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Kinematics

MECHANICAL PROLOGUE

Mechanics is the study of the motion of material bodies. Historical-
ly, it was one of the earliest exact sciences to be developed. Some me-
chanical principles were known to Greek scientists in the third century B.
C.. The tremendous growth of physics since the 1600’ s began with the
discovery of the laws of mechanics by Galileo and Newton. Early success-
es were in predicting the motions of the moon, the earth, the planets and
their satellites( celestial mechanics) .

Now we apply some principles to the motions of artificial satellites
such as an orbiting Space Shuttle. In general, the principles of mechanics
can be applied to

(a) the motions of celestial objects so as to accurately predict
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events, in some cases many years before they happen, for example, the
return of Halley’ s comet;

(b) the motions of ordinary objects on Earth, for example, an auto-
mobile or a thrown baseball;

(c) the behavior of atoms, atomic particles, and subatomic parti-
cles, with considerable success.

The term classical mechanics is generally used to differentiate these
principles from those newer physical theories, such as relativistic mechan-
ics and quantum mechanics.

Mechanics greatly influenced the growth of later sciences such as
sound and electricity. It may be said that mechanics furnishes the basic
concepts of the whole physics, so quite naturally, the study of physics be-
gins here.

1.1 MECHANICAL MOTION

Mechanical motion is the simplest form motion of matter. It consists
in the movement of bodies or their parts relative to one another. We can
see movements of bodies everywhere in our ordinary life. This is why me-
chanical notions are so clear. This also explains the fact that mechanics
was the first of all the natural sciences to be developed very broadly.

A combination of bodies separated for consideration is called a me-
chanical system. The bodies to be included in a system depend on the na-
ture of the problem being solved. In a particular case, a system may con-
sist of a single body.

It was indicated above that motion in mechanics is defined as the
change in the mutual arrangement of the bodies. If we imagine a separate
isolated body in a space where no other bodies are present, then we can-
not speak of the motion of the body because there is nothing with respect
to which the body could change its position. It thus follows that if we in-
tend to study the motion of a body, then we must indicate with respect to
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what other bodies the given motion occurs.

Motion occurs both in space and in time (space and time are in-
alienable forms of existence of matter). Consequently, to describe mo-
tion, we must also determine time. We use a timepiece (watch or clock)
for this purpose.

A combination of bodies that are stationary relative to one another
with respect to which motion is being considered and a timepiece indicat-
ing the time forms a reference frame.

The motion of the same body relative to different reference frames
may have a different nature. For example, let us imagine a train gaining
speed. Suppose that a passenger is walking with a constant velocity along
the corridor of one of the cars of the train. The motion of the passenger
relative to the car will be uniform, and relative to the Earth’s surface it
will be accelerated.

To describe the motion of a body means to indicate for every moment
of time the position of the body in space and its velocity. To set the state
of a mechanical system, we must indicate the positions and the velocities
of all the bodies forming the system. A typical problem of mechanics con-
sists in determining the states of a system at all the following moments of
time ¢ when we know the state of the system at a certain initial moment to
and also the laws governing the motion.

It must be noted that no physical problem can be solved absolutely
exactly. An approximate solution is always obtained. The degree of ap-
proximation is determined by the nature of the problem and the object to
be achieved. In solving a problem approximately, we disregard the factors
that are not significant in the given case. For example, we may often dis-
regard the dimensions of the body whose motion is being studied. For in-
stance, it is quite possible to disregard the earth’ s dimensions when treat-
ing its motion about the sun. This allows us to considerably simplify our
description of the motion because the earth’ s position in space can be de-



4  English in Physics

termined by a single point.

A body whose dimension may be disregarded in the conditions of a
given problem is called a point particle (or simply a particle) . Whether
or not we may consider a given body as a particle depends not on the di-
mensions of the body, but on the conditions of the problem. The same
body in some cases may be treated as a particle, but in others it must be
considered as a extended body.

When speaking about a body as a particle, we disengage ourselves
from its dimensions. Another abstraction which we have to do with in me-
chanics is a perfectly rigid body. Absolutely undeformable bodies do not
exist in nature. Any body deforms to a greater or smaller extent, i.e.
changes its shape and dimensions, under the action of forces applied to
it. The deformations of bodies when considering their movements may of-
ten be disregarded, however. If this is done, the body is called perfectly
rigid. Thus, a body whose deformations may be disregarded in the condi-
tions of a given problem is called a perfectly rigid, or simply a rigid body.

Any motion of a rigid body can be resolved into two basic kinds of
motion translational motion and circular motion.

Translational motion( translation) is defined as motion in which any
straight line associated with the moving body remains parallel to itself
(Fig.1.1).
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Fig.1.1 Fig.1.2
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In circular motion( rotation) , all the points of a body move in circles
whose centers are on a single straight line called the axis of rotation(Fig.
1.2). The axis of rotation can be outside a body(Fig.1.2).

Since when treating a body is a particle we ignore its length, the
concept of circular motion about an axis passing through such a body can
not be applied to it.

To acquire the possibility of describing motion quantitatively, we
have to associate a coordinate system (for example a Cartesian one) with
the bodies forming a reference frame. Hence, the position of a particle
can be determined by setting the three numbers %, y, and z—the Carte-
sian coordinates of the particle. A coordinates system can be made
by forming a rectangular lattice from identical
rods or rules graduated to a definite scale
(Fig.1.3). Identical clocks system can be
made by forming a rectangular lattice form i-
dentical rods or rules graduated to a definite
scale (Fig.1.3). Identical clocks synchro-
nized with one another must be placed at the
lattice points. The position of a particle and Fig.1.3
the moment of time corresponding to this position are recorded on the
graduated rods and the clock closest to the particle.

