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REFACE There is good reason for the tradition that students ~f science and 
engineering start college physics with the study of mechanics: 
mechanics is the cornerstone of pure and applied science. The 
concept of energy, for example, is essential for the study of the 
evolution of the universe, the properties of elementary particles, 
and the mechanisms of biochemical reactions. The concept of 
energy is also essential to the design of a cardiac pacemaker and 
to the analysis of the limits of growth of industrial society. How- 
eves, there are difficulties in  presenting an introductory course in 
mechanics which is both exciting and intellectually rewarding. 
Mechanics is a mature science and a satisfying discussion of its 
principles is easily lost in  a superficial treatment. A t  the other 
extreme, attempts to "enrich" the subject by emphasizing 
advanced topics can produce a false sophistication which empha- 
sizes technique rather than understanding. 

This text was developed from a first-year course which we taught 
for a number of years a t  the Massachusetts Institute of Tech nalogy 
and, earlier, a t  Harvard University. We have tried to present 
mechanics in an engaging form which offers a strong base for 
future work in pure and applied science. Our approach departs 
from tradition more in  depth and style than in the choice of topics; 
nevertheless, it reflects a view of mechanics held by twentieth- 
century physicists. 

Our book is written primarily for students who come to the course 
knowing some calculus, enough to differentiate and integrate si m- 
ple functions.' It has also been used successfully in  courses 
requiring only concurrent registration in calculus. (For a course 
of this nature, Chapter 1 should be treated as a resource chapter, 
deferring the detailed discussion of vector kinematics for a time. 
Other suggestions are listed in  To The Teacher.) Our experi- 
ence has been that the principal source of difficulty for most stu- 
dents is in  learning how to apply mathematics t o  physical problems, 
not with mathematical techniques as such. The elements of cal- 
culus can be mastered relatively easily, but the development of 
problem-soIving ability requires careful guidance. We have pro- 
vided numerous worked examples throughout the text to help 
supply this guidance. Some of the examples, particularly in  the 
early chapters, are essentially pedagogical. Many examples, how- 
ever, illustrate principles and techniques by application to prob- 
lems of real physical interest. 

The first chapter is a mathematical introduction, chiefly on vec- 
tors and kinematics. The concept of rate of change of a vector, 

The background provided in "Quick Calculus" by Daniel Kleppner and Norman 
Rarnsey, John Wiley & Sons, New York, 1965, is adequate. 
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probably the most difficuft mathematical concept in the text, 
plays an important role throughout mechanics. ~ o n s e q  uently, 
this topic is developed with care, both analytically and geometrically. 
The geometrical approach, in particular, later proves to be invalu- 
able for visualizing the dynamics of angular momentum. 

Chapter 2 discusses inertial systems, Newton's laws, and some 
common forces. Much of the discussion centers on applying New- 
ton's Taws, since analyzing even simple problems according to 
general principles can be a challenging t a i k  at first. Visualizing 
a complex system in terms of its essentials, selecting suitable 
inertial coordinates, and distinguishing between forces and accel- 
erations are all acquired skills. The numerous illustrative exarn- 
ples in the text have been carefully chosen to help develop these 
skills. 

Momentum and energy are developed in  the following two chap- 
ters. Chapter 3, on momentum, applies Newton's laws to extended 
systems. Students frequently become confused when they try to 
apply momentum considerations to rockets and other systems 
involving flow of mass. Our approach is to apply a differential 
method to  a system defined so that no mass crosses its boundary 
during the chosen time interval. This ensures that no contribution 
to the total momentum is overlooked. The chapter concludes with 
a discussion of momentum f!ux. Chapter 4, on energy, develops 
the work-energy theorem and its application to conservative and 
nonconservative forces. The conservation laws for momentum 
and energy are jllustrated by a discussion of collision problems. 

Chapter 5 deals with some mathematical aspects of conservative 
forces and potential energy; this material is not needed elsewhere 
in  the text, but it will be of interest to students who want a mathe- 
matically complete treatment of the subject. 

Students usuafly find it difficult to grasp the properties of angular 
momentum and rigid body motion, partly because rotational motion 
lies so far from their experience that they cannot rely on intuition. 
As a result, introductory texts often slight these topics, despite 
their importance. We have found that rotational motion can be 
made understandable by emphasizing physical reasoning rather 
than mathematical formalism, by appealing to geometric argu- 
ments, and by providing numerous worked examples. In Chapter 
6 angular momentum is introduced, and the dynamics of fixed 
axis rotation is treated. Chapter 7 develops the important features 
of rigid body motion by applying vector arguments to systems 
dominated by spin angular momentum. An elementary treatment 
of general rigid body motion is presented in the last sections of 
Chapter 7 20 show how Euler's equations can be developed from 
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simple physical arguments. This more advanced material is 
optional however; we do not usually treat it in our own course. 

