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Preface

The new millennium brought about a new era in orthodon-
tics with the advent of temporary anchorage devices (TADs). 
The realm of possibilities to correct malocclusions that in the 
past were only treatable by means of orthognathic surgery 
was made available in a cost-effective manner through the 
insertion of small screws and miniplates during orthodontic 
treatment. Clinicians quickly became interested in adopting 
this new approach in their patients, and precise indications 
for the use of skeletal anchorage started to shape up. The 
first edition of Temporary Anchorage Devices in Orthodontics, 
which was compiled in the early days of skeletal anchorage, 
was a very timely book that introduced many aspects of this 
new approach. The chapters of this first book described the 
use of miniplates and screws with emphasis on the multiple 
locations of placement in the maxilla and mandible and a 
myriad of screw systems and appliances. The biomechanics 
involved with new skeletal anchorage orthodontic adjuncts 
was described in detail, with many case reports illustrating 
the expanded possibilities to correct complex malocclusions 
and enhance smile esthetics.

Approximately a decade has transpired since the first 
edition, and significant refinements to the techniques and 
appliances have been developed. In this second edition, we 
wanted to highlight these advances described by multiple 
authors that had been at the forefront of skeletal anchor-
age era since the early days. The first chapters in this edi-
tion review the biology and interaction of the titanium 
hardware and bone and the basic biomechanic principles 
that apply when using skeletal anchorage. The application 
of space closure, distalization, and overall molar control 
form palatal appliances is described in depth with different 
approaches. Later in the book, the versatility of miniplates 
and infrazygomatic mini-implants is presented by multiple 
authors managing cases of significant complexity. Finally, 

the management with skeletal anchorage of anteroposterior 
and vertical problems, such as the management of the Class 
III malocclusion, second molar protraction, anterior open-
bite correction, and the mechanical advantages of TADs in 
multidisciplinary patients, are described.

A very interesting development in skeletal anchorage 
presented in this new edition is the integration of three-
dimensional (3D) technologies for the placement of mini-
implants and the fabrication of TAD-supported appliances. 
With the advent of 3D-printing, precise palatal appliances 
are now available as described in this book with the MAPA 
appliance. Overall, this new approach sets a trend where the 
application of 3D-printing facilitates the insertion of mini-
implants and the delivery of appliances in a single visit in 
a very precise and predictable manner. Another novel and 
interesting approach is the combination of clear aligner 
therapy with skeletal anchorage. Clear aligners are increas-
ingly becoming the elected orthodontic appliance by adults, 
and a tightly coupled synergy with TADs for the treatment 
of more complex malocclusions in patients demanding non-
visible appliances is described in this book.

We want to thank all the contributors who have invested 
time and effort to advance our knowledge regarding skeletal 
anchorage. We also appreciate the contributions of numer-
ous individuals who are not part of this book but who have 
influenced all of us with their scientific publications. We 
hope you will enjoy reading it, and various methods of skel-
etal anchorage usage shown will help in efficient treatment 
of patients.

Ravindra Nanda
Flavio Uribe
Sumit Yadav

Farmington, Connecticut, USA
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1
Biomechanics Principles in Mini-Implant 
Driven Orthodontics
MADHUR UPADHYAY, RAVINDRA NANDA

Introduction

The physical concepts that form the foundation of orthodon-
tic mechanics are the key in understanding how orthodontic 
appliances work and are critical in designing the treatment 
methodologies and appliances that carry out these plans.

Mechanics can be defined as a branch of physics con-
cerned with the mechanical aspects of any system. This can 
be divided into two categories: 
  

Statics, the study of factors associated with nonmoving 
(rigid) systems, and

Dynamics, the study of factors associated with systems in 
motion: a moving car, plane etc. When the knowledge 
and methods of mechanics are applied to the struc-
ture and function of living systems (biology) like, for 
example, a tooth together with its surrounding oral 
architecture, it is called biomechanics. It is our belief 
that the study of biomechanics of tooth movement 
can help researchers and clinicians optimize their 
force systems applied on teeth to get better responses 
at the clinical, tissue, cellular, or molecular level of 
tooth movement.  

 Approaches for Studying Tooth Movement

Two approaches are used for studying the biological and 
mechanical aspects of tooth movement—a quantitative 
approach and a qualitative approach. The quantitative 
approach involves describing movement of teeth or the 
associated skeletal structures in numerical terms. We all are 
familiar with terms like 3 millimeters of canine retraction, 
or 15 degrees of incisor flaring. However merely describ-
ing tooth movement quantitatively does not describe the 
complete nature of the movement. It is also important to 
understand the type or nature of tooth movement that has 
occurred. A qualitative approach describes movement in 
nonnumerical terms (i.e., without measuring or counting 

any parts of the performance). This approach is often fol-
lowed at the clinical level or inferred from x-rays and/or 
stone models like tipping, translation, etc.

