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Introduction 

The first module of the basic course of general physics. The manual is compiled on 

the basis of lectures for foreign students of higher educational institutions. It contains 

theoretical material from the Physics-1 module (Chapter 1. Physical basis of 

mechanics). Physics-1 also includes two sections: Chapter 2. Molecular Physics and 

Thermodynamics, Chapter 3. Electrostaticfield, which are covered in the follow 

ingguides. 

Physics is a science that studies general laws of nature phenomena, properties and 

structure of matter, its movement laws. 

Currently, two types of inanimate matter are known: substance and field. 

Substance is considered to be formed of atoms, molecules and all bodies consisting of 

them. The other type of matter is formed of gravitational and electromagnetic fields. 

The main method of study in physics is an experiment (research), that is, the 

observation of the phenomenon under study in the precisely controlled 

conditions.This allows you to follow the course of the study and reproduce it each 

time while repeating the conditions. 

 Physical theory is a system of basic ideas that generalizes experimental data, 

theoretical calculations and reflects the objective laws of nature. Physical theory 

gives an explanation of the entire field of natural phenomena from a single point of 

view. 

Physics is the scientific foundation for the development of new branches of 

technology. On the basis of its discoveries it was created electrical engineering and 

radio engineering, electronic and computer technology, space technology and 

instrumentation, nuclear power engineering, laser technology, and others.  

The achievements of physics led to the development of fundamentally new and more 

advanced methods of production, devices and installations.  

In its turn, the technology, while developing and improving, puts forward new 

challenging problems, the solution of which requires a deeper study of various 

physical phenomena.  

It was technical needs that made the ancient society to develop mechanics needed for 

the construction of various buildings. The need for engines determined the rapid 

development of thermodynamics, etc. 
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Physics forms the scientific outlook of man. Mathematics is the language of physics, 

in particular differential and integral calculus. Applying the apparatus of higher 

mathematics, physics puts a slightly different meaning in some of its concepts. For 

example, the notion of "elementary physical quantity" used in physics cannot be 

identified with the notion of a mathematically infinitesimal small quantity. 

This module of physics consists of three topics: physical basis of mechanics, 

molecular physics and thermodynamics, electrostatic field. 

Physical fundamentals of mechanics are a section of physics that studies patterns of 

mechanical motion of bodies and the causes of its occurrence and change. 

Classical mechanics (Newtonian mechanics) includes the following sections: 

kinematics, dynamics, statics, conservation laws and fluid mechanics. 

The section of physics that studies the dependence of bodies structure and their 

physical properties on the nature of motion and the interaction between the particles 

of which the bodies are composed is called molecular physics. 

At the heart of the theory there are three important points, confirmed experimentally 

and theoretically: 

• All bodies consist of the smallest particles - atoms, molecules,that include even 

smaller elementary particles. The structure of any substance is intermittent. 

• Atoms and molecules of (any substance) matter are always in a continuous 

chaotic motion, which is called thermal. 

There are forces of interaction between particles of any substance - attraction and 

repulsion. 

Thermodynamics is a section of physics that studies the most general patterns of 

processes in macroscopic systems that are in the state of thermodynamic equilibrium 

and the processes of transition between such states. 

Electrostatics is a section of physics that studies the interaction of charged bodies or 

particles. 
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1. Fundamentals of kinematics 

Kinematics is a branch of mechanics. It studies geometric properties of the 

mechanical motion of bodies in space and time without taking into account their mass 

and the forces acting on these bodies. 

Mechanical movement of a body is a change of its position in space relative to other 

bodies during some period of time. 

Mechanical motion is relative. To describe the motion of a body it is necessary to 

specify in relation to which body the motion is considered. This body is called the 

body of reference. 

The reference frame is the coordinate system associated with the reference body and 

the clock (immobile relative to this reference system) for the reference time frame. 

This reference system allows you to determine the position of the body moving at any 

moment of the time.  

A body whose dimensions can be neglected under given conditions is called a 

material point. 

 

Absolutely solid body is defined as a system of particles interconnected by such 

Newtonian forces, which leave the distance between any two particles of this body 

unchanged. 

