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Preface

The subject of dynamics has been taught in engineering curricula for decades, tradi-
tionally as a second-semester course as part of a year-long sequence in engineering
mechanics. This approach to teaching dynamics has led to a wide array of currently
available engineering mechanics books, including Beer and Johnston (1997), Bedford
and Fowler (2005), Hibbeler (2001), and Merriam and Kraige (1997). From my experi-
ence, the reasons these books are adopted for undergraduate courses in engineering
mechanics are threefold. First, they include a wide variety of worked examples and
have more than 1000 problems for the students to solve at the end of each chapter.
The variety of problems provides instructors with the flexibility to assign different
problems every semester for several years. Second, these books are generic enough
that they can be used to teach undergraduates in virtually any branch of engineering.
Third, they cover both statics and dynamics, thereby making it is possible for a student
to purchase a single book for a year-long engineering mechanics course. Using these
empirical measures, it is hard to dispute that these books cover a tremendous amount
of material and enable an instructor to tailor the material to the needs of a particular
course. Given the vast array of undergraduate dynamics books already available, an
obvious question that arises is, why write yet another book on the subject of under-
graduate engineering dynamics? While it is clear that the availability of another book
on the subject would clearly add to the number of choices available to instructors, it
may be difficult at first glance to see how the addition of another book would add value
to the existing literature. However, after my experience over the past several years of
teaching dynamics, not only do I now believe that there is room for another book, but
I feel strongly that the paradigm used to teach the subject of dynamics needs to be
completely overhauled.

Before I ever taught undergraduate dynamics, I, too, believed that the existing books
on engineering mechanics were more than adequate and that an additional book would
add little to no value to the existing literature. Consequently, without giving it much
thought, the first time I taught engineering dynamics (course EK302 at Boston Univer-
sity) I randomly chose one of the standard undergraduate textbooks. Given my notions
at the time, it never occurred to me that the book I chose for my class would pose so
many difficulties for my students. However, not more than a few weeks into my first
semester of teaching, I was met by vehement complaints from my students regarding
the textbook. Given their frustration and my sincere desire to keep them motivated, I
began investigating more thoroughly why my students found the textbook so difficult
to follow and what I could do to help them overcome their frustration.

My investigation began by carefully reading each of the aforementioned engineering
mechanics textbooks. My conclusion from reading these books was that the frustration
my students were experiencing emanated from two sources. First, I found an enormous
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x Preface

inconsistency between the presentation of the theory and the application of the theory
to examples. Second, I found the approach to problem solving was highly formulaic
and did not place an emphasis on understanding. Essentially, I concluded that these
books lacked the pedagogy required for a student to master the key concepts and, in-
stead, promoted an ad hoc approach to problem solving. More importantly, because of
the inconsistency between the presentation and the application of the theory, I found
that these books make it difficult for a student’s understanding of the material to grow
as the course progressed. Consequently, rather than solving problems systematically
from first principles, my students were trying to solve homework problems either by
emulating a problem solved in the book, by reverse engineering a solution using the
answers at the back of the book (by analogy to a boundary-value problem, I call this
approach the “shooting” method for finding a solution to a problem), or by searching
for formulas from which they could “plug in” the information that they are given. The
worst part was that, given a new problem (however similar it may appear to be to pre-
vious problems), they were at a loss as to how to proceed because they had not truly
understood the key concepts.

My desire to write this book has grown out of my experience that undergraduate
engineering dynamics needs to be taught in an extremely systematic and highly ex-
plicit manner. My approach has been put to the test over the past several years while
teaching the core undergraduate engineering dynamics course at Boston University. I
consider my approach to dynamics to be a significant departure from any of the ex-
isting books on undergraduate engineering dynamics. First, different from the afore-
mentioned books, I have developed a highly rigorous presentation of the concepts.
Second, the level of rigor in solving problems is identical to that used in developing
the theory. Using my approach, it is possible for a student to see clearly the connec-
tion between the theory and the application of the theory. To this end, I have adopted
a more advanced (but what I believe is a significantly more descriptive) notation than
is commonly found in other undergraduate engineering dynamics books. Third, I have
kept the material at the undergraduate level, i.e., the types of problems that are in-
cluded share similarities with those found in many other engineering dynamics books.
With regard to notation, with the exception of second-order tensors, the only mathe-
matical prerequisite for this book is vector calculus (with regard to tensors, I believe
that, given a few simple explanations and without losing a step, the basics of tensor
algebra can be handled by a fourth-semester undergraduate student in mechanical or
aerospace engineering). Fourth, in absolutely every topic covered in this book, I use
a step-by-step vector mechanics approach to solving problems. I have found through
experience that the approach I have chosen works extremely well in practice. In partic-
ular, I am able to see substantial growth in the thought process of my students from
the first week of class to the final exam.