Both qualitative and quantitative analyses provide valu-
able information about a performance; however, a qualitative 
assessment is the predominant method used by orthodon-
tists in analyzing tooth movement. The impressions gained 
from a qualitative analysis may be substantiated with quan-
titative data, and many hypotheses for research projects are 
formulated in such a manner. 

Basic Mechanical Concepts

Force

The role of force in everyday life is a familiar one. Indeed, it 
seems almost superfluous to try to define such a self-evident 
concept as force. To put it in a simple way, force can be 
thought of as a measure of the push or pull on an object. 
However, the study of mechanics of tooth movement 
demands a precise definition of force. A force is something 
that causes or tends to cause a change in motion or shape of 
an object or body. In other words, force causes an object to 
accelerate or decelerate. It is measured in Newton (N), but 
in orthodontics nearly always force is measured in grams (g).  
1 N = 101.9 g (≈ 102 g) (see appendix).

Force has four unique properties as shown by graphic 
representation of a force acting at an angle to a central inci-
sor in Fig. 1.1:
	•	 	Magnitude:	how	much	force	is	being	applied	(e.g.,	1	N,	

2 N, 5 N).
	•	 	Direction:	the	way	the	force	is	being	applied	or	its	orien-

tation to the object (e.g., forward, upward, backward).
	•	 	Point	of	 application:	where	 the	 force	 is	 applied	on	 the	

body or system receiving it (e.g., in the center, at the bot-
tom, at the top).

	•	 	Line	of	action/force:	the	straight	line	in	the	direction	of	
force extending through the point of application. 
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Force Diagrams and Vectors

Physical	properties	(such	as	distance,	weight,	temperature,	
and force) are treated mathematically as either scalars or vec-
tors. Scalars, including temperature and weight, do not have 
a direction and are completely described by their magni-
tude. Vectors, on the other hand, have both magnitude and 
direction. Forces may be represented by vectors.

To a move a tooth predictably, a force needs to be applied 
with an optimal magnitude, in the desired direction, and 
at the correct point on the tooth. Changing any property 
of the force will affect the quality of tooth displacement. 
A force may be represented on paper by an arrow. Each of 
its four properties may be represented by the arrow whose 
length is drawn to a scale selected to represent the magni-
tude of the force—for example, 1 cm = 1 N or 2 cm = 2 N, 
etc. (Fig. 1.2). The arrow is drawn to point in the direction 
in which the force is applied, and the tail of the arrow is 
placed at the force’s point of application. The line of action 
of the force may be imagined as continuing indefinitely in 
both directions (head and tail end), although the actual 
arrow, if drawn to scale, must remain of a given length. A 
graphic representation of a force of 1 N acting at an angle of 
30 degrees to a central incisor is shown in Fig. 1.1.

Principle of Transmissibility
This concept is very important for vector mechanics, espe-
cially in understanding equilibrium and equivalent force 
systems as we will see later. It implies that a force acting on 
a rigid body results in the same behavior regardless of the 
point of application of the force vector as long as the force is 
applied along the same line of action. 

The Effect of Two or More Forces on a System: 
Vector Addition
Teeth are often acted on by more than one force. The net effect 
or the resultant of multiple forces acting on a system, in this 
case teeth, can then be determined by combining all the force 
vectors. This process of combining all the forces may be found 
by a geometric rule called vector addition, or vector composi-
tion. We place the vectors head to tail, maintaining their mag-
nitudes and directions, and the resultant is the vector drawn 
from the tail of the first vector to the head of the final vector. 
Vector addition can be accomplished graphically by drawing 
diagrams to scale and measuring or by using trigonometry. 
Fig. 1.3 shows how the two forces are visualized as two sides 
of a parallelogram and how the opposite sides are then drawn 
to form the whole parallelogram. The resultant force, R, is 
represented by the diagonal that is drawn from the corner of 
the parallelogram formed by the tails of the two force vectors. 

The Directional Effects of Force: Vector Resolution
Often an occasion arises in which the observed movement 
of a system or single force acting on a system is to be ana-
lyzed in terms of identifying its component directions. In 
such cases, the single vector quantity given is divided into 
two components: a horizontal component and a vertical 
component. The directions of these components are rela-
tive to some reference frame, such as the occlusal plane or 
the	Frankfort	 horizontal	 plane	 (FHP),	 or	 to	 some	 axis	 in	
the system itself. The horizontal and vertical components 
are usually perpendicular to each other. Such a process 
maybe thought of as the reverse of the process of vector 

Line of action of
force

Point of application of
force

Length = Magnitude of
force

(-) (+)

θ

Direction of force
relative to the
horizontal

x-axis

• Fig. 1.1 The four properties of an external force applied to a tooth illustrated by an elastic chain applying 
a retraction (distalizing) force on a maxillary incisor to a mini-implant.