Absolutely elastic body is called the body, which after 

the termination of the external forcecompletely restores 

its original size and shape. 

Absolutely inelastic body is called a body, which after 

the termination of external force completely preserves 

the deformed state caused by this action.  
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Fig. 1.1. Coordinate method 
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There are three ways to describe the position and movement of a point in the selected 

reference frame - vectorial, coordinate, and natural. 

The position of a material point in space at any time (the law of motion) can be 

determined by the dependence of the coordinates on the time 𝑥 =  𝑥 (𝑡), 𝑦 =  𝑦 (𝑡), 

𝑧 =  𝑧 (𝑡) (coordinate method) or by using the dependence of the radius vector on 

time (vector method), drawn from the origin to the given point. 

 

 

 

 

 

 

 

 

 

 

The radius vector of a point is a vector whose origin coincides with the origin of the 

coordinate system, and the end with the given point. 

𝑟 = 𝑖𝑥 + 𝑗𝑦 + �⃗⃗�𝑧,                                                    (1.1) 

where 𝑖, 𝑗, �⃗⃗� are unit vectors of directions, 𝑥, 𝑦, 𝑧 are point coordinates. 

The length of the segment of the trajectory between two data points is called the path 

(∆S) passed by the particle over the appropriate time interval. The unit of the path is 

the meter [m]. 

Displacement (∆𝑟) is a vector, that links the starting point of the trajectory and its 

final position. 

∆𝑟 = 𝑟 − 𝑟0⃗⃗⃗⃗ ,                                                           (1.2) 

The vector (module) of the displacement vector|∆𝑟| is equal to the distance between 

the starting point and the end position of the point on the trajectory and in general is 

not equal to the distance travelled ∆S. 
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Fig. 1.2.  The passed path is the numerical 

equivalent to the area of the shaded curved 

trapezoid in the coordinates 𝑣(𝑡) 

𝑣(𝑡) 

𝑡 

𝑆 

𝑡1  𝑡2  

 

Velocity (�⃗⃗⃗�) is change of position. 

The velocity (�⃗� ) is a vector physical quantity that characterizes the rate of change in 

the position of a body in space and is equal to the first derivative of the radius vector 

in time. The unit of the velocity is the meter per second [m/s]. 

The motion of a point over a time interval ∆𝑡 is characterized by the ratio of the 

movement ∆𝑟  carried out during this time interval to the value ∆𝑡, which is called 

the mean velocity vector (or medium moving velocity vector) 〈�⃗�〉: 

〈�⃗�〉 =
∆𝑟

∆𝑡
,                                                             (1.3) 

Instantaneous speed (or speed): 

�⃗� = lim
∆𝑡→0

∆𝑟

∆𝑡
=

𝑑𝑟

𝑑𝑡
= ∆𝑟′⃗⃗⃗ = ∆�̇�,                                      (1.4) 

In addition to the values 〈�⃗�〉 and �⃗�,  average 〈𝑣〉 and instantaneous 𝑣 scalar or path 

velocity are used. They are defined by the following formulas: 

〈𝑣〉 =
𝑆

∆𝑡
,                                                             (1.5) 

𝑣 =
𝑑𝑆

𝑑𝑡
,                                                             (1.6) 

The path dS, which is passed over the 

elementary small time dt, will be defined as 

follows: 

𝑑𝑆 = 𝑣(𝑡)𝑑𝑡,                 (1.7) 

The path passed by the body over the final 

time interval from 𝑡1 to 𝑡2 is integrated: 

𝑆 = ∫ 𝑣(𝑡)𝑑𝑡
𝑡1
𝑡2

,              (1.8) 

Passed by the numerical equivalent to the 

area shaded curved trapezoid in the 

coordinates 𝑣(𝑡). 

If the direction of the velocity vector does 

not change, the motion is called straightforward. 

If the speed module does not change over the time, the motion is called uniform. 
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Fig. 1.3. Full acceleration in 

curvilinear motion 
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𝑎  

𝑣  

Acceleration (�⃗�) is a vector physical quantity that characterizes the rate of change of 

the velocity vector. The unit of the acceleration is the meter per second 

squared [m/s2]. 