Chapter 8, on noninertial coordinate systems, completes the 
development of the principles of newtonian mechanics. Up to 
this point in the text, inertial systems have been used exclusively 
in order to avoid confusion between forces and accelerations. 
Our discussion of noninertial systems emphasizes their value as 
computational tools and their implications for the foundations of 
mechanics. 

Chapters 9 and 10 treat central force motion and the harmonic 
oscillator, respectively. Although no new physical concepts are 
involved, these chapters illustrate the application of the principles 
of mechanics t o  topics of general interest and importance in  phy- 
sics. Much of the algebraic complexity of the harmonic oscitlator 
is avoided by focusing the discussion on energy, and by using sim- 
ple approximations. 

Chapters I1 through 14 present a discussion of the principles of 
special relativity and some of its applications. We attempt to 
emphasize the harmony between relativistic and classical thought, 
believing, for example, that it is more valuable to show how the 
classical conservation laws are unified In relativity than to dwell 
at length on the so-called '"aradoxes." Our treatment is con- 
cise and minimizes algebraic complexities. Chapter 14 shows how 
ideas of symmetry play a fundamental role in the formulation of 
relativity. Although we have kept the beginning students in mind, 
the concepts here are more subtle than in the previous chapters. 
Chapter 14 can be omitted if desired; but by illustrating how sym- 
metry bears on the principles of mechanics, it offers an exciting 
mode of thought and a powerful new tool. 

Physics cannot be learned passively; there is absolutkly no sub- 
stitute for tackling challenging problems. Here is where students 
gain the sense of satisfaction and involvement produced by a 
genuine understanding of the principles of physics. The collec- 
tion of problems in  this book was developed over many years of 
classroom use. A few problems are straightforward and intended 
for drill; most emphasize basic principles and require serious 
thought and effort. We have tried to choose problems which 
make this effort worthwhile in the spirit of Piet Hein's aphorism 

Problems worthy 
of attack 

prove their worth 
by hitting back1 

1 From Grooks I, by Piet Hein, copyrFghted 1966, The M.I.T. Press. 
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THE 
TEACHER 

The first eight chapters form a comprehensive introduction l o  
classical mechanics and constitute the heart of a one-semester 
course. In  a 12-week semester, we have generally covered the 
first 8 chapters and parts of Chapters 9 or 10. However, Chapter 
5 and some of the advanced topics in  Chapters 7 and 8 are usually 
omitted, although some students pursue them independently. 

Chapters 11,12, and 13 present a complete introduction to special 
relativity. Chapter 14, on transformation theory and four-vectors, 
provides deeper insight into the subject for interested students. 
We have used the chapters on relativity in  a three-week short 
course and also as part of the second-term course in electricity and 
magnetism. 

The problems at  the end of each chapter are generally graded 
in difficulty. They are also cumulative; concepts and techniques 
from earlier chapters are repeatedly called upon in  later sections 
of the book. The hope is that by the end of the course the student 
will have developed a good intuition for tackling new problems, 
that he will be able to make an intelligent estimate, for instance, 
about whether to start f om the momentum approach or from the 
energy approach, and that he will know how to set off on a new 
tack if his first approach is unsuccessful. Many students report 
a deep sense of satisfaction from acquiring these skills. 

Many of the problems require a symbolic rather than a numerical 
solution. This is not meant to minimize the importance of numeri- 
cal work but to reinforce the habit of analyzing problems symboli- 
cally. Answers are given to some problems; in others, a numericaf 
"answer clue" is provided to allow the student to check his sym- 
bolic result. Some of the problems are challenging and require 
serious thought and discussion. Since toe many such problems 
at once can result in  frustration, each assignment should have a 
mix of easier and harder problems. 

Chapter1 Although we would prefer to start a course in  mechan- 
ics by discussing physics rather than mathematics, there are real 
advantages t o  devoting the first few lectures t o  the mathematics 
of motion. The concepts of kinematics are straightforward for 
the most part, and it is hefpfuf to have them clearly in hand 
before tackling the much subtler problems presented by new- 
tonfan dynamics in Chapter 2. A departure from tradition in  this 
chapter is the discussion of kinematics using polar coordinates. 
Many students find this topic troublesome at first, requiring serious 
effort. However, we feel that the effort wi!l be amply rewarded. 
In the first place, by being able to use polar coordinates freely,, 
the kinematics of rotational motion are much easier to understand; 
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the mystery of radial acceleration disappears. More important, 
this topic gives valuable insights into the nature of a time-varying 
vector, insights which not only simplify the dynamics of particle 
motion in Chapter 2 but which are invaluable to the discussion of 
momentum flux in Chapter 3, angular momentum in Chapters 6 
and 7, and the use of noninertial coordinates in Chapter 8= Thus, 
the effort put into understanding the nature of time-varying vectors 
in Chapter 1 pays important dividends throughout the course. 
If the course is intended for students who are conclurrently begin- 

ning their study of calculus, we recommend that parts of Chapter 1 
be deferred. Chapter 2 can be started after having covered only 
the first six sections of Chapter 1. Starting with Example 2.5, the 
kinematics of rotational motion are needed; a t  this point the ideas 
presented in  Section 1.9 should be introduced. Section 1.7, on the 
integration of vectors, can be postponed until the class has become 
familiar with integrals. Occasional examples and problems involv- 
ing integration will have to be omitted until that time. Section 1.8, 
on the geometric interpretation of vector differentiation, is essen- 
tial preparation for Chapters 6 and 7 but need not be discussed 
earlier. 