F1

F2

F3

• Fig. 1.2 The length of the force vector describes the magnitude of the 
force vector. Example: F1 = 2 N, F2 = 3 N, F3 = 1 N.
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composition. The operation is called vector resolution and 
is the method for determining two component vectors that 
form the one vector given initially.

For example, a mini-implant as shown in Fig. 1.4A is 
being used for retraction of anterior teeth. It may be useful 
to resolve this force into the components that are parallel 
and perpendicular to the occlusal plane, to determine the 
magnitude of force in each of these directions. Resolution 

consists of these steps (Fig. 1.4B–C): (1) draw the vector 
given initially to a selected scale; (2) from the tail of the 
vector, draw lines representing the desired directions of the 
two perpendicular components; (3) from the head of the 
vector, draw lines parallel to each of the two direction lines 
so that a rectangle is formed. Note that the new parallel lines 
constructed have the same magnitude and direction as the 
corresponding lines on the opposite side of the rectangle.

FR

FR

FE

FE

R = FR + FE

• Fig. 1.3 Illustration showing the law of vector addition by the parallelogram method. Here, FR can be 
thought of as a retractive force on the incisor and FE as a force from a Class II elastics. The net effect of 
the two forces is represented by the resultant R.

F

F

θ

Horizontal component of the total force (FH)

Vertical component
of the total force(FV)

A

B

C

FH

FV

• Fig. 1.4 The process of vector resolution.
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It is important to note that if it is desirable to estimate 
the magnitude of the components, then simple trigonomet-
ric rules can be invoked to do so. The sine and cosine are in 
particular very useful in finding the horizontal and vertical 
components of the force vector. In this case if, for example, 
the horizontal component of magnitude FH makes an angle 
θ with the force (F), we can derive the components using 
the definitions of sine and cosine: 
  
Horizontal component (FH): FH/F = cos θ; FH = F cos θ
Vertical component (FV): FV/F = sin θ; FV = F sin θ  

With a little practice, it is easy to get the component 
directly as a product, skipping the step involving the pro-
portion. Think of sin θ and cos θ as fractions that are used 
to calculate the sides of a right triangle when the hypotenuse 
is known. The side is always less than the hypotenuse and 
the sine and cosine are always less than one. To get the side 
opposite the angle, simply multiply the hypotenuse by the 
sine of the angle. To get the side adjacent to the angle, mul-
tiply the hypotenuse by the cosine of the angle. 

Center of Resistance, Center of Gravity, and Center 
of Mass
The center of mass of a system may be thought of as that 
point at which all the body’s mass seems to be concentrated 
(i.e., if a force is applied through this point, the system or 
body will move in a straight line). On similar lines recall 
that the earth exerts a force on each segment of a system in 
direct proportion to each segment’s mass. The total effect of 
the force of gravity on a whole body, or system, is as if the 
force of gravity were concentrated at a single point called 
the center of gravity. Again, if a force is applied through 
this point, it will cause the body to move in a straight line 
without any rotation. The difference between the center of 
mass and center of gravity is that the system in question in 
the latter is a ‘restrained system’ (restrained by the force of 
gravity).

Teeth are also a part of a restrained system. Besides 
gravity, they are more dominantly restrained by periodon-
tal structures that are not uniform (involving the root but 
not the crown) around the tooth. Therefore the center of 
mass or the center of gravity will not yield a straight line 
motion if a force is applied through it because the surround-
ing structures and their composition alter this point. A new 
point analogous to the center of gravity is required to yield 
a straight-line motion; this is called the center of resistance 
(CRES) of the tooth (Fig. 1.5).

The CRES can also be defined by its relationship to the 
force: a force for which the line of action passes through the 
CRES producing a movement of pure translation. It must 
be noted that, for a given tooth, this movement may be 
mesiodistal or vestibulolingual, intrusive or extrusive. The 
position of the CRES is directly dependent on what may be 
called the “clinical root” of the tooth. This concept consid-
ers the root volume, including the periodontal bone (i.e., 
the distance between the alveolar crest and the apex), incre-
menting this value with the thickness (i.e., the surface) of 
the root.1

Thus the position of the CRES is also a function of the 
nature of the periodontal structures, and the density of 
the alveolar bone and the elasticity of the desmodontal 
structures that are strongly related to the patient’s age.2–4 
These considerations implore us to speak of the “CRES 
associated with the tooth,” rather than of “the CRES of 
the tooth.” 

