.
axis of rotation versus, 200–201
for describing tooth movement, 171–173, 172f–173f

Center of rotation constant, 185, 186f
Centi-Newton, 14
Centi-Newton-millimeter, 27
Centroid, 201, 201f–202f
Cervical headgear

continuous intrusion arch and, 127, 128f
equivalence of, 42
illustration of, 40f
low, 42–43, 43f
occipital headgear with, 47f
occlusal plane cant altered with, 50f, 51
for translation, 43
in type II posterior extrusion, 127, 127f
typical, 42, 42f

Chasles theorem, 201
Class I geometry, 316–317, 317f, 324f, 342f, 346f
Class II elastics

asynchronous, 68f–70f, 68–71
force with, 69f
headgear and, 85–86, 86f
long, 65f, 71f
purpose of, 64–65, 65f
short, 67f, 70f
for subdivision patients, 80, 81f
synchronous, 65, 67, 67f
unilateral, 79, 80f, 82

Class II geometry, 317, 318f, 324f, 329, 329f, 337f, 348f
Class II malocclusion

casts of, 48f
continuous intrusion arch for, 115
deep bite and, 116f
headgear application to, 52f
leveling of, 110f
three-piece intrusion arch for, 115, 115f

Class III geometry, 318, 318f, 324f, 330, 331f, 352f, 353
Class III malocclusion, 66f
Class IV geometry, 319, 319f, 323, 324f, 330, 348f, 349
Class V geometry, 319, 319f, 321f, 324f, 330, 334, 349, 349f
Class VI geometry, 319, 319f, 324f, 330, 344f, 350f, 351, 352f, 353
Clinical studies, biomechanical approach to, 6
Closed coil springs, 370–371, 371f
Closed polygon method, 18
Cobalt-chromium alloys, 412, 412t
Cobalt-chromium wire, 408, 409f

Coefficient of friction, 385–386, 394, 428
Coil springs, 12f, 13, 139, 140f, 370–371
Cold working, 415
Composite cantilever, 363, 364f, 368–369, 369f
Composites, in orthodontic wires, 417–418, 418f
Computer iteration, 233
Consistent configuration, 242
Consistent force systems, 333f–338f, 333–339
Continuous archwire. See also Archwires.

bends in, 343–346, 344f–346f
canine leveling with, 297–298, 298f, 300f
cantilever intrusion spring in, 270f
deep bite leveling using, 126f
nickel-titanium, 341, 342f
reverse curve of Spee with, 130, 130f
straight, deep bite malocclusion caused by, 340
vertical loop placement in, 292, 292f

Continuous intrusion arch
activation of, 98, 98f
case study application of, 108, 108f
Class II malocclusion treated with, 115
description of, 93–94, 93f–94f
force system of, 95, 95f
force-deflection rates of, 97, 98f
gingival tying of, 98, 99f
headgear used with, 112–113, 113f, 127
incisor bracket placement of, 99f, 100–101
reciprocal tip-back moment from, 115, 115f
second-order side effects produced by, 98, 99f
third-order side effects produced by, 99–100, 100f

Controlled tipping, 178f, 184, 184f–185f, 189, 206
Coordinate systems, 14, 18
Couple

definition of, 27, 27f, 387
force and, for tipping, 188–192
forces of, 28f
as free vector, 28f, 175, 176f
magnitude of, 175f
posterior crossbite correction using, 29, 30f
rotation produced by, 27
unilateral expansion by, 248–252, 249f–251f

CR. See Center of resistance.
Crisscross elastics. See Elastics, crisscross.
Critical section, 234, 237f, 238, 277
Critical zone, 185, 185f
Crossbite

bilateral maxillary second molar buccal, 223, 224f
buccal, 326f
case study of, 29, 30f
definition of, 6, 188, 208
lateral, 80
posterior, 29, 30f

Cross-section stiffness number, 410
Crowding, canine retraction for, 267–268
Curve of Spee

archwires with, 403, 403f
exaggerated, for posterior intrusion, 128–133
illustration of, 129f
leveling of, 129f, 132, 133f
mandibular, 108, 129, 129f
reduction of, 133
reverse. See Reverse curve of Spee.
type I posterior extrusion and, 119

D
Deactivated continuous intrusion arch, 93f
Deactivated spring, 20
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Deactivation force
for asymmetric unilateral expansion, 249f
definition of, 139f
description of, 12f, 13, 139, 148
system of, 232

Deactivation force diagrams, 137, 139, 139f, 142, 143f, 145, 149, 
152f–153f, 155, 246, 316

Deep bite
Class II, 70f, 116f
incisor intrusion for correction of. See Incisor intrusion.
leveling of, 326, 326f
posterior intrusion for correction of. See Posterior intrusion.
pseudointrusion of, 93
straight continuous archwire as cause of, 340
as symptom, 91–92

Degrees of freedom
description of, 166
diagram of, 144f
of intraoral anchorage devices, 211–212
miniscrews used to modify, 212, 212f
number of, 211–212

Dental Movement Analysis, 359, 373
Derived tooth movement, 177–180, 178f–181f
Differential force, 267
Differential moments, 208–209, 209f
Differential space closure

categories of, 264
description of, 264
force system for, 265–266
group A mechanics, 264f, 264–265
group B mechanics, 264f, 286f, 292
group C mechanics, 264f, 294–295
T-loop spring for, 287–295