�⃗� = lim
∆𝑡→0

∆�⃗⃗�

∆𝑡
=

𝑑�⃗⃗�

𝑑𝑡
= ∆𝑣 ′⃗⃗⃗ ⃗(𝑡) = ∆�̇⃗�(𝑡) = ∆�̈�(𝑡) =

𝑑2𝑟

𝑑𝑡2
,             (1.9) 

In the rectilinear motion, the direction of speed remains constant, thus the 

acceleration vector either coincides in the direction with the velocity vector, or is 

directed in opposition to it. 

If the acceleration module does not change with time, then in the first case the motion 

will be equally accelerated, in the second it will be equally slower. The speed of 

motion at any point of time will be determined by the ratio: 

𝑣 = 𝑣0 ± 𝑎𝑡,                                              (1.10) 

The way from formula (1.10): 

𝑆 = ∫ (𝑣0 ± 𝑎𝑡)𝑑𝑡 = 𝑣0𝑡 ±
𝑎𝑡2

2

𝑡

0
,                             (1.11) 

If the motion is equal (�⃗� = 𝑐𝑜𝑛𝑠𝑡), then the acceleration is determined by the ratio: 

�⃗� =
∆�⃗⃗�

∆𝑡
=

𝑣2⃗⃗⃗⃗⃗−𝑣1⃗⃗⃗⃗⃗

∆𝑡
,                                            (1.12) 

In the curvilinear motion, the velocity vector changes 

its direction as well as its numerical value (that is the 

module). 

In this case it is convenient to divide the acceleration 

vector into two components. One of them 𝑎𝜏⃗⃗⃗⃗⃗ is 

tangential to the trajectory of moving (tangential 

acceleration), the second 𝑎𝑛⃗⃗ ⃗⃗⃗  is perpendicular to this 

tangential (normal or centrifugal acceleration). 

�⃗� = 𝑎𝜏⃗⃗⃗⃗⃗ + 𝑎𝑛⃗⃗ ⃗⃗⃗,                                                (1.13) 

Full acceleration module: 

𝑎 = √𝑎𝜏
2 + 𝑎𝑛

2,                                            (1.14) 

Tangential acceleration characterizes the rate of change in velocity by magnitude: 

𝑎𝜏 =
𝑑𝑣

𝑑𝑡
,                                                    (1.15) 
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Fig. 1.4.  Rotational motion 

 

𝑟  

O 

𝜔    

𝑑𝜑   

O’ 

𝑑𝜑 

If the velocity of the value does not change, then 

𝑎𝜏 = 0 

Normal acceleration characterizes the rate of change in velocity in the direction and is 

directed along the radius to the center of the curvature of the trajectory: 

𝑎𝑛 =
𝑣2

𝑅
,                                                    (1.16) 

If the direction of speed does not change, then 

𝑎𝑛 = 0 

Rotational motion is a movement in which all points 

of an absolutely solid body move in circles whose 

centers lie on one straight line. This straight line is 

called the axis of rotation. The circles on which the 

points of the body move are in planes perpendicular to 

this axis. 

Let’s consider the rotation of the material point 

relative to the OO 'axis. Rotation is characterized by 

the angular displacement. 

Angular displacement (𝑑�⃗⃗�) is a vector whose 

module is equal to the angle of rotation expressed in 

radians [rad]. 

Angular displacement along the axis of rotation is 

directed in such a way, that if you look from the end 

of vector 𝑑�⃗⃗�, then the direction of rotation of the radius vector develops 

counterclockwise  (according to the rule of the vector product). 

𝑑𝑟 = [𝑑�⃗⃗�, 𝑟],                                                (1.17) 

Angular velocity (�⃗⃗⃗�) is a vector physical quantity that characterizes the speed of 

rotationof аmaterial point. The unit of the angular velocity is the radian per second 

[rad/s]. 

