
The International Space Station’s Canadarm2 
grapples the Kounotori2 H-II Transfer Vehicle 
as it approaches the station in 2011.
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CHAPTER 1
Introduction 
to Dynamics

1/1  History and Modern Applications
Dynamics is that branch of mechanics which deals with the motion of bodies 
under the action of forces. The study of dynamics in engineering usually fol-
lows the study of statics, which deals with the effects of forces on bodies at 
rest. Dynamics has two distinct parts: kinematics, which is the study of mo-
tion without reference to the forces which cause motion, and kinetics, which 
relates the action of forces on bodies to their resulting motions. A thorough 
comprehension of dynamics will provide one of the most useful and powerful 
tools for analysis in engineering.

History of Dynamics
Dynamics is a relatively recent subject compared with statics. The beginning 
of a rational understanding of dynamics is credited to Galileo (1564–1642), 
who made careful observations concerning bodies in free fall, motion on an 
inclined plane, and motion of the pendulum. He was largely responsible for 
bringing a scientifi c approach to the investigation of physical problems. 
 Galileo was continually under severe criticism for refusing to accept the es-
tablished beliefs of his day, such as the philosophies of Aristotle which held, 
for example, that heavy bodies fall more rapidly than light bodies. The lack 
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Galileo Galilei
Portrait of Galileo Galilei 
(1564–1642) (oil on canvas), 
Sustermans, Justus 
(1597–1681) (school of)∕
Galleria Palatina, Florence, 
Italy∕Bridgeman Art Library.
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4 CHAPTER 1  Introduction to Dynamics

of accurate means for the measurement of time was a severe handicap to Galileo, 
and further signifi cant development in dynamics awaited the invention of the pen-
dulum clock by Huygens in 1657.

Newton (1642–1727), guided by Galileo’s work, was able to make an accurate 
formulation of the laws of motion and, thus, to place dynamics on a sound basis. 
Newton’s famous work was published in the fi rst edition of his Principia,* which is 
generally recognized as one of the greatest of all recorded contributions to 
 knowledge. In addition to stating the laws governing the motion of a particle, 
 Newton was the fi rst to correctly formulate the law of universal gravitation. Although 
his mathematical description was accurate, he felt that the concept of remote trans-
mission of gravitational force without a supporting medium was an absurd notion. 
Following Newton’s time, important contributions to mechanics were made by Euler, 
D’Alembert, Lagrange,  Laplace, Poinsot, Coriolis, Einstein, and others.

Applications of Dynamics
Only since machines and structures have operated with high speeds and apprecia-
ble accelerations has it been necessary to make calculations based on the principles 

of dynamics rather than on the principles of statics. The rapid technolog-
ical developments of the present day require increasing application of the 
principles of mechanics, particularly dynamics. These principles are basic 
to the analysis and design of moving structures, to fi xed structures sub-
ject to shock loads, to robotic devices, to automatic control systems, to 
rockets, missiles, and spacecraft, to ground and air transportation vehi-
cles, to electron ballistics of electrical devices, and to machinery of all 
types such as turbines, pumps, reciprocating engines, hoists, machine 
tools, etc.

Students with interests in one or more of these and many other activ-
ities will constantly need to apply the fundamental principles of dynamics.

1/2  Basic Concepts
The concepts basic to mechanics were set forth in Art. 1 ∕2 of Vol. 1 Statics. They are 
summarized here along with additional comments of special relevance to the study 
of dynamics.

Space is the geometric region occupied by bodies. Position in space is deter-
mined relative to some geometric reference system by means of linear and angular 
measurements. The basic frame of reference for the laws of Newtonian mechanics 
is the primary inertial system or astronomical frame of reference, which is an imag-
inary set of rectangular axes assumed to have no translation or rotation in space. 
Measurements show that the laws of Newtonian mechanics are valid for this refer-
ence system as long as any velocities involved are negligible compared with the 
speed of light, which is 300 000 km ∕s or 186,000 mi ∕sec. Measurements made with 
respect to this reference are said to be absolute, and this reference system may be 
considered “fi xed” in space.