Direction
of force, 14–16, 15f–16f
of resultant, 26–27

Dislocation(s), 409, 411, 414, 415f
Dislocation-dependent metal alloys, 411–413
Dissociation, of moment and force, 239–240, 239f–240f
Distal rotation, 212
DMA. See Dental Movement Analysis.
Downward activation force, 142
Dual-wire system, 154f
Dynamic friction, 384

E
Edgewise arch, 188
Edgewise brackets

archwire tied to, 95
ideal, 315f

Effective force, 384
Elastic chains, 371–372
Elastic limit, 410
Elastics. See also Maxillomandibular elastics.

advantages of, 371
anterior vertical, 68, 69f, 86f
applications of, 371
Class II. See Class II elastics.
crisscross

anterior, 74, 74f, 76f, 78
bilateral, 73, 73f
buccolingual, 72
on continuous arch, 72, 74, 74f
description of, 14, 15f
force of, 74f
lingual hooks used with, 83, 83f
point of force application of, 74f
posterior, 72f–73f, 80, 82f–83f

on segments, 82, 82f–83f
unilateral, 73f, 74

definition of, 64
disadvantages of, 371
equilibrium principle applied to, 138
free-body diagram of, 138f, 139
intra-arch, 64
lateral, 72–79
lingual, 227, 227f
redundancy of, 84–85
segmental, 82–83, 82f–83f
subdivision, 79–82, 80f–82f
up-and-down, 84f, 84–85
vertical, 68, 69f, 79, 79f, 85
woven up-and-down, 84f, 84–85

Elastomeric rings. See Elastics.
En masse canine retraction, 267
Enamel hypoplasia, 224, 274
Enclosed polygon method, 17, 19f, 21f
End-centered monoclinic, 411, 411f
Equilibrium

applications of, 146–147
archwires in, 144, 144f
biomechanics and, 151–155, 152f–156f
boundary conditions, 145, 145f
concepts and formulas of, 143–146
definition of, 138
elastics example of, 138
equivalence and, 150–151, 150f–151f
of moments, 148f
nonrigid deformed body application of, 146, 146f
overview of, 137
principle of, 138
solving problems using, 146–150, 147f–149f

Equilibrium diagrams, 140f, 142, 315
Equivalence

cervical headgear, 42
definition of, 32, 71
description of, 41
equilibrium and, 150–151, 150f–151f
of force, 32–33, 33f–34f
of force systems, 32, 76f
Newtonian, 32
overview of, 25

Equivalent force system, 182
Extraction therapies

indications for, 264
overview of, 263
posterior molar position, strategies for maintaining, 264–267
space closure after. See Space closure.

F
Facial asymmetry. See Skeletal asymmetry.
Fatigue, 410
FEA. See Finite element analysis.
Fiber-reinforced composite, 417, 418f
Fiber-reinforced composite ribbon, 124, 125f
Fiber-reinforced composite segment, 265
Finger springs, 223, 224f, 228
Finishing phase, excessive vertical overlap during, 132, 132f
Finite element analysis, 203, 367
First Law (Newton’s), 11–12, 12f
Fixed support, 141, 141f
Fmax. See Maximum force.
Force

activation, 12f, 13, 137, 139f, 142, 232, 329f
applications of, 19–20, 21f
applied, 384, 385f, 397f
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attributes of, 13–16, 13f–16f
center of resistance and, 49
changing position of, 179, 179f
characteristics of, 13–16, 13f–16f
components of, 16–18
concurrent, 11–22
continuity of, 194–195
couple and, for tipping, 188–192
deactivation. See Deactivation force.
description of, 4
differential, 267
effective, 384
equivalence of, 32–33, 33f–34f
frictional. See Frictional forces.
headgear. See Headgear.
horizontal simulation of, 246f, 247
intrusive, 20, 20f–21f, 149
law of transmissibility of, 16, 16f, 33
line of action of, 59f, 274
mass and, 13
maximum, 409, 422
moment and, association and dissociation of, 239–240, 239f–240f
normal, 387f, 387–388
occlusal, 395
resultant, 17, 20
sense and direction of, 14–16, 15f–16f
shear, 237
source of, 387f, 387–388
from straight wire in malaligned brackets, 312–314, 312f–314f
tooth movement using, 5
unbalanced, 144f
unilateral expansion by, 246f–248f, 247–248
vertical simulation of, 247

Force constancy, for incisor intrusion, 96–98, 97f–98f
Force decay, 371
Force diagrams

activation, 137
deactivation, 137, 139, 139f, 142, 143f, 145, 149, 152f–153f, 155, 246, 

316
Force magnitude

description of, 13–14, 13f–14f, 28, 275
with force-driven method, 234f
for incisor intrusion, 96
phenomena for reducing, 395

Force systems
at bracket, 182–186
of cantilevers, 358–359, 359f
at center of resistance, 322
changes in

during deactivation of force-driven appliance, 233–234
during deactivation of ideal shape, 230–232

classification of, 28
consistent, 333f–338f, 333–339
deactivation, 232
differential space closure, 265–266
equivalence of, 32, 76f
horseshoe arch, 243, 244f
for incisor root movement, 301, 302f
inconsistent, 333f–338f, 333–339
occipital headgear, 41f
optimal, characteristics of, 192–195
3D

2D projections of, 35–36
view of, 36f

tooth movement and, 173, 177
transpalatal arch, 243, 244f
in unilateral tip-back and tip-forward lingual arch, 256–257, 257f