Moment (Torque)

When an external force acts on a body at its center of gravity 
(CG), it causes that body to move in a linear path. Such a 
type of force with its line of action through the CG or CRES 
of a body is called a centric force. On similar lines, eccentric 
forces (off-center) act away from the CRES of a body.

What kind of effect will these forces have? Besides caus-
ing the body to move in a linear path, it will have a turning 
effect on the body called torque, or in other words the force 
will also impart a “moment” on the body. The off-axis dis-
tance of the force’s line of action is called the force arm (or 
sometimes the moment arm, lever arm, or torque arm). The 
greater this distance, the greater the torque produced by the 
force. The specifications of the force arm are critical. The 
force arm is the shortest distance from the axis of rotation 
to the line of action of force. Invariably the shortest distance 
is always the length of the line that is perpendicular (90 
degrees) to the force’s line of action (d⏊). The symbol “⏊” 
designates perpendicular. Force arm is critical in determin-
ing the amount of moment acting on the system.

The	amount	of	moment	(M)	acting	to	rotate	a	system	is	
found by multiplying the magnitude of the applied force (F) 
by the force arm distance (d⏊):

M = F(d⏊), where F is measured in Newton and d⏊ 
in millimeter (Fig. 1.6A). Therefore the unit for moment 
as used in orthodontics is Newton millimeter (Nmm). As 
mentioned previously, often for force Newton is replaced 

Center of resistance (CRES)

Center of mass or center of gravity(CG)

• Fig. 1.5 The center of resistance (CRES) of a tooth is usually located 
slightly apical to the center of gravity (CG). The periodontal structures 
surrounding the tooth root cause this apical migration of the CRES.
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with gram (g), therefore the unit for moment becomes: 
Grammillimeter (gm-mm). The larger the force and/or lon-
ger the force arm, larger the moment. Because of this intrin-
sic relationship of the moment and the associated force, it is 
also known as moment of the force	(MF).

If forces are indicated by straight arrows, moments can 
be symbolized by curved arrows. With two-dimensional dia-
grams, clockwise moments will be arbitrarily defined as positive 
and counterclockwise moments negative or vice versa. Values 
can then be added together to determine the net moment on a 
tooth relative to a particular point, such as the CRES.

Point	of	application	and	 line	of	action	are	not	needed;	
nor are graphic methods of addition. The direction of a 
moment can be determined by continuing the line of action 
of the force around the CRES, as shown in Fig. 1.6B. 

Couple (A Type of Moment)

A couple is a form of moment. It is created by a pair of forces 
having equal magnitudes but opposite sense (direction) to one 
another with noncoincidental line of action (parallel forces). 

Because the forces have the same magnitude but are oppositely 
directed, the net potential of this special force system to trans-
late the body on which it acts is nil and there is only rotation.

A typical couple is shown in Fig. 1.7A. Although the cou-
ple’s vector representation is shown midway between the two 
forces, the vector has no particular line-of-action location and 
maybe drawn through any point of the plane of the couple. 
Therefore a couple is also known as a free vector. This freedom 
associated with the couple vector has far reaching implica-
tions in clinical orthodontics and to certain force analysis pro-
cedures (Fig. 1.7B). As an example, no matter where a bracket 
is placed on a tooth, a couple applied at that bracket can only 
cause the tooth to feel a tendency to rotate around its CRES. 
This is also referred to as the moment of the couple (MC).

The	magnitude	 of	 the	moment	 of	 the	 couple	 (MC) is 
dependent on both force magnitude and distance between 
the two forces. The moment created by a couple is actually 
the sum of the moments created by each of the two forces. 
Now if the two forces of the couple act on opposite sides 
of the CRES, their effect to create a moment is additive. If 
they are on the same side of the CRES, they are subtractive  

M

A B

Tp

F

M

Tp

F

• Fig. 1.6 (A) The moment of a force is equal to the magnitude of the force multiplied by the perpendicular 
distance from its line of action to the center of resistance. (B) The direction of the moment of a force can 
be determined by continuing the line of action around the center of resistance.

F

F D

Mc 

F

F d

mc

A B

• Fig. 1.7 (A) The moment created by a couple is always around the center of resistance (CRES) or center 
of gravity (CG) (MC = F × D). (B) No matter where the pair of force are applied, the couple created will 
always act around the CRES or CG. As the distance between the two forces decreases (d<D), the overall 
magnitude of the couple decreases (mc<MC).
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