�⃗⃗⃗� =
𝑑�⃗⃗⃗�

𝑑𝑡
,                                                                      (1.18) 

A rotation with a constant angular velocity is called uniform, where: 

𝜔 =
𝜑

𝑡
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Uniform rotation is assumed to be characterized by the period of rotation and the 

frequency of rotation. 

The period of rotation (T) is the time during which one full turn is performed. The 

unit of the period is the second [s]. During the time equal to the period, the material 

point returns to the angle of 2π (𝜋 ≈ 3.14 𝑟𝑎𝑑). This implies: 

𝜔 =
2𝜋

𝑇
= 2𝜋ν,                                            (1.19) 

Frequency of rotation (ν) is equal to the number of rotationsper one time unit. The 

unit of the frequency is the hertz [Hz]. 

ν =
1

T
=

ω

2π
,                                                (1.20) 

Angular acceleration (휀⃗) is a vector physical quantity that characterizes the rate of 

change of the angular velocity. It is measured in radians per second squared [rad/s2]. 

휀⃗ =
𝑑�⃗⃗⃗⃗�

𝑑𝑡
,                                                    (1.21) 

With a uniform rotational motion there are relations analogous to the formulas 

describing the equilibrium rectilinear motion: 

𝜔 = 𝜔0 ± 휀𝑡,                                                (1.22) 

𝜑 = 𝜑0 + 𝜔0𝑡 ±
𝑡2

2
,                                            (1.23) 

Relationship between linear and angular characteristics 

 

A point located at a distance R off the axis of rotation when the body is rotated to the 

angle 𝜑 during time 𝑑𝑡 passes the path: 

 

 

 

 

 

 

 

 

 

𝑆 = 𝑅𝜑,                                                 (1.24) 

Let’s differentiate equations in time: 
𝑑𝑆

𝑑𝑡
= 𝑅

𝑑𝜑

𝑑𝑡
 

 

𝑅 

�⃗⃗⃗� 

𝜑 𝑂 
𝑆 
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𝑣 = 𝑅𝜔,                                                 (1.25) 

Now we differentiate equations in time: 
𝑑𝑣

𝑑𝑡
= 𝑅

𝑑𝜔

𝑑𝑡
 

𝑎𝜏 = 𝑅휀,                                                (1.26) 

Comparison of formulas of kinematics of translational and rotational motions 

Translational motion Rotational motion 

𝑆 - path 

�⃗� =
𝑑𝑟

𝑑𝑡
 -linear velocity 

�⃗� =
𝑑�⃗⃗�

𝑑𝑡
 -linear acceleration 

𝜑 -turning angle 

�⃗⃗⃗� =
𝑑�⃗⃗⃗�

𝑑𝑡
 -angular velocity 

휀⃗ =
𝑑�⃗⃗⃗⃗�

𝑑𝑡
 -angular acceleration 

Uniform motion Uniform rotation 

𝑣 = 𝑐𝑜𝑛𝑠𝑡, 
𝑆 = 𝑣𝑡 

𝜔 = 𝑐𝑜𝑛𝑠𝑡, 
𝜑 = 𝜔𝑡 

Equally variable motion Equally variablerotation 

𝑎 = 𝑐𝑜𝑛𝑠𝑡 
𝑣 = 𝑣0 ± 𝑎𝑡 

𝑆 = 𝑣0𝑡 ±
𝑎𝑡2

2
 

휀 = 𝑐𝑜𝑛𝑠𝑡 
𝜔 = 𝜔0 ± 휀𝑡 

𝜑 = 𝜑0 +𝜔0𝑡 ±
휀𝑡2

2
 

 

2. Principle of Relativity of Galileo  

In fact, the special theory of relativity interprets (treats) physical properties of space 

and time in inertial reference frames. 

The theory of relativity is a physical theory that deals with spatial and temporal 

regularities valid for any physical processes. A special theory of relativity is also 

called a relativistic theory. 