A reference frame attached to the surface of the earth has a somewhat compli-
cated motion in the primary system, and a correction to the basic equations of 
 mechanics must be applied for measurements made relative to the reference frame 
of the earth. In the calculation of rocket and space-fl ight trajectories, for example, the 
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*The original formulations of Sir Isaac Newton may be found in the translation of his Principia 
(1687), revised by F. Cajori, University of California Press, 1934.
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 Article  1/3 Newton’s Laws 5

absolute motion of the earth becomes an important parameter. For most engineering 
problems involving machines and structures which remain on the surface of the 
earth, the corrections are extremely small and may be neglected. For these problems 
the laws of mechanics may be applied directly with measurements made relative to 
the earth, and in a practical sense such measurements will be considered absolute.

Time is a measure of the succession of events and is considered an absolute 
quantity in Newtonian mechanics.

Mass is the quantitative measure of the inertia or resistance to change in mo-
tion of a body. Mass may also be considered as the quantity of matter in a body as 
well as the property which gives rise to gravitational attraction.

Force is the vector action of one body on another. The properties of forces have 
been thoroughly treated in Vol. 1 Statics.

A particle is a body of negligible dimensions. When the dimensions of a body are 
irrelevant to the description of its motion or the action of forces on it, the body may be 
treated as a particle. An airplane, for example, may be treated as a particle for the 
description of its fl ight path.

A rigid body is a body whose changes in shape are negligible compared with 
the overall dimensions of the body or with the changes in position of the body as a 
whole. As an example of the assumption of rigidity, the small fl exural movement of 
the wing tip of an airplane fl ying through turbulent air is clearly of no consequence 
to the description of the motion of the airplane as a whole along its fl ight path. For 
this purpose, then, the treatment of the airplane as a rigid body is an acceptable 
approximation. On the other hand, if we need to examine the internal stresses in 
the wing structure due to changing dynamic loads, then the deformation character-
istics of the structure would have to be examined, and for this purpose the airplane 
could no longer be considered a rigid body.

Vector and scalar quantities have been treated extensively in Vol. 1 Statics, 
and their distinction should be perfectly clear by now. Scalar quantities are printed 
in lightface italic type, and vectors are shown in boldface type. Thus, V denotes the 
scalar magnitude of the vector V. It is important that we use an identifying mark, 
such as an underline V, for all handwritten vectors to take the place of the boldface 
designation in print. For two nonparallel vectors recall, for example, that V1 + V2 
and V1 + V2 have two entirely different meanings.

We assume that you are familiar with the geometry and algebra of vectors 
through previous study of statics and mathematics. Students who need to review 
these topics will fi nd a brief summary of them in Appendix C along with other 
mathematical relations which fi nd frequent use in mechanics. Experience has 
shown that the geometry of mechanics is often a source of diffi culty for students. 
Mechanics by its very nature is geometrical, and students should bear this in mind 
as they review their mathematics. In addition to vector algebra, dynamics requires 
the use of vector calculus, and the essentials of this topic will be developed in the 
text as they are needed.

Dynamics involves the frequent use of time derivatives of both vectors and 
 scalars. As a notational shorthand, a dot over a symbol will frequently be used to in-
dicate a derivative with respect to time. Thus, ẋ means dx∕dt and ẍ stands for d2x∕dt2.

1/3  Newton’s Laws
Newton’s three laws of motion, stated in Art. 1 ∕4 of Vol. 1 Statics, are restated here 
because of their special signifi cance to dynamics. In modern terminology they are:

Law I. A particle remains at rest or continues to move with uniform velocity (in 
a straight line with a constant speed) if there is no unbalanced force acting on it.
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6 CHAPTER 1  Introduction to Dynamics

Law II. The acceleration of a particle is proportional to the resultant force 
acting on it and is in the direction of this force.*

Law III. The forces of action and reaction between interacting bodies are 
equal in magnitude, opposite in direction, and collinear.

These laws have been verifi ed by countless physical measurements. The fi rst 
two laws hold for measurements made in an absolute frame of reference, but are 
subject to some correction when the motion is measured relative to a reference 
system having acceleration, such as one attached to the surface of the earth.