Force-deflection curves, 408–409, 409f
Force-deflection rate, 96, 97f, 195, 195f, 275–276, 279, 423–424, 

425t–426t

Force-driven appliance
activation of, 98
deactivation of, force system changes during, 233–234
definition of, 232

Force-driven method
bilateral constriction by, 236f
bilateral expansion by, 236f
force magnitude zones with, 234f
lingual arch, 232–234

Force-driven orthodontics, 6
Four-incisor root movement, 303f
Free body/bodies, 138, 164–165
Free vector, couple as, 28, 28f
Free-body diagram, 137–141, 147f, 156f, 157. See also Force diagram.
Friction

anatomical variation and, 395–396
anchorage affected by, 396–398, 397f
benefits of, 393–394
bracket design and, 392–393
coefficient of, 385–386, 394, 428
dynamic, 384
during initial alignment and finishing, 400–403, 400f–403f
kinetic, 384
during leveling, 400, 400f
negative aspects of, 393–394
overriding, 394–395
overview of, 383–384
reduction of, during space closure, 398–399, 399f
rolling, 384
static, 384
summary of, 403–404
torque and, 391, 391f

Friction override, 394–395
Frictional forces

anatomical variation and, 395–396
anchorage affected by, 396–398, 397f
benefits of, 393–394
calculation of, 393
in canine retraction, 388–391, 389f–391f, 394f
description of, 384–387, 384f–386f
formula for, 393
during initial alignment and finishing, 400–403, 400f–403f
reduction of, during space closure, 398–399, 399f
sources of, 387–388
summary of, 403–404
vibration effects on, 395

Friction-free brackets, 387
Frictionless springs, 399, 399f
Fulcrum, 200
Full arch, headgear application to, 46–48, 47f–48f
Functional appliance, 6
Functional axis, 189, 191f

G
Gauge, spring, 14
Geometries

boundary conditions and limitations, 322–323
Class I, 316–317, 317f, 324f, 342f, 346f
Class II, 317, 318f, 324f, 329f, 337f, 348f
Class III, 318, 318f, 324f, 330, 331f, 352f, 353
Class IV, 319, 319f, 323, 324f, 330, 348f, 349
Class V, 319, 319f, 321f, 324f, 330, 334, 349, 349f
Class VI, 319, 319f, 324f, 330, 344f, 350f, 351, 352f, 353
classification of, 315–319
as continuum, 320–323
determination of, 315–319
force system equivalence at center of resistance, 322
straight wire used to correct, 346f, 347–348
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two-bracket, 347f–352f, 347–353
virtual bracket repositioning application to, 346
visualization of, 323f–326f, 323–327

Gram-millimeter, 27
Grams, 13–14
Gravitational acceleration, 14f

H
Headgear

asymmetric, 53, 53f
cervical

continuous intrusion arch and, 127, 128f
equivalence of, 42
illustration of, 40f
low, 42–43, 43f
occipital headgear with, 47f
occlusal plane cant altered with, 50f, 51
for translation, 43
in type II posterior extrusion, 127, 127f
typical, 42, 42f

Class II elastics and, 85–86, 86f
classification of, 40
clinical monitoring of, 51, 52f
combination, 47f
continuous intrusion arch and, 112–113, 113f, 127, 128f
designing of, 49f–50f, 49–51
force from, 16, 16f
full arch application of, 46–48, 47f–48f
incisor intrusion using, 112–113, 113f
inner and outer bow

from frontal view, 54–55
from lateral view, 40f–41f, 40–42, 50f
from occlusal view, 52–54, 52f–54f

intrusion arch and, for incisor intrusion, 112–113, 113f
J-hook

description of, 40, 55, 55f
incisor intrusion using, 93, 114, 114f
as pinned support, 142

for molar translation along the occlusal plane, 45
nonextraction Class II treatment use of, 46, 47f–48f
occipital

cervical headgear with, 47f
force system from, 16f, 41f
frontal view of, 55f
functional appliance versus, 6
for moving the molar root distally, 44f, 44–45
occlusal plane cant altered with, 50f, 51, 113
resultant force with, 86
for tipping a molar distally, 44, 44f

overview of, 39
points of force application for, 45f
protraction, 56f, 56–57, 58f–59f
selection of, 6
symmetric, 52f, 52–53

Headgear tubes, vertically placed, 54, 54f
Helices, 280f, 281
Hinge cap bracket, 83, 219, 220f
Hooke’s law, 14, 96, 323, 408, 422
Horseshoe arch

consistent configuration of, 242
description of, 220, 239
force systems delivered by, 243, 244f
illustration of, 221f
inconsistent configuration of, 243
maxillary posterior segments expanded using, 244f, 245
transpalatal arch versus, 242

Hysteresis, 414

I
Ideal arch, 4, 229, 230f
Incisor(s). See also Maxillary incisors.

diastema between, 192, 192f
eruption of, during sliding canine retraction, 270, 270f
intrusion of. See Incisor intrusion.
lingual movement of, 169f–170f
mandibular, buccal translation of, 374
mesial tipping of, 336
protrusive, 265f, 293
root movement, 301–305, 302f–306f