Chapter 2 The material in Chapter 2 often represents the stu- 
dent's first serious attempt to apply abstract principles to con- 
crete situations. Newton's laws of motion are not self-evident; 
most people unconsciously follow aristotelian thought. We find 
that after an initial period of uncertainty, students become accus- 
tomed to analyzing problems according to principles rather than 
vague intuition. A common source of difficulty a t  first is to con- 
fuse force and acceleration. We therefore emphasize the use of 
inertial systems and recommend strongly that noninertial coor- 
dinate systems be reserved until Chapter 8, where their correct 
use is discussed. En particular, the use of centrifugal force in 
the early chapters can lead to endless confusion between inertial 
and noninertial systems and, in any case, it is not adequate for the 
analysis of motion in rotating coordinate systems. 

Chapters 3 and'4 There are many different ways to derive the 
rocket equations. However, rocket problems are not the only 
ones in  which there is  a mass flow, so that it is important to adopt 
a method which is easily generalized. It is also desira bls that the 
method be in  harmony with the laws of conservation of momentum 
or, to put it more crudely, that there is no swindle involved. The 
differential approach used in  Section 3.5 was developed to meet 
these requirements. The approach may not be elegant, but it is 
straightforward and quite general. 
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In Chapter 4, we attempt to emphasize the general nature of 
the work-energy theorem and the difference between conserva- 
tive and nonconservative forces. Although the line integral is 
introduced and explained, only simple line integrals need to be 
evailuated, and general computational techniques should not be 
given undue attention. 

Chapter 5 This chapter completes the discussion of energy and 
provides a useful introduction to potential theory and vector cal- 
culus. However, it is relatively advanced and will appeal only to 
students with an appetite for mathematics. The results are not 
needed elsewhere in  the text, and we recommend leaving this 
chapter for optional use, or as a special topic. 

Chapters 6 and 7 Most students find that angular momentum is 
the most difficult physical concept in  elementary mechanics. The 
major conceptual hurdle is visualizing the vector p r o p e ~ i e s  of 
angular momentum, We therefore emphasize the vector  nature 
of angular momentum repeatedly throughout these chapters. In  
particular, many features of rigid body motion can be understood 
intuitively by relying on the understanding of time-varying vectors 
developed in  earlier chapters .  It is more profitable to emphasize 
the qualitative features of rigid body motion than formal aspects 
such as the tensor of inertia. I f  desired, these qualitative argu- 
ments can be pressed quite far, as in the analysis of gyroscopic 
nutation in Note 7.2. The elementary discussion of Euler's equa- 
tions in Section 7.7 is intended as optional reading only. Although 
Chapters 6 and 7 require hard work, many students develop a phy- 
sical insight into angular momentum and rigid body motion which 
is seldom gained at the introductory level and which is often 
obscured by mathematics in  advanced courses. 

Chapter 8 The subject of noninertial systems offers a natural 
springboard to such speculative and interesting topics as trans- 
formation theory and the principle of equivalence. From a more 
practical point of view, the use of noninertial systems is an impor- 
tant technique for solving many physical problems, 

Chapters 9 and 10 In these chapters t h e  principles developed 
earlier are applied to two important problems, central force motion 
and the harmonic oscillator. Although both topics are generally 
treated rather formafly, we have tried to simplify the mathematical 
development. The discussion of central force motion relies heavily 
on the conservation laws and on energy diagrams. The treatment 
of the harmonic oscillator sidesteps much of the clsuaf algebraic 
complexity by focusing on the lightly damped oscillator. Applica- 
tions and examples play an important role in both chapters. 
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Chapters 11 to 14 Special relativity offers an exciting change of 
pace to a course in mechanics. Our approach attempts to empha- 
size the connection of relativity with classical thought. We have 
used the Michelson-Morley experiment to motivate the discussion. 
Although the prominence of this experiment in  Einstein's thought 
has been much exaggerated, this approach has the advantage of 
grounding the discussion on a real experiment. 

We have tried to focus on the ideas of eventsand their trans- 
formations without emphasizing computational aids such as dia- 
grammatic methods. This approach allows us to deemphasize 
many of the so-called paradoxes. 

For many students, the real mystery of relativity lies not in the 
postulates or transformation laws but in  why transformation prin- 
ciples should suddenty become the f undarnental concept for gen- 
erating new physical laws. This touches on the deepest and most 
provocative aspects of Einstein's thought. Chapter 14, on four- 
vectors, provides an introduction to transformation theory which 
unifies and summarizes the preceding development. The chapter 
is intended to be optional. 

Daniel Kleppner 
Robert J. Kolenkow 
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