Newton’s second law forms the basis for most of the analysis in dynamics. For 
a particle of mass m subjected to a resultant force F, the law may be stated as

F = ma (1 ∕1)

where a is the resulting acceleration measured in a nonaccelerating frame of 
 reference. Newton’s fi rst law is a consequence of the second law since there is no 
acceleration when the force is zero, and so the particle is either at rest or is moving 
with constant velocity. The third law constitutes the principle of action and reac-
tion with which you should be thoroughly familiar from your work in statics.

1/4  Units
Both the International System of metric units (SI) and the U.S. customary system 
of units are defi ned and used in Vol. 2 Dynamics, although a stronger emphasis is 
placed on the metric system because it is replacing the U.S. customary system. 
However, numerical conversion from one system to the other will often be needed 
in U.S. engineering practice for some years to come. To become familiar with each 
system, it is necessary to think directly in that system. Familiarity with the new 
system cannot be achieved simply by the conversion of numerical results from the 
old system.

Tables defi ning the SI units and giving numerical conversions between U.S. 
customary and SI units are included in Table D∕5 of Appendix D.

The four fundamental quantities of mechanics, and their units and symbols for 
the two systems, are summarized in the following table:

F = ma 

*To some it is preferable to interpret Newton’s second law as meaning that the resultant force 
acting on a particle is proportional to the time rate of change of momentum of the particle and 
that this change is in the direction of the force. Both formulations are equally correct when 
 applied to a particle of constant mass.

Quantity
Dimensional

Symbol

SI Units U.S. Customary Units

Unit Symbol Unit Symbol

Mass M
Base 

units

kilogram kg

Base 

units

slug —

Length L meter* m foot ft

Time T second s second sec

Force F newton N pound lb

*Also spelled metre.
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 Article  1/5 Gravitation 7

As shown in the table, in SI the units for mass, length, and time 
are taken as base units, and the units for force are derived from New-
ton’s second law of motion, Eq. 1 ∕1. In the U.S. customary system the 
units for force, length, and time are base units and the units for mass 
are derived from the second law.

The SI system is termed an absolute system because the standard 
for the base unit kilogram (a platinum-iridium cylinder kept at the 
International Bureau of Standards near Paris, France) is independent 
of the gravitational attraction of the earth. On the other hand, the 
U.S. customary system is termed a gravitational system because the 
standard for the base unit pound (the weight of a standard mass lo-
cated at sea level and at a latitude of 45°) requires the presence of the 
gravitational fi eld of the earth. This distinction is a fundamental dif-
ference between the two systems of units.

In SI units, by defi nition, one newton is that force which will give 
a one-kilogram mass an acceleration of one meter per second squared. 
In the U.S. customary system a 32.1740-pound mass (1 slug) will have 
an acceleration of one foot per second squared when acted on by a 
force of one pound. Thus, for each system we have from Eq. 1 ∕1
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The U.S. standard kilogram at the 
National Bureau of Standards.

In SI units, the kilogram should be used exclusively as a unit of mass and never 
force. Unfortunately, in the MKS (meter, kilogram, second) gravitational system, 
which has been used in some countries for many years, the kilogram has been com-
monly used both as a unit of force and as a unit of mass.

In U.S. customary units, the pound is unfortunately used both as a unit of force 
(lbf  ) and as a unit of mass (lbm). The use of the unit lbm is especially prevalent in 
the specifi cation of the thermal properties of liquids and gases. The lbm is the 
amount of mass which weighs 1 lbf under standard conditions (at a latitude of 45° 
and at sea level). In order to avoid the confusion which would be caused by the use 
of two units for mass (slug and lbm), in this textbook we use almost exclusively the 
unit slug for mass. This practice makes dynamics much simpler than if the lbm 
were used. In addition, this approach allows us to use the symbol lb to always mean 
pound force.

Additional quantities used in mechanics and their equivalent base units will be 
defi ned as they are introduced in the chapters which follow. However, for convenient 
reference these quantities are listed in one place in Table D∕5 of Appendix D.

Professional organizations have established detailed guidelines for the consis-
tent use of SI units, and these guidelines have been followed throughout this book. 
The most essential ones are summarized in Table D∕5 of Appendix D, and you 
should observe these rules carefully.