Incisor brackets, continuous intrusion arch placement in, 99f, 100–101
Incisor intrusion

anchorage considerations for, 112–115, 112f–116f
anterior, 92
continuous intrusion arch

case study application of, 108, 108f
description of, 93–94, 93f–94f
force system of, 95, 95f
gingival tying of, 98, 99f
headgear used with, 112–113, 113f
incisor bracket placement of, 99f, 100–101
reciprocal tip-back moment from, 115, 115f–116f
second-order side effects produced by, 98, 99f
third-order side effects produced by, 99–100, 100f

flaring of incisors
description of, 101
force placement for avoidance of, 101
illustration of, 102f, 111f
mandibular incisors, 101, 102f
maxillary incisors, 109f
prevention of, 94
three-piece intrusion arch for, 103–104, 103f–104f
tying back the archwire for prevention of, 102, 102f

force for
application at a point, 98f–100f, 98–101, 107f
constancy of, 96–98, 97f–98f, 106
direction of, altering of, 104–108, 105f–109f
lingual application of, 101
magnitude of, 96, 106
posterior application of, 101
predictability of, 100–101
statically determinate, 101

headgear for, 112–114, 113f–114f
illustration of, 93f
initial leveling arches, avoidance of, 110–111, 111f
intrusion arch for, 155f
intrusion force system for, 94–101, 95f–100f
J-hook headgear for, 93, 114, 114f
leveling and, 100, 100f
maxillary first premolars as anchorage for, 113, 114f
misconceptions about, 93
root resorption associated with, 92–93, 113–114
three-piece intrusion arch for

altering force direction in, 104, 105f–106f, 106–108
anchorage control in, 104f
case study application of, 106–107, 115f
description of, 103–104, 103f–104f
indications for, 106–107

Inconsistent configuration, 243
Inconsistent force systems, 333f–338f, 333–339
Indirect anchorage, using stainless steel ligatures, 212, 212f
Inflammatory response, 206
Inner and outer bow headgear

from frontal view, 54–55
from lateral view, 40f–41f, 40–42, 50f
from occlusal view, 52f–54f, 52–54

Instantaneous center of rotation, 172
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Interbracket axis, 315f, 315–316, 318, 325f
Interbracket distance, 218, 282, 282f, 301, 314, 321–322, 322f, 324, 

348–349, 403
Intermaxillary elastics, 5, 11, 13, 64, 265. See also Elastics; 

Maxillomandibular elastics.
Intermolar width

description of, 229, 231f
lingual arch for narrowing of, 238

Intra-arch elastics, 64
Intra-arch space closure, 267–268
Intrabracket forces, 403f
Intrusion

definition of, 93, 93f
incisor. See Incisor intrusion.

Intrusion arch
continuous. See Continuous intrusion arch.
description of, 402, 402f
incisor intrusion using, 155f
three-piece. See Three-piece intrusion arch.

Intrusion spring, 141f–142f, 142–143, 147f
Intrusive force, 20, 20f–21f, 149

J
J-hook headgear

description of, 40, 55, 55f
incisor intrusion using, 93, 114, 114f
as pinned support, 142

K
Kinetic friction, 384
Kinetics, 11–12

L
Labial appliance, 218–219
Labial archwire, 218
Labiolingual width, 428
Lateral elastics, 72–79
Law of acceleration, 12
Law of action and reaction, 12
Law of inertia, 12
Law of transmissibility of force, 16, 16f, 33
Leveling

canine, 298f
friction during, 400, 400f
incisor intrusion and, 100, 100f

Leveling archwires, force-deflection rates of, 97
Line of action of force, 59f, 274
Linear acceleration, 164, 164f
Linear variable displacement transducer, 183, 183f, 189
Lingual arch

active applications of, 228–229
arch form preservation using, 399f
associated application of, 242–245
asymmetric applications of

unilateral expansion, 245f–251f, 245–252
unilateral rotation, 252f–254f, 252–255
unilateral tip-back and tip-forward mechanics, 255–259, 

256f–259f
attachments, 219, 220f
auxiliary springs attached to, 223, 228f
bending and torsional moments at arbitrary sections along a wire, 

236–238
bilateral constriction, 236, 236f
bilateral expansion, 234–236, 235f–236f

bilateral rotation, 240–242, 241f–242f
as cantilever, 366f
configurations of, 220–229, 221f, 232
deactivated shape of, 230–232, 234–236
definition of, 218, 220
description of, 94, 155
design of, 218f
dissociated application of, 242–245
extraction case treated without, 222f
finger springs from, 223, 224f, 228
force-driven, 232–234
horseshoe arch. See Horseshoe arch.
ideal shape, force system changes during deactivation of, 230–232
intermolar widths narrowed using, 238
with labial appliance, 218–219
low-rigidity, 229, 230f
mandibular

description of, 220–221, 221f
unilateral tip-back and tip-forward with, 256f

maxillary, 220, 221f, 225f
molar rotation with, 240, 242f
occlusal planes equalized using, 257
overview of, 217
passive applications of, 222–228, 222f–228f, 264–265
reciprocal anchorage with, 218, 219f, 234
shape-driven, 229–231f, 229–232, 243
space closure-related side effects prevented using, 222
as space maintainer, 222f
statically determinate use of, 366f
transpalatal arch. See Transpalatal arch.
unilateral distal movement using, 256
unilateral expansion or constriction

by couple, 248–252, 249f–251f
description of, 245
by force, 246f–248f, 247–248

wire size and material for, 221, 222t
Lingual archwires, 221, 222t
Lingual attachment, 83, 296f
Lingual bracket, 219, 220f
Lingual elastics, 227, 228f
Lingual force, 387
Lingual hook, 83, 83f
Lingual root torque, 184
Lingual rotation, 212
Lip protrusion, 293f
Load-deflection reduction, cantilever configuration for, 363f, 363–

364
Loop

Bauschinger effect, 278, 278f
cantilever with, 364, 366f
helices, 280f, 281
horizontal width of, 281, 281f
off-center, 291f
for space closure, 274, 275f
vertical height of, 278–279, 279f

Loop space closure. See Space closure, loop.
Loop spring, 277f
Low cervical headgear, 42–43, 43f
Low-friction self-ligating bracket, 387, 388f
Lubricant, 385
LVDT. See Linear variable displacement transducer.