Galileo formulated the principle of relativity in order to show that one cannot 

determine whether the earth revolves about the sun or the sun revolves about the 

earth. The principle of relativity states that there is no physical way to differentiate 

between a body moving at a constant speed and an immobile body. It is of course 

possible to determine that one body is moving relative to the other, but it is 

impossible to determine which of them is moving and which is immobile. The laws 

of physics are identical in systems moving one at a constant velocity in relation to the 

other, so that one cannot conduct any physical experiment capable of indicating if the 

body is immobile or in motion. 
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Fig. 2.1.  System К′ is relative to system K 
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In fact, there is no meaning in the concept of a moving body, without reference to its 

movement relative to another body. Velocity is only relative velocity. 

Let’s compare the description of the 

motion of a particle in inertial reference 

frames K and K '. 

System К′ moves relative to K with a 

constant velocity 𝑣 in the direction of 

axis𝑥. 

The coincidence of a point coordinate in 

the system is presented by the following 

calculations: 

{

𝑥 = 𝑥′ + 𝑣𝑡
𝑦 = 𝑦′

𝑧 = 𝑧′

𝑡 = 𝑡′

,                                                  (2.1) 

Equations (2.1) are called Galileo transformations. Equality 𝑡 = 𝑡′ means that the 

time in both systems flows equally. Galileo transformations lead to the law of 

converting the velocity of an arbitrary point M.  

𝑑𝑥

𝑑𝑡
=
𝑑𝑥′

𝑑𝑡
+
𝑑(𝑣𝑡)

𝑑𝑡
 

𝑉𝑥 = 𝑣𝑥
′ + 𝑣,                                                    (2.2) 

Point M acceleration in reference frames are the same: 

𝑑𝑉𝑥
𝑑𝑡

=
𝑑𝑣𝑥

′

𝑑𝑡
+
𝑑(𝑣 = 𝑐𝑜𝑛𝑠𝑡)

𝑑𝑡
 

𝐴𝑥 = 𝑎𝑥
′ ,                                                   (2.3) 

The mass of the body does not change when moving from one inertial reference 

frame to another: 

𝑚𝐴𝑥 = 𝑚𝑎𝑥
′  

𝐹𝑥 = 𝐹𝑥
′,                                                    (2.4) 

In classical mechanics, the mechanical principle of relativity (the principle of the 

Galileo's relativity) is valid as the laws of mechanics are the same in all inertial 

reference frames. This means that in different inertial reference frames all mechanical 
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processes under the same conditions are the same. The mechanical principle of 

relativity proves that in mechanics all inertial reference systems are entirely equal. 

3. Non-inertial frame of reference  

Non-inertial reference systems are those that move with acceleration relative (faster 

with respect) to inertial reference systems. It is clear that Newton's laws are not valid 

(fulfilled in) for themwhich means that in such systems bodies can move with 

acceleration, when external forces do not act on them. 

In fact, for the description of non-inertial reference systems we can apply the basic 

equation of the dynamics of the material point, but make an adjustment to the forces 

of inertia. The forces of inertia are not the result of the interaction of two bodies, but 

theyare the property of the reference system and, therefore, there is no counteracting 

force for them. 

The basic equation of dynamics in a non-inertial reference system can be written as 

follows: 

𝑚�⃗� = �⃗� + 𝐹𝑖⃗⃗⃗,                                                  (3.1) 

where �⃗�- equivalence of external forces, 𝐹𝑖⃗⃗⃗ - inertia force. 

Consequently, for non-inertial systems Galilean transformations always work. 

The centrifugal force is directed oppositely to the centripetal force, which 

determines the distortion of the trajectory of the moving body. The centripetal force 

is directed to the center of the curvature and applied to the moving body; the 

centrifugal force is equal to the centripetal value but is directed oppositely, that is, 

from the center of curvature towards the convexity of the trajectory and is applied to 

the bodies causing distortion of the trajectory of the moving body. 