1/5  Gravitation
Newton’s law of gravitation, which governs the mutual attraction between bodies, is

 F = G  

m1m2 

r2 
 (1 ∕2)F = G

m1m2

r2  

SI Units U.S. Customary Units

(1 N) = (1 kg)(1 m ∕s2) (1 lb) = (1 slug)(1 ft ∕sec2)

N = kg ∙ m ∕s2 slug = lb ∙ sec2 ∕ft
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8 CHAPTER 1  Introduction to Dynamics

where F = the mutual force of attraction between two particles

 G = a universal constant called the constant of gravitation

 m1, m2 = the masses of the two particles

 r = the distance between the centers of the particles

The value of the gravitational constant obtained from experimental data is 
G = 6.673(10−11) m3 ∕(kg ∙s2). Except for some spacecraft applications, the only 
gravitational force of appreciable magnitude in engineering is the force due to the 
attraction of the earth. It was shown in Vol. 1 Statics, for example, that each of two 
iron spheres 100 mm in  diameter is attracted to the earth with a gravitational force 
of 37.1 N, which is called its weight, but the force of mutual attraction between 
them if they are just touching is only 0.000 000 095 1 N.

Because the gravitational attraction or weight of a body is a force, it should 
always be expressed in force units, newtons (N) in SI units and pounds force (lb) in 
U.S. customary units. To avoid confusion, the word “ weight” in this book will be 
restricted to mean the force of gravitational attraction.

Eff ect of Altitude
The force of gravitational attraction of the earth on a body depends on the position 
of the body relative to the earth. If the earth were a perfect homogeneous sphere, a 
body with a mass of exactly 1 kg would be attracted to the earth by a force of 9.825 N 
on the surface of the earth, 9.822 N at an altitude of 1 km, 9.523 N at an altitude of 
100 km, 7.340 N at an altitude of 1000 km, and 2.456 N at an altitude equal to the 
mean radius of the earth, 6371 km. Thus the variation in gravitational attraction 
of high-altitude rockets and spacecraft becomes a major consideration.

Every object which falls in a vacuum at a given height near the surface of the 
earth will have the same acceleration g, regardless of its mass. This result can be 
obtained by combining Eqs. 1 ∕1 and 1 ∕2 and canceling the term representing the 
mass of the falling object. This combination gives

g =
Gme

R2

where me is the mass of the earth and R is the radius of the earth.* The mass me 
and the mean radius R of the earth have been found through experimental mea-
surements to be 5.976(1024) kg and 6.371(106) m, respectively. These values,  together 
with the value of G already cited, when substituted into the expression for g, give 
a mean value of g = 9.825 m ∕s2.

The variation of g with altitude is easily determined from the gravitational law. 
If g0 represents the absolute acceleration due to gravity at sea level, the absolute 
value at an altitude h is

g = g0 
R2

(R + h)2

where R is the radius of the earth.

*It can be proved that the earth, when taken as a sphere with a symmetrical distribution of mass 
about its center, may be considered a particle with its entire mass concentrated at its center.
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 Article  1/5 Gravitation 9

Eff ect of a Rotating Earth
The acceleration due to gravity as determined from the gravitational law is the 
acceleration which would be measured from a set of axes whose origin is at the 
center of the earth but which does not rotate with the earth. With respect to these 
“fi xed” axes, then, this value may be termed the absolute value of g. Because the 
earth rotates, the acceleration of a freely falling body as measured from a position 
attached to the surface of the earth is slightly less than the absolute value.

Accurate values of the gravitational acceleration as measured relative to the 
surface of the earth account for the fact that the earth is a rotating oblate spheroid 
with fl attening at the poles. These values may be calculated to a high degree of 
accuracy from the 1980 International Gravity Formula, which is

g = 9.780 327(1 + 0.005 279 sin2 𝛾 + 0.000 023 sin4 𝛾 + ⋯)

where 𝛾 is the latitude and g is expressed in meters per second squared. The for-
mula is based on an ellipsoidal model of the earth and also accounts for the effect 
of the rotation of the earth.