M
Magnitude

of force. See Force magnitude.
of resultant, 26–27

Malaligned brackets, straight wire in
creative bends in, 343
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force from, 312–314, 334, 312f–314f
results of, 325, 325f

Malocclusion
Class II. See Class II malocclusion.
Class III. See Class III malocclusion.
segmental approach to, 131, 132f

Mandibular arch
archwire with exaggerated reverse curve of Spee placed in, 130, 

131f
curve of Spee, 108
leveling of, 123
type I posterior extrusion in, 120, 123

Mandibular bite plate, 123, 123f
Mandibular incisor, buccal translation of, 374
Mandibular lingual arches, 220–221, 221f
Mandibular second molars, 344f, 376f
Manipulating forces

components, 16f, 16–17
overview of, 11
resultants, 17–18, 19f, 21f

Martensitic nickel-titanium, 413, 417
Martensitic phase, 411, 415
Mass, force and, 13
Material science, 12
Maxillary arch, exaggerated curve of Spee placed in, 132
Maxillary bite plate, 123f
Maxillary first premolars, as anchorage for incisor intrusion, 113, 114f
Maxillary incisors. See also Incisor(s).

central, 427f
lateral, 401, 401f

Maxillary lingual arches, 220, 221f, 225f
Maxillary molar translation, using cervical headgear, 43
Maxillary second molar buccal crossbite, 223, 224f, 326f
Maxillary second premolar, unilateral rotation with cantilever of, 254, 

254f
Maxillary transpalatal arch, 221f, 241f
Maxillomandibular elastics. See also Elastics.

definition of, 11, 13, 19
diagram of, 20f
indications for, 64
moment-to-force differential obtained using, 210
overview of, 63
posterior protraction using, 294, 295f
side effects of, 85

Maximum bending moment, 427
Maximum deflection, 428
Maximum elastic deflection, 422
Maximum elastic deformation, 425t–426t
Maximum elastic twist, 429t
Maximum force, 409, 422, 427
Maximum moment, 422
Maximum static friction force, 385
Mechanics. See also Biomechanics.

definition of, 11–12
kinetics, 11–12
material science, 12
statics, 11–12

Mesial crown rotation, 212
Mesial-in rotation, 242
Mesial-out rotation, 240
Mesiodistal translation, 212
Metal alloys

beta-titanium, 412t, 412–413
body-centered cubic arrangement of, 410–411, 411f
cobalt-chromium, 412, 412t
composition of, 411–414
crystal structure of, 410–411
dislocation-dependent, 411–413
end-centered monoclinic arrangement of, 411, 411f

mechanical properties of, 411–414, 412t
microstructural mechanisms of, 414–417
nickel-titanium, 412t, 413–414, 417
phase transition–dependent, 413–414
stainless steel, 411–412, 412t
superelasticity of, 415
transition temperature range of, 415–417

M/F ratio. See Moment-to-force ratio.
Midline deviation, 33, 34f
Midline discrepancy, 29, 30f, 76, 77f–78f, 78
Miniscrews, 212, 212f. See also Temporary anchorage devices.
Mmax. See Maximum moment.
Modulus of elasticity, 410
Molar(s)

bilateral rotation of, 240–241, 242f
center of resistance of, 246
forces acting on, 142, 143f
labial archwire use of, 219f
protraction of, using temporary anchorage device, 295f
rotation of, 240–241, 242f
tipping of, using occipital headgear, 44, 44f
translation of, using headgear, 45

Molar root movement, occipital headgear for, 44f, 44–45
Moment

activation, 282–283, 283f, 290f, 290–293
balanced, 144, 144f
bending, 237
calculation of, 27, 176
at center of resistance, 80
definition of, 27
differential, 208–209, 209f
equilibrium of, 148f
in first-order direction, 387
force and, association and dissociation of, 239–240, 239f–240f
formula for, 28
in maxillary occlusal view, 72, 75
maximum, 422
maximum bending, 427
overview of, 26
pure, 27, 27f
reciprocal tip-back, 115, 115f–116f
residual, 283–284, 284f, 286f, 287–289, 288f–290f

Moment arm, 27
Moment of force, 27, 27f
Moment-to-force differential, 210
Moment-to-force ratio, 6, 175, 183–184, 192–193, 232, 243, 274–275, 

281, 301, 359, 361

N
Neutral position, 284–287, 285f
Newtonian equivalence, 32
Newton’s First Law

description of, 11–12, 12f, 40, 143, 358
equilibrium principle based on, 137–138

Newton’s Second Law, 11–13
Newton’s Third Law

description of, 12f, 12–13, 40, 137–138, 140, 315, 385, 396
illustration of, 139f

Nickel-titanium alloys
characteristics of, 412t, 413–414
martensitic, 413, 417
shape memory of, 417