𝐹𝑐𝑒𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = 𝑚𝜔2𝑟,                                           (3.2) 

Coriolis force arises only when the point moves relative to the system which 

rotates(thatis in the rotational motion) and is numerically equal to 

𝐹𝑐⃗⃗⃗⃗ = 𝑚�⃗� = 2𝑚[�⃗⃗⃗�, 𝑣
′⃗⃗⃗⃗ ],                                  (3.3) 

Coriolis force cannot be compared with any other force that occurs when the bodies 

interact, since it is not a manifestation of interactionbut a property of the reference 

system (frame). For this reason, there is no counterweight for the coriolis force, 

which means that for the forces of inertiathe third Newton’slaw is not valid 

(fulfilled). 
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4. Fundamental equations of dynamics 

Dynamics is a section of mechanics which studies the body motion taking into 

account the causes causing this movement. 

Mass (𝒎) is a scalar physical quantity, which is a measure of inert and gravitational 

properties of the body. It can serve as a measure of energy content. The basic unit of 

mass is the kilogram [kg]. 

The main properties of the mass: 

- the mass in classical mechanics does not depend on the speed of motion; 

- the mass is an additive value, that is, the mass of the system of bodies is equal 

to the sum of the masses of the bodies belonging to this system; 

- in classical mechanicsthe mass of a closed system remains constant, that is, the 

law of conservation of mass is valid here as well. 

Density (𝝆) is a scalar physical quantity, and a characteristic of a material that is 

numerically equal to the mass of the volume unit. The unit of density is 

the kilogram per unit volume [kg/m3]. 

𝜌 =
𝑚

𝑉
,                                                      (4.1) 

Linear momentum (�⃗⃗⃗�) is a vector physical quantity equal to the product of the 

mass of the body by its velocity. It is measured in kilogram meters per 

second [kg⋅m/s]. 

𝑝 = 𝑚�⃗�,                                                 (4.2) 

Force (�⃗⃗⃗�) is a vector physical quantity that is a measure of mechanical action on a 

body, other bodies or fields. It is measured of newtons [N]. 

Strength is characterized by a module (numerical value), a direction and an 

application point. The straight line along which the force is directed is called a line of 

force. 

The force of action can be static and dynamic.  

Static action is manifested in the occurrence of deformations, dynamic can be seen in 

the occurrence of accelerations. 

The form of the formula for calculating the force depends on the nature of the 

interactions. 

Types of interactions 
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Fig. 4.1. Interaction of two material points 

1. Gravitational interactions. The law of universal gravitation. 

 

Two material points 

with masses 𝑚1 and 𝑚2 

are attracted to each 

other with the one force 

that is directly 

proportional to the 

masses of these bodies 

and is inversely 

proportional to the square of the distance between them. 

 

𝐹 = 𝐺
𝑚1𝑚2

𝑟2
,                                                 (4.1) 

where G is the gravitational constant, also known 

as the universal gravitational constant, or 

as Newton's constant, is an empirical physical 

constant involved in the calculation 

of gravitational effects in Sir Isaac Newton's law 

of universal gravitation and in Albert 

Einstein's general theory of relativity. Its 

measured value is approximately     𝐺 = 6.67 ∙ 10−11
𝑁∙𝑚2

𝑘𝑔2
. 

While using the formula it should be remembered that it is suitable only for 

material points that is for those bodies that are spaced apart from each other at 

a very long distance compared to their size.The exception is the attraction of 

two homogeneous spheres (or asphereand a material point). In this case, R is 

the distance between the centers of the spheres (or the center of the sphere and 

the material point). 

If one of the interacting bodies is Earth, and the body with mass m is at an 

altitude h from the Earth's surface, then the law of gravitation is written as: 

𝐹 = 𝐺
𝑀𝑚

(𝑅+ℎ)2
,                                                  (4.2) 

where 𝑀 ≈ 5,9726 ∙ 1024kg – Earth’s mass, 𝑅 ≈ 6 371 km - the average 

radius of the Earth. 

On the surface of the Earth (or near the surface) ℎ ≈  0. In this case 

𝐹 = 𝐺
𝑀𝑚

𝑅2
,                                                  (4.3) 
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Let's introduce the designation 𝐺
𝑀𝑚

𝑅2
= 𝑔, then we get the gravitational force: 

𝐹gravity = 𝑚𝑔,                                                (4.4) 

 

Free fall of bodies is a movement that a body would 

perform under the action of the gravitation force only 

withoutair resistance, which is in fact the movement of 

the body in air free space (vacuum). 