The absolute acceleration due to gravity as determined for a nonrotating earth 
may be computed from the relative values to a close approximation by adding 
3.382(10−2) cos2 𝛾 m ∕s2, which removes the effect of the rotation of the earth. The 
variation of both the absolute and the relative values of g with latitude is shown in  
Fig. 1 ∕1 for sea-level conditions.*

g,
 f

t/
se

c2

g,
 m
/
s2

(Equator) Latitude, degrees

Relative to rotating earth
(International Gravity Formula)

(Poles)

Relative to nonrotating earth
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FIGURE 1/1

Standard Value of g
The standard value which has been adopted internationally for the gravitational 
acceleration relative to the rotating earth at sea level and at a latitude of 45° is 
9.806 65 m ∕s2 or 32.1740 ft ∕sec2. This value differs very slightly from that obtained 
by evaluating the International Gravity Formula for 𝛾 = 45°. The reason for the 

*You will be able to derive these relations for a spherical earth after studying relative motion in 
Chapter 3.

c01IntroductionToDynamics.indd Page 9  16/08/17  7:39 PM f-389 c01IntroductionToDynamics.indd Page 9  16/08/17  7:39 PM f-389 /208/WB02244/9781119390985/ch01/text_s/208/WB02244/9781119390985/ch01/text_s



10 CHAPTER 1  Introduction to Dynamics

small difference is that the earth is not exactly ellipsoidal, as assumed in the for-
mulation of the International Gravity Formula.

The proximity of large land masses and the variations in the density of the crust 
of the earth also infl uence the local value of g by a small but detectable amount. In 
almost all engineering applications near the surface of the earth, we can neglect the 
difference between the absolute and relative values of the gravitational accelera-
tion, and the effect of local variations. The values of 9.81 m ∕s2 in SI units and 
32.2 ft ∕sec2 in U.S. customary units are used for the sea-level value of g.

Apparent Weight
The gravitational attraction of the earth on a body of mass m may be calculated 
from the results of a simple gravitational experiment. The body is allowed to fall 
freely in a vacuum, and its absolute acceleration is measured. If the gravitational 
force of attraction or true weight of the body is W, then, because the body falls with 
an absolute acceleration g, Eq. 1 ∕1 gives

 W = mg (1 ∕3)

The apparent weight of a body as determined by a spring balance, calibrated to 
read the correct force and attached to the surface of the earth, will be slightly less 
than its true weight. The difference is due to the rotation of the earth. The ratio of 
the apparent weight to the apparent or relative acceleration due to gravity still 
gives the correct value of mass. The apparent weight and the relative acceleration 
due to gravity are, of course, the quantities which are measured in experiments 
conducted on the surface of the earth.

1/6  Dimensions
A given dimension such as length can be expressed in a number of different units 
such as meters, millimeters, or kilometers. Thus, a dimension is different from a 
unit. The principle of dimensional homogeneity states that all physical relations 
must be dimensionally homogeneous; that is, the dimensions of all terms in an 
equation must be the same. It is customary to use the symbols L, M, T, and F to 
stand for length, mass, time, and force, respectively. In SI units force is a derived 
quantity and from Eq. 1 ∕1 has the dimensions of mass times acceleration or

F = ML∕T2

One important use of the dimensional homogeneity principle is to check the 
dimensional correctness of some derived physical relation. We can derive the fol-
lowing expression for the velocity v of a body of mass m which is moved from rest a 
horizontal distance x by a force F:

Fx =
1
2 mv2

where the 12 is a dimensionless coeffi cient resulting from integration. This equation 
is dimensionally correct because substitution of L, M, and T gives

[MLT−2][L] = [M][LT−1]2

Dimensional homogeneity is a necessary condition for correctness of a physical 
relation, but it is not suffi cient, since it is possible to construct an equation which is 

W = mg 
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 Article  1/7 Solving Problems in Dynamics 11

dimensionally correct but does not represent a correct relation. You should perform 
a dimensional check on the answer to every problem whose solution is carried out 
in symbolic form.

1/7  Solving Problems in Dynamics
The study of dynamics concerns the understanding and description of the motions 
of bodies. This description, which is largely mathematical, enables predictions of 
dynamical behavior to be made. A dual thought process is necessary in formulating 
this description. It is necessary to think in terms of both the physical situation and 
the corresponding mathematical description. This repeated transition of thought 
between the physical and the mathematical is required in the analysis of every 
problem.