Nickel-titanium continuous archwire, 341, 342f
Nickel-titanium wires

superelastic, 416, 428
transition temperature range of, 416

Nonrigid arches, 71, 71f
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O
Occipital headgear

cervical headgear with, 47f
force system from, 16f, 41f
frontal view of, 55f
functional appliance versus, 6
for moving the molar root distally, 44f, 44–45
occlusal plane cant altered with, 50f, 51, 113
resultant force with, 86
for tipping a molar distally, 44, 44f

Occlusal forces, 395
Occlusal interferences, 210
Occlusal interlocking, 210
Occlusal loading, 210
Occlusal plane

cant of
description of, 76
occipital headgear used to alter, 50f, 51, 113

extrusion of, 120
interbracket axis and, 324

Occluso-apical translation, 211
Off-center loop, 291f
Offset yield strength, 410
Omega stop, 397, 397f
Open bite

case studies of, 375f
Class II elastic for, 80
Class III, 70f
lateral, 80
posterior lateral, 84f

Open coil spring, 139, 140f
Oppenheim headgear, 40
O-rings, 387, 387f, 392, 395
Orthodontic appliances. See Appliance(s).
“Orthodontic dosage,” 4
Orthodontic forces. See Force.
Osteoclasts, 206–207
Overbite

definition of, 39, 65, 189, 269
sliding mechanics as cause of, 269, 269f
straight-wire appliance for, 189

P
Periodontal ligament

description of, 164, 193, 202–203
forces acting on, 139
stress

anchorage values according to, 207–208
tooth movement initiated by, 206, 264
wire insertion into bracket and, 182

Perpendicular distance, 27, 27f
Phase(s), 411
Phase transition–dependent alloys, 413–414
Physiologic mobility, 193
Pinned support, 142–143
Pivot, 200
Point of force application

changing of, for incisor intrusion, 101–102, 101f–102f
of crisscross elastics, 74f
definition of, 25
for headgear, 45f
of resultant, 25, 26f, 30–31, 31f

Polymer chains, 419f, 419–420
Polymers, in orthodontic wires, 418–420, 419f–420f
Polyphenylene, 418–419, 419f
Posterior anchorage unit, 265, 265f
Posterior crisscross elastics, 72f–73f, 80, 82f–83f

Posterior intrusion
archwires for, 119
exaggerated curve of Spee for, 128–133
exaggerated reverse curve of Spee for, 128–133
overview of, 119
three-piece intrusion arch for, 120–123, 121f–122f
type I, 120–123, 120f–123f
type II, 120, 120f, 123–127, 123f–128f

Posterior segment, 339
Power, 4
Precision fit lingual bracket, 219, 220f
Preformed archwire, 229
Premolars

labial archwire use of, 219f
maxillary first, 113, 114f
maxillary second, 254, 254f

Prescriptions, 166, 168, 170
Primary tooth movement, 173–177, 174f–177f, 183
Principal stress analysis, 208f
Proportional limit, 410
Proportionality, 186f
Protraction headgear, 56f, 56–57, 58f–59f
Pseudo-biomechanics, 4
Pseudoelasticity, 413, 415
Pseudointrusion, 93
Pure moment, 27, 27f, 175, 177
Pythagorean theorem, 18, 27

R
Range, 408
Rapid palatal expansion, 195
Reciprocal anchorage, lingual arch with, 218, 219f, 234
Reciprocal tip-back moment, 115, 115f–116f
Rectangular loop, 300f
Residual moment, 283–284, 284f, 286f, 287–289, 288f–290f
Resilience, 428
Restrained bodies, 164f, 164–165
Resultant force, 17, 20
Resultants

for angled elastics, 26f
description of, 17–18, 19f, 21f
determination of, 17f
direction of, 26–27
force used to replace, 36f
magnitude of, 26–27
point of force application of, 25, 26f, 30–31, 31f

Reverse curve of Spee
continuous archwire with, 130, 130f
description of, 120, 339
exaggerated, for posterior intrusion, 128–133

Roller support, 141, 141f
Rolling friction, 384
Root movement

four-incisor, 303f
incisor, 301–305, 302f–306f
molar, occipital headgear for, 44f, 44–45

Root resorption
illustration of, 191f, 302f
incisor intrusion and, 92–93, 113–114

Rotation
axes of, 203–204
buccal crown, 212
couple and, 27, 29f
degrees of freedom and, 211–212
description of, 27
distal, 212
illustration of, 29f, 167f
lingual, 212
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mesial crown, 212
posterior crossbite correction using, 29, 30f
of teeth perpendicular to occlusal plane, 211
unilateral, lingual arch for, 252f–254f, 252–255
x-axis, 166, 167f, 168
y-axis, 166, 167f
z-axis, 166, 167f–168f, 204f

“Round tripping,” 190, 192f
Rowboat effect, 298, 339

S
Scientific biomechanics, 4
Scientific terminology, 6–7
Scissor bite, 71
Second Law (Newton’s), 11–13
Second-order side effects, 98, 99f
Second-order tip effect, 98
Section

critical, 234, 237f, 238, 277
definition of, 237

Segmental elastics, 82–83, 82f–83f
Self-ligating brackets, 392
Sense and direction, of force, 14–16, 15f–16f
Separate canine retraction, 295–297, 296f, 305
Shape memory, 413, 417
Shape-drive orthodontics, 6
Shape-driven appliances, 4
Shape-driven method

bilateral expansion in, 235, 236f, 239f
bilateral rotation in, 239f
lingual arch, 229–231f, 229–232