Movement of bodies at free fall is equally accelerated. 

The acceleration of free fall is the same for all bodies 

and is numerically equal to 𝑔 = 9,81 𝑚 𝑠2⁄ . 

• When bodies are in free fall and they move vertically upward: 

Kinematical equation is 

�⃗� = �⃗�0 + �⃗�𝑡 

�⃗� = 𝑦0⃗⃗⃗⃗⃗ + �⃗�0𝑡 +
�⃗�𝑡2

2
 

𝑠 =
𝑎𝑡2

2
 

𝑣2 − 𝑣0
2 = 2𝑎𝑠 

• The body falls from height ℎ 

𝑣 = 𝑣0 + 𝑔𝑡 

ℎ = 𝑣0𝑡 +
𝑔𝑡2

2
 

𝑡𝑖𝑚𝑒 𝑜𝑓 𝑓𝑎𝑙𝑙 𝑡 = √
2ℎ

𝑔
 𝑖𝑓 𝑣0 = 0 

𝑠𝑝𝑒𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑓𝑎𝑙𝑙 𝑣 = √2𝑔ℎ 

• The body thrown vertically upward is 

𝑣 = 𝑣0 − 𝑔𝑡 

ℎ = 𝑣0𝑡 −
𝑔𝑡2

2
 

𝑙𝑖𝑓𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑡 =
𝑣0
𝑔
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𝑚�⃗� 

�⃗⃗⃗� �⃗� 

�⃗⃗� 

 

𝑚�⃗� 

 

𝑚�⃗� 

�⃗⃗⃗� �⃗� 

𝑚�⃗� 
𝛼 

�⃗⃗⃗� 

𝑙𝑖𝑓𝑡𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 ℎ =
𝑣0
2

2𝑔
 

The position location of the body at any time is determined by the formula: 

𝑦 = 𝑦0 + 𝑣𝑜𝑦𝑡 +
𝑔𝑦𝑡

2

2
,                                         (4.5) 

Body weight is a force that presses on the support or 

stretches the suspension. The unit of measurement for 

weight is that of force is the newton [N]. In each case the 

weight is determined according to the condition of the task:  

• An object with mass m resting on a surface 

 

𝑊 = 𝑚𝑔,                                                (4.6) 

 

  

• Object with mass m, resting on the floor of the elevator, rising upwards 

  𝑁 = 𝑚(𝑔 + 𝑎),                                  (4.7) 

 

• Object with mass m, resting on the floor of 

the elevator, descending downwards 

𝑁 = 𝑚(𝑔 − 𝑎),                                (4.8) 

 

 

 

• Object with mass m, resting on an inclined surface 

 

𝑁 = 𝑚𝑔 cos𝛼,                                 (4.9) 

 

 

• Object with mass m,which pulls with force on an inclined surface 
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𝑁 = 𝑚𝑔 − F sin𝛼,                          (4.10) 

 

 

• Object with mass m moves on a convex bridge 

 

𝑁 = 𝑚(𝑔 − 𝑎),                              (4.11) 

 

 

• Object with mass m moves on a concave bridge 

𝑁 = 𝑚(𝑔 + 𝑎),                         (4.12) 

 

2. Electromagnetic interactions. 

Forces of elasticity and frictional forces are the manifestation of 

special cases of electromagnetic interactions. 

• Hooke's Law  

Some deformations (ie, change in the size and shape of the 

bodies) can occur under the influence of external forces. If 

after the cessation of the forces the former form and size of 

the body are restored, then the deformation is called elastic. 

Hooke's law is validfor elastic deformations. 

The strength of the elasticity is proportional to the 

deformation of the body: 

𝐹𝑥 = −𝑘∆𝑥,                                           (4.13) 

where 𝐹𝑥 is the projection of the force of elasticity on the 𝑥 -axis; 𝑘 - 

rigidity of the spring; 𝑥 - absolute deformation of the body. The sign «-» 

indicates that the force of elasticity is always directed in the opposite 

direction of the deformation of the body. 