One of the greatest diffi culties encountered by students is the inability to make 
this transition freely. You should recognize that the mathematical formulation of a 
physical problem represents an ideal and limiting description, or model, which ap-
proximates but never quite matches the actual physical situation.

In Art. 1 ∕8 of Vol. 1 Statics we extensively discussed the approach to solving 
problems in statics. We assume therefore, that you are familiar with this approach, 
which we summarize here as applied to dynamics.

Approximation in Mathematical Models
Construction of an idealized mathematical model for a given engineering problem 
always requires approximations to be made. Some of these approximations may be 
mathematical, whereas others will be physical. For instance, it is often necessary to 
neglect small distances, angles, or forces compared with large distances, angles, or 
forces. If the change in velocity of a body with time is nearly uniform, then an as-
sumption of constant acceleration may be justifi ed. An interval of motion which 
cannot be easily described in its entirety is often divided into small increments, 
each of which can be approximated.

As another example, the retarding effect of bearing friction on the motion of a 
machine may often be neglected if the friction forces are small compared with the 
other applied forces. However, these same friction forces cannot be neglected if the 
purpose of the inquiry is to determine the decrease in effi ciency of the machine due 
to the friction process. Thus, the type of assumptions you make depends on what 
information is desired and on the accuracy required.

You should be constantly alert to the various assumptions called for in the 
formulation of real problems. The ability to understand and make use of the appro-
priate assumptions when formulating and solving engineering problems is cer-
tainly one of the most important characteristics of a successful engineer.

Along with the development of the principles and analytical tools needed for 
modern dynamics, one of the major aims of this book is to provide many opportuni-
ties to develop the ability to formulate good mathematical models. Strong emphasis 
is placed on a wide range of practical problems which not only require you to apply 
theory but also force you to make relevant assumptions.

Application of Basic Principles
The subject of dynamics is based on a surprisingly few fundamental concepts and 
principles which, however, can be extended and applied over a wide range of 
 conditions. The study of dynamics is valuable partly because it provides experience 
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12 CHAPTER 1  Introduction to Dynamics

in reasoning from fundamentals. This experience cannot be obtained merely by 
memorizing the kinematic and dynamic equations which describe various motions. It 
must be obtained through exposure to a wide variety of problem situations which 
require the choice, use, and extension of basic principles to meet the given conditions.

In describing the relations between forces and the motions they produce, it is 
essential to defi ne clearly the system to which a principle is to be applied. At times 
a single particle or a rigid body is the system to be isolated, whereas at other times 
two or more bodies taken together constitute the system.

The defi nition of the system to be analyzed is made clear by constructing its 
free-body diagram. This diagram consists of a closed outline of the external 
boundary of the system. All bodies which contact and exert forces on the system but 
are not a part of it are removed and replaced by vectors representing the forces they 
exert on the isolated system. In this way, we make a clear distinction between the 
action and reaction of each force, and all forces on and external to the system are 
accounted for. We assume that you are familiar with the technique of drawing free-
body diagrams from your prior work in statics.

Numerical versus Symbolic Solutions
In applying the laws of dynamics, we may use numerical values of the involved 
quantities, or we may use algebraic symbols and leave the answer as a formula. 
When numerical values are used, the magnitudes of all quantities expressed in 
their particular units are evident at each stage of the calculation. This approach is 
useful when we need to know the magnitude of each term.

The symbolic solution, however, has several advantages over the numerical 
solution:

 1. The use of symbols helps to focus attention on the connection between the 
physical situation and its related mathematical description.

Key Concepts  Method of Attack

An effective method of attack is essential in the solution 
of dynamics problems, as for all engineering problems. 
Development of good habits in formulating problems 
and in representing their solutions will be an invaluable 
asset. Each solution should proceed with a logical se-
quence of steps from hypothesis to conclusion. The fol-
lowing sequence of steps is useful in the construction of 
problem solutions.

 1. Formulate the problem:

(a) State the given data.

(b) State the desired result.

(c) State your assumptions and approximations.

 2. Develop the solution:

(a) Draw any needed diagrams, and include coor-
dinates which are appropriate for the problem 
at hand.

(b) State the governing principles to be applied to 
your solution.

(c) Make your calculations.

(d) Ensure that your calculations are consistent 
with the accuracy justifi ed by the data.