Shape-driven orthodontics, 8, 98
Sharp bends, in spring, 287
Shear force, 237
Side effects

second-order, 98, 99f
space closure-related, 222
temporary anchorage devices for reduction of, 5, 7
third-order, 99–100, 100f

Simple tipping, 184
Simulation, 234
Skeletal asymmetry, 79
Sliding space closure. See Space closure.
Slot axis, 315–316
Space closure

canine retraction, 267–268
cantilevers for, 263
continuous arches, 268
differential

categories of, 264
description of, 264
force system for, 265–266
group A mechanics, 264f, 264–265
group B mechanics, 264f, 286f, 292
group C mechanics, 264f, 294–295
T-loop spring for, 287–295

en masse, 398, 399f
friction reduction during, 398–399, 399f
friction (sliding) mechanics

continuous arches, 268
description of, 267f, 267–268
phases of, 268–269, 269f
problem associated with, 268–269
side effects of, 269f

frictionless (loop) mechanics
canine retraction, 271, 271f
description of, 267–268, 270–271

illustration of, 267f
incisor eruption during, 270, 270f
spring design for, 263

frictionless spring for, 399, 399f
intra-arch, 267–268
loops for, 274, 275f
mechanics of, 267f
overview of, 263
segmented arches, 268
statically determinate appliances for, 272–274, 273f
temporary anchorage devices used in, 265
two-phase, 305, 307f

Spring(s)
activated, 20f, 142
angled bends in, 285, 285f
antirotation bends in, 296f
beta-titanium, 340, 341f
calibrated, 274
canine root, 297–301, 300f
cantilever. See Cantilever springs.
coil, 12f, 13, 370–371
curvature in, 287
deactivated, 20f
force delivered by, 139
frictionless, 399, 399f
incisor root, 302f, 303
neutral position of, 284–287, 285f
properties of, shape and dimension effect on, 278–282
sharp bends in, 287
statically determinate, 272, 294f
statically indeterminate, 274–275
tip-back, 122f, 335, 337f
T-loop. See T-loop spring.
types of, 139
yield strength of, 427

Spring gauge, 14
Spring wire, 276–277, 276f–277f
Stainless steel

annealing of, 427f
force-deflection curve for, 409f
ligatures, 212, 212f
properties of, 411–412, 412t

Stainless steel wire
description of, 408, 409f
stiffness of, 428

Static friction, 384
Statically determinate appliances

cantilevers. See Cantilever(s).
definition of, 272
mechanics of, 358f
overview of, 357
principles of, 358
space closure, 272–274, 273f

Statically determinate force, 101
Statically determinate spring, 294f
Statically determinate system, 272f
Statically indeterminate spring, 274–275
Statically indeterminate system, 272f
Statics, 11–12
Step bends. See Z-bends.
Stiffness, 410, 423f–424f, 428
Straight leveling wire, 153f
Straight wire

description of, 4, 229
geometry corrections using, 346f, 347–348
in malaligned brackets

forces from, 312–314, 312f–314f, 334
results of, 325, 325f

V-bend on, 290
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Straight-wire appliances
applications of, 4
for overbite, 189

Straight-wire cantilevers, 237f
Stress

differential, 208–209, 209f
on periodontal ligament. See Periodontal ligament, stress.
polymer chain response to, 419f, 419–420
from translation, 194

Stress raisers, 278
Stress relaxation, 419
Stress-strain, 6
Stress-strain curves, 409–410, 414f
Subdivision elastics, 79–82, 80f–82f
Superelastic austenitic nickel-titanium alloys, 413–414
Superelastic nickel-titanium wire, 416, 428
Superelasticity, 413, 415, 417
Support

definition of, 141
fixed, 141, 141f
pinned, 142–143
roller, 141, 141f

Symmetric headgear, 52f, 52–53
Synchronous Class II elastics, 65, 67, 67f

T
TADs. See Temporary anchorage devices.
T3D Occlusogram, 373
Technical competence, 9
Temporary anchorage devices

cantilever ligation to, 363f
elastic chain attached to, 20, 21f
incisor root movement application of, 305f–306f
miniscrews. See Miniscrews.
molar connection to, 361f
molar protraction using, 295f
root spring side effects prevented using, 304
side effects reduced using, 5, 7
for space closure in maxilla, 265

Terminology, scientific, 6–7
Thermoplastics, 418, 419f
Third Law (Newton’s), 12f, 12–13
Third-order play, nonrigid arches with, 71
Third-order side effects, 99–100, 100f
Three-bracket segments, 339–343, 339f–343f
3D asymmetric model, 202–204
3D force systems

2D projections of, 35–36
view of, 36f

3D symmetric model, 202
3D volume of resistance, 204
Three-dimensional problems, 376–378, 376f–379f
Three-piece intrusion arch

Burstone, 211f
components of, 122f, 123
incisor intrusion using

altering force direction in, 104, 105f–109f, 106–108
anchorage control in, 104f
case study application of, 108, 109f, 115f, 211f
description of, 103–104, 103f–104f
indications for, 106–107

posterior extrusion using, 120–123, 121f–122f
tip-back, 120–123, 121f–122f

Tip effect, 98
Tip-back

cantilever for, 362f
from continuous intrusion arch, 115, 115f–116f

of posterior teeth, 121, 121f, 133f
three-piece, 121f
tip-back spring for creating, 337f
unilateral, using lingual arch, 255–259