It is simpler to treat a point particle than an extended body. We
shall therefore first study the mechanics of a particle, and then go over to
the mechanics of a rigid body. We shall start with kinematics, and then
delve into dynamics. We remind our reader that kinematics studies the
motion of bodies without regard to what causes this motion. Dynamics
studies the motion of bodies with a view to what causes this motion to have
the nature it does, i.e. with a view to the interactions between bodies.
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1.2 VECTORS

Vectors are defined as quantities characterized by a numerical value
and a direction and, also, as ones that are added according to the triangle
or parallelogram method. The last requirement is a very significant one.
We can indicate quantities characterized by a numerical value and a sense
of direction, but that are added in a different way than vectors. We shall
take as an example the rotation of a body about an axis through the finite
angle ¢. Such rotation can be depicted in the form of a segment of length
@ directed along the axis about which rotation is occurring and pointing in
a direction associated with what of rotation according to the right-hand
screw rule. The top portion of Fig. 1.4 shows two consecutive turns of the
sphere through the angles n/2 depicted by the segments ¢, and ¢,. The
first turn about axis 1 - 1 transfers point A of the sphere to position A',
and the second turn about axis 2 — 2 transfers it to the position A”. The
same result, i.e transfer of point A to position A”, can be achieved by
tumning the sphere about axis 3 — 3 (see the bottom portion of Fig.1.4)
through the angle w. Hence, such a turn should be considered as the
sum of the turns ¢ and @,. It canntz)t be obtained from the segments and

A
! | ﬂ e
=)
@, =7/2 P,=7/2
2
4 3
= /
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however, by adding them according to the parallelogram method. Such
addition gives a segment of length 7/¥2 instead of the required length .
Rotation through the angle transfers point A to point A”. It thus follows
that the turns through finite angles depicted by the directed segments do
not have the properties of vectors.

The numerical value of a vectors is called its magnitude. Figuratively
speaking, the magnitude of a vector indicates its length. The magnitude
of a vector is a scalar, and always a positive one.

Vectors are represented graphically by arrows. The length of an ar-
row determines to the established scale the magnitude of the relevant vec-
tor, and the arrow points in the direction of the vector.

Vectors are customarily distinguished by setting their symbols in
boldface type, for example, @, b, v and F. The same symbols set in i-
talics signify the magnitude of the relevant vectors, for example, a is the
magnitude of the vector @ . It is sometimes necessary to express the mag-
nitude by placing a vertical bar (an absolute value sign) on each side of
the symbol for the vector. Thus, |a| is the magnitude of the vector a.
This representation is used, for example, to show the magnitude of the
sum of the vectors @; and a,:

la; + a;| = magnitude of the vector (a; + a,) (1.1)

In this case, the notation @; + @, signifies the sum of the magni-
tudes of the vectors being added, which in general does not equal the
magnitude of the sum of vectors (the two sums will be equal only when
the vectors being added have the same direction) .

Vectors directed along parallel straight lines (in the same or in op-
posite directions) are called collinear. Vectors in parallel planes are
called coplanar.

Collinear vectors can be arranged along the same straight line and
coplanar vectors can be brought into one plane by parallel translation.
Collinear vectors equal in magnitude and having the same direction are
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considered to equal each other.

Vectors addition and subtraction. It is more convenient to add vec-
tors in practice without constructing a parallelogram. Examination of Fig.
1.5 shows that we can achieve the same result if we bring the tail of the
second vector in contact with the tip of the first one, and then draw the
resultant vector from the tail of the first vector to the tip of the second
one. It is very good to use this procedure when we have to add more than
two vectors (Fig.1.6) .

az

a
a 3

Fig.1.5 Fig.1.6

The magnitude of the difference of two vector, like the magnitude of
a sum [ see Eq.1.1] may be written only with the aid of vertical bars:
la; - a;| = magnitude of the vector (@; - a,) (1.2)
Because the notation a; — a; signifies the difference of magnitudes of
the vectors @, and a;, which generally speaking does not equal the mag-
nitude of the vector difference.

1.3 VELOCITY AND SPEED

A point particle in motion travels along a certain line. The latter is
called its path or trajectory. Depending on the shape of a trajectory, we
distinguish rectilinear or straight motion, circular motion, curvilinear mo-
tion, etc.

Assume that a point particle(in the following we shall call it simply a
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particle for brevity’s sake) traveled along a certain trajectory from point 1
to 2 (Fig.1.7) . The path between points 1 and 2 measured along the tra-
jectory is called the distance traveled by the particle. We shall denote it
by the symbol s.

The straight line between points 1 and 2, i.e. the shortest distance
between these points, is called the displacement of the particle. We shall
denote it by the symbol ry,. Let us assume that a particle completes two
successive displacements r; and rj3(Fig.1.8). It is natural to call such
a displacement 73 the sum of the first two that lead to the same result as
they do together. Thus, displacement are characterized by magnitude and
direction and, besides, are added by using the parallelogram method.
Hence, it follows that displacement is a vector.

2 2
Trajectory
Iy
L}
ra 3
4T
1 1
Fig.1.7 Fig.1.8

In everyday life, we use the terms speed and velocity interchange-
ably, but in physics there is an important distinction between them.
Speed depends on the distance uavelled,. and velocity on the displace-
ment. Speed is the distance travelled by a particle in unit time. If a par-
ticle travels identical distances during equal time intervals that may be as
small as desired, its motion is called uniform. In this case, the speed of
the particle at each moment can be calculated by dividing the distance s
by the time ¢.

Velocity is a vector quantity characterizing not only how fast a parti-
cle travels along its trajectory, but also the direction in which the particle