(e) Be sure that you have used consistent units 
throughout your calculations.

(f ) Ensure that your answers are reasonable in 
terms of magnitudes, directions, common 
sense, etc.

(g) Draw conclusions.

The arrangement of your work should be neat and 
orderly. This will help your thought process and enable 
others to understand your work. The discipline of doing 
orderly work will help you to develop skill in problem 
formulation and analysis. Problems which seem com-
plicated at fi rst often become clear when you approach 
them with logic and discipline.
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 2. A symbolic solution enables you to make a dimensional check at every step, 
whereas dimensional homogeneity cannot be checked when only numerical 
values are used.

 3. We can use a symbolic solution repeatedly for obtaining answers to the same 
problem with different units or different numerical values.

Thus, facility with both forms of solution is essential, and you should practice each 
in the problem work.

In the case of numerical solutions, we repeat from Vol. 1 Statics our convention 
for the display of results. All given data are taken to be exact, and results are gen-
erally displayed to three signifi cant fi gures, unless the leading digit is a one, in 
which case four signifi cant fi gures are displayed. An exception to this rule occurs in 
the area of orbital mechanics, where answers will generally receive an additional 
signifi cant fi gure because of the necessity of increased precision in this discipline.

Solution Methods
Solutions to the various equations of dynamics can be obtained in one of three 
ways.

 1. Obtain a direct mathematical solution by hand calculation, using either al-
gebraic symbols or numerical values. We can solve the large majority of the 
problems this way.

 2. Obtain graphical solutions for certain problems, such as the determination of 
velocities and accelerations of rigid bodies in two-dimensional relative motion.

 3. Solve the problem by computer. A number of problems in Vol. 2 Dynamics are 
designated as Computer-Oriented Problems. They appear at the end of the Re-
view Problem sets and were selected to illustrate the type of problem for which 
solution by computer offers a distinct advantage.

The choice of the most expedient method of solution is an important aspect of the 
experience to be gained from the problem work. We emphasize, however, that the 
most important experience in learning mechanics lies in the formulation of problems, 
as distinct from their solution per se.

1/8  Chapter Review
This chapter has introduced the concepts, defi nitions, 
and units used in dynamics, and has given an overview 
of the approach used to formulate and solve problems in 
dynamics. Now that you have fi nished this chapter, you 
should be able to do the following:

 1. State Newton’s laws of motion.

 2. Perform calculations using SI and U.S. customary 
units.

 3. Express the law of gravitation and calculate the 
weight of an object.

 4. Discuss the effects of altitude and the rotation of 
the earth on the acceleration due to gravity.

 5. Apply the principle of dimensional homogeneity to 
a given physical relation.

 6. Describe the methodology used to formulate and 
solve dynamics problems.
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Just after liftoff, there is a  multitude 
of critical dynamic events taking 
place for this jetliner.
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14 CHAPTER 1  Introduction to Dynamics

HELPFUL HINTS
1  Our calculator indicates a result of 

3.108099 . . . slugs. Using the rules of 
signifi cant fi gure display used in this 
textbook, we round the written result to 
three signifi cant fi gures, or 3.11 slugs. 
Had the numerical result begun with 
the digit 1, we would have rounded the 
displayed answer to four signifi cant 
 fi gures.

2  A good practice with unit conversion is 
to multiply by a factor such as

 [
4.4482 N

1 lb ], which has a value of 1, 

 because the numerator and the denomi-
nator are equivalent. Be sure that can-
cellation of the units leaves the units 
desired—here the units of lb cancel, 
leaving the desired units of N.

3  Note that we are using a previously cal-
culated result (445 N). We must be sure 
that when a calculated number is 
needed in subsequent calculations, it is 
obtained in the calculator to its full ac-
curacy (444.82 . . .). If necessary, num-
bers must be stored in a calculator stor-
age register and then brought out of the 
register when needed. We must not 
merely punch 445 into our calculator 
and proceed to divide by 9.80665—this 
practice will result in loss of numerical 
accuracy. Some individuals like to place 
a small indication of the storage register 
used in the right margin of the work pa-
per, directly beside the number stored.

h = 200 mi

(c)
(b)

(a)

R

SAMPLE PROBLEM 1/1

A space-shuttle payload module weighs 100 lb when 
resting on the surface of the earth at a latitude of 45° 
north.