This book is intended for undergraduate students who want a systematic and rig-
orous approach to the subject of particle and rigid body dynamics. Because of the
intended audience, certain topics in this book have been intentionally omitted. In par-
ticular, I do not cover the topics of systems where mass is gained or lost. Furthermore,
I cover three-dimensional kinetics of rigid bodies in a relatively limited manner. In the
case of systems that gain or lose mass, to teach this topic correctly requires a basic
course on fluid mechanics, which many students do not have upon entering an un-
dergraduate engineering dynamics course. With regard to three-dimensional kinetics
of a rigid body, it is simply not possible to cover this entire topic in a one-semester
undergraduate engineering dynamics course.
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Preface xi

The material presented in this book is not new. However, I believe strongly that my
approach is highly pedagogical, truly aids in mastering the key concepts, and promotes
retention of the material well beyond the duration of the course. As I have already
said, my approach is a significant departure from approaches used in other books. To
motivate my approach, I have attempted throughout the book to include a sufficient
number of worked examples and have included a wide range of problems at the end
of each chapter for a student to solve. Most of the problems are ones that I have
constructed myself while others are based on problems from the beautifully written
book by Greenwood (1988). Finally, the notation I have adopted for kinematics is based
on the notation developed by Kane and Levinson (1985).

Finally, I would like to re-emphasize that this book has been written with the stu-
dent in mind. To this end, everywhere possible I have attempted to provide explicit
guidance so that the student is able to follow clearly both the theory and the examples.
It is my sincere hope that students everywhere will benefit from this book.

Anil V. Rao
Boston, Massachusetts
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Nomenclature

Symbols

⊗ = Tensor product between two vectors
�• = Vector direction out of page⊗ = Vector direction into page
∇ = Gradient operator
R = One-dimensional Euclidean space
R3 = Three-dimensional Euclidean space
A = General reference frame
B = General reference frame
F = Fixed inertial reference frame
N = General inertial reference frame
R = Rigid body
R1 = Rigid body
R2 = Rigid body
Adb
dt

= Rate of change of b as viewed by an observer

in reference frame A

Scalars

E = Total energy
g = Magnitude of acceleration due to gravity
G = Universal constant of gravitation
� = Length of linear spring
�0 = Unstretched length of linear spring
m = Mass
M = Mass
r = Magnitude of position or radius
R = Magnitude of reaction force or radius
s = Arc-length
t = Time
T = Kinetic energy
u = Dummy variable of integration
U = Potential energy
v = Speed
x = First component of Cartesian position
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xvi Nomenclature

y = Second component of Cartesian position
z = Third component of Cartesian position
β = Angle
κ = Curvature of trajectory
µ = Coefficient of friction
µd = Coefficient of dynamic friction
µs = Coefficient of static friction
θ = Angle
θ̇ = Angular rate
ω1 = First component of angular velocity
ω2 = Second component of angular velocity
ω3 = Third component of angular velocity
φ = Angle
φ̇ = Angular rate
τ = Torsion of trajectory

Vectors and Tensors

Aa = Acceleration as viewed by an observer in reference frame A
A ā = Acceleration of center of mass

as viewed by an observer in reference frame A
a = General vector
b = General vector
c = Constant vector

e1 = First basis vector
e2 = Second basis vector
e3 = Third basis vector
ex = First Cartesian basis vector
ey = Second Cartesian basis vector
ez = Third Cartesian basis vector
et = Unit tangent vector
en = Principle unit normal vector
eb = Principle unit bi-normal vector
fij = Force exerted by particle j on particle i
g = Local acceleration due to gravity
n = Unit normal to surface
r = Position
r̄ = Position of center of mass
u = Unit tangent vector

Av = Velocity as viewed by an observer in reference frame A
A v̄ = Velocity of center of mass

as viewed by an observer in reference frame A
Av̄RC = Velocity of point C on rigid body R

as viewed by an observer in reference frame A
w = Unit tangent vector
E1 = First basis vector
E2 = Second basis vector
E3 = Third basis vector
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Nomenclature xvii

Ex = First Cartesian basis vector
Ey = Second Cartesian basis vector
Ez = Third Cartesian basis vector
NG = Linear momentum in inertial reference frame N

Nd
dt

(
NG
)

= Rate of change of linear momentum inertial reference frame N
NHQ = Angular momentum in inertial reference frame N

relative to point Q
NHO = Angular momentum in inertial reference frame N

relative to point O fixed in N
N

H̄ = Angular momentum in inertial reference frame N
relative to center of mass

Nd
dt

(
NHQ

)
= Rate of change of NHQ

in inertial reference frame N relative to point Q
Nd
dt

(
NHO

)
= Rate of change of angular momentum in inertial reference frame N

relative to point O fixed in N
Nd
dt

(N
H̄
)

= Rate of change of angular momentum in inertial reference frame N
relative to center of mass

IR = Moment of inertia tensor of a rigid body R
IRQ = Moment of inertia tensor of a rigid body R

= relative to point Q
Ī
R

= Moment of inertia tensor of a rigid body R
relative to center of mass of R

M = Moment
MO = Moment relative to point O
MQ = Moment relative to point Q

M̄ = Moment relative to center of mass
N = Reaction force
S = Symmetric tensor
T = General tensor
U = Identity tensor
R = Reaction force

AαB = Angular acceleration of reference frame B
as viewed by an observer in reference frame A

AωB = Angular velocity of reference frame B
as viewed by an observer in reference frame A

ρ = Relative position
τ = Pure torque
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