Tip-back spring, 122f, 335, 337f
Tip-forward, using lingual arch, 255–259
Tipping

controlled, 178f, 184, 184f–185f, 189, 206
force and couple needed for, 188–192
illustration of, 29f, 167f
low cervical headgear for, 43
simple, 184
T-loop for prevention of, 281
uncontrolled, 184, 189–190, 192f, 206

T-loop, 33, 34f, 209f, 266, 266f, 271
T-loop movements

activation moment, 282–283, 283f
angled bends in spring, 284–287
neutral position, 284–287, 285f
residual moment, 283–284, 284f

T-loop spring
antirotation bends with, 297f
case study of, 287, 289, 289f
differential space closure with, 287–295
for group A mechanics, 288f
residual moment, 287–289, 288f–290f
shape of, 281, 282f
template with, 292f

Tooth load at axis of resistance, 206
Tooth movement

asymmetric, 226f
derived, 177–180, 178f–181f
finger springs for, 228
force constancy for, 96
force systems

at the bracket, 182–186
description of, 164, 173, 177

historical descriptions of, 200, 200f
mechanical displacement stage of, 267
optimization of, 5
overview of, 163
periodontal ligament stress and, 206, 264
predicting of, 32
primary, 173–177, 174f–177f, 183
rate of, 193f
rotation. See Rotation.
speed of, 206
3D concepts in, 173f
translation. See Translation.

Tooth position
bracket position change, 166–171, 167f
center of rotation, 171–173, 172f–173f
methods for describing change of, 165–173, 167f–173f

Torque
definition of, 166, 167f
friction and, 391, 391f
illustration of, 29f
improper uses of, 188
lingual root, 184
in wire, 187

Toughness, 428
TPA. See Transpalatal arch.
Transition temperature range, 415–417
Translation

anchorage value of, 206
buccolingual, 211
cervical headgear for, 43
coordinate systems and, 168f
description of, 167, 167f
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line of action of force delivered by, 274
mesiodistal, 212
occluso-apical, 211
stress levels created by, 194

Transpalatal arch
arch form preservation using, 399f
arch width affected by, 244f
bilateral molar rotation with, 241, 241f
description of, 220, 239
fabrication of, 241, 241f
force systems delivered by, 243, 244f
horseshoe arch versus, 243
ideal arch configuration using, 243, 243f
illustration of, 221f, 226f, 241f
maxillary, 221f, 241f
maxillary molars connected with, 211
mesial drift and, 212
passive, 241, 241f, 243
in type I posterior extrusion, 121
unilateral constriction treated with, 250–251, 251f
unilateral rotation using, 252–253
unilateral tip-back and tip-forward with, 256, 256f

Treatment
biomechanical approach to, 9. See also Biomechanics.
results of, research and evaluation of, 6
time required for, 5

Trial activation, 285
Trigonometric functions, resultant calculations using, 18, 19f
Two-bracket geometries, 347f–352f, 347–353
Two-bracket segments, 314, 315f
2D projection model, 201
Two-phase space closure, 305, 307f
Two-tooth root movement, 349, 351
Two-vector mechanics

clinical applications of, 373–374, 374f–375f, 376
definition of, 372
mathematic procedure, 372

Type I posterior intrusion, 120–123, 120f–123f
Type II posterior intrusion, 120, 120f, 123f–128f, 123–127

U
Ultimate force, 409
Ultimate tensile strength, 428
Unbalanced force, 144f
Uncontrolled tipping, 184, 189–190, 192f, 206
Unilateral Class II elastics, 79, 80f, 82
Unilateral rotation, 252f–254f, 252–255
Unit cells, 411
Up-and-down elastic, 84f, 84–85

V
V-bends, 290, 296, 329f–332f, 329–333, 330t, 343–344, 345f, 402
Vertical elastics, 68, 69f, 79, 79f, 85
Vertical loop

height of, 278–279, 279f
placement of, in continuous archwire, 292, 292f

Vertical loop spring, bending moment analysis of, 277f
Vertically placed headgear tubes, 54, 54f
Vibration, 395
Virtual bracket repositioning, 344–346, 345f–346f
Viscoelasticity, 419f
Volumetric body, 201

W
“Wagon wheel” model, 129, 129f
Wedging, 403, 403f
Wire. See also Archwires; Continuous archwire; Straight wire; 

specific type of wire.
annealed, 427
association and dissociation of, 239
bending of, 238, 276f
for cantilever, 362–363
characteristics of, 422–423
coefficient of friction with, 385–386
composites in, 417–418, 418f
dislocations, 409
flexure behavior of, 410
force-deflection curves of, 408–409, 409f
force-deflection rate of, 423–424, 425t–426t
forces acting on, 212f
ligation of, 392, 392f
maximum bending moment of, 410
maximum elastic twist of, 429t
maximum torque of, 429t
mechanical behavior of, 408–410
polymers in, 418–420, 419f–420f
selection of, 421–429
stiffness of, 424f, 428
stress-strain curves, 409–410
torque in, 187
torque/twist rate of, 429t
triad characteristics of, 422–423
V-bends in, 329f–332f, 329–333, 330t
Z-bends in, 327–329, 327f–329f, 330t

Work hardening, 415
Woven up-and-down elastic, 84f, 84–85

X
x-axis rotation, 166, 167f, 168

Y
y-axis rotation, 166, 167f
Yield point, 410
Yield strength, 427
Yield stress, 410
Young modulus, 410

Z
z-axis rotation, 166, 167f–168f, 204f
Z-bends, 327–329, 327f–329f, 330t
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