(a) Determine the mass of the module in both slugs and 
kilograms, and its surface-level weight in newtons.

(b) Now suppose the module is taken to an altitude of 
200 miles above the surface of the earth and released 
there with no velocity relative to the center of the earth. 
Determine its weight under these conditions in both 
pounds and newtons.

(c) Finally, suppose the module is fi xed inside the cargo bay of a space 
shuttle. The shuttle is in a circular orbit at an altitude of 200 miles 
above the surface of the earth. Determine the weight of the module in 
both pounds and newtons under these conditions.

 For the surface-level value of the acceleration of gravity relative to a 
rotating earth, use g = 32.1740 ft  ∕sec2 (9.80665 m ∕s2). For the absolute 
value relative to a nonrotating earth, use g = 32.234 ft ∕sec2 (9.825 m ∕s2). 
Round off all answers using the rules of this textbook.

Solution. (a) From relationship 1 ∕3, we have

 [W = mg]     m =
W
g

=
100 lb

32.1740 ft∕sec2 = 3.11 slugs 1  Ans.

Here we have used the acceleration of gravity relative to the rotating 
earth, because that is the condition of the module in part (a). Note that 
we are using more signifi cant fi gures in the acceleration of gravity than 
will normally be required in this textbook (32.2 ft ∕sec2 and 9.81 m ∕s2 
will normally suffi ce).
 From the table of conversion factors in Table D∕5 of Appendix D, 
we see that 1 pound is equal to 4.4482 newtons. Thus, the weight of the 
module in newtons is

 W = 100 lb [
4.4482 N

1 lb ] = 445 N 2  Ans.

Finally, its mass in kilograms is

[W = mg]     m =
W
g

=
445 N

9.80665 m∕s2 = 45.4 kg 3  Ans.

 As another route to the last result, we may convert from pounds 
mass to kilograms. Again using Table D∕5, we have

m = 100 lbm [
0.45359 kg

1 lbm ] = 45.4 kg

We recall that 1 lbm is the amount of mass which under standard con-
ditions has a weight of 1 lb of force. We rarely refer to the U.S. mass 
unit lbm in this textbook series, but rather use the slug for mass. The 
sole use of slug, rather than the unnecessary use of two units for mass, 
will prove to be powerful and simple.
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(b) We begin by calculating the absolute acceleration of gravity (rela-
tive to the nonrotating earth) at an altitude of 200 miles.

[ g = g0  

R2

(R + h)2 ]  gh = 32.234 [
39592

(3959 + 200)2 ] = 29.2 ft∕sec2

The weight at an altitude of 200 miles is then

 Wh = mgh = 3.11(29.2) = 90.8 lb Ans.

We now convert Wh to units of newtons.

 Wh = 90.8 lb [
4.4482 N

1 lb ] = 404 N Ans.

 As an alternative solution to part (b), we may use Newton’s univer-
sal law of gravitation. In U.S. units,

[ F =
Gm1m2

r2 ]         Wh =  
Gmem

(R + h)2 =
[3.439(10−8)][4.095(1023)][3.11]

[(3959 + 200)(5280)]2

 =  90.8 lb

which agrees with our earlier result. We note that the weight of the 
module when at an altitude of 200 mi is about 90% of its surface-level 
weight—it is not weightless. We will study the effects of this weight on 
the motion of the module in Chapter 3.

(c) The weight of an object (the force of gravitational attraction) does 
not depend on the motion of the object. Thus the answers for part (c) are 
the same as those in part (b).

 Wh = 90.8 lb or 404 N Ans.

 This Sample Problem has served to eliminate certain commonly 
held and persistent misconceptions. First, just because a body is raised 
to a typical shuttle altitude, it does not become weightless. This is true 
whether the body is released with no velocity relative to the center of 
the earth, is inside the orbiting shuttle, or is in its own arbitrary 
 trajectory. And second, the acceleration of gravity is not zero at such 
altitudes. The only way to reduce both the acceleration of gravity and 
the corresponding weight of a body to zero is to take the body to an 
 infi nite distance from the earth.

SAMPLE PROBLEM 1/1 (CONTINUED)
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