�⃗⃗⃗� 

 

𝑚�⃗� 

 

�⃗� 

𝛼 

�⃗⃗⃗� 

𝑚�⃗� 

�⃗� 

�⃗⃗⃗� 

𝑚�⃗� 

�⃗� 

�⃗� 
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Homogeneous rods when stretching or compressing behave like a spring. 

For them Hooke's law is also valid and it is formulated in this way. 

Mechanical stress is directly proportional to the relative deformation of the 

body 

𝜎 = 𝐸휀,                                             (4.14) 

𝜎 =
𝐹⦜

𝑆
,                                               (4.15) 

휀 =
∆𝑙

𝑙𝑜
 

where 𝐹⦜ - elastic force acting perpendicular to the cross-sectional area of 

rod 𝑆; 휀 - relative deformation of the body; ∆𝑙 - absolute deformation of the 

body; 𝑙𝑜 - initial body size; 𝐸 - an elastic modulus. 

An elastic modulus is a physical quantity that characterizes the elastic 

properties of a material. It depends on the nature of the material and is a 

tabular value. 

• The law of dry friction 

The frictional force of sliding is proportional to the modulus of the force of 

the normal reaction of the support and the collision of bodies and does not 

depend on the area of the bodies collision: 

 

|𝐹𝑓𝑓⃗⃗⃗⃗⃗⃗⃗| = 𝜇|�⃗⃗⃗�|,                           (4.16) 

where μ is the slip friction coefficient. It 

depends on the nature of the materials and the 

quality of the tangential surfaces. The values of the coefficients of friction 

are determined experimentally. 

• The law of viscous friction 

Any body moving in a viscous (liquid or gaseous) environment goes under 

the effect of the force that inhibits its movement. This force is called the 

force of viscous friction. 

𝐹 = −𝑟𝑣,                                              (4.17) 

�⃗⃗⃗� 

�⃗� 

𝐹𝑓𝑓⃗⃗⃗⃗⃗⃗⃗ 
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where 𝑣 - velocity of the body; 𝑟 - coefficient of resistance to the 

environment.  

At high speeds this dependence is close to the quadratic, and for supersonic 

- to the cubic one. 

Coefficient r depends on the shape and size of the body, the nature of its 

surface, as well as on the properties of the medium. The sign "-" indicates 

that the friction force is directed opposite to the speed. 

For example, if a sphere with diameter d falls in a fluid with a constant 

velocity v, then the strength of the resistance is calculated by the Stokes 

formula: 

𝐹𝑆 = 3𝜋𝑑𝜂𝑣,                                       (4.18) 

where 𝜂 is the viscosity of the liquid. 

• Archimedes law  

On a body immersed in a liquid or gas, there is an 

expelled force equal to the weight of the liquefied 

or gas pressurized by the body. But its only one of 

the types of a buoyant force. 

𝐹𝐴 = 𝜌𝑙𝑔𝑉,                                             (4.19) 

where 𝜌𝑙 - density of liquid or gas; 𝑉 - the volume of the immersed part of 

the body. 

Basic laws of the dynamics of the material point (Newton's laws) 

Newton's first law  

Every body maintains a state of rest or even straight motion 

until the actions of other bodies do not change this state. 

The frame of reference in which the first law of Newton is 

executed is called inertial. Therefore, the first law of 

Newton can be formulated in this way. There are such systems of reference in 

relation to which the body is in a state of rest or moves rectilinearly and uniformly, as 

long as other bodies do not affect the body or the actions of these bodies are 

compensated. 
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Newton's second law 

The rate of change in the body's impulse is equal to the resulting forces acting upon 

the body: 

�⃗� =
𝑑�⃗�

𝑑𝑡
,                                                    (4.20) 

�⃗� =
𝑑(𝑚�⃗�)

𝑑𝑡
=
𝑑𝑚

𝑑𝑡
�⃗� + 𝑚

𝑑�⃗�

𝑑𝑡
 

𝑚 = 𝑐𝑜𝑛𝑠𝑡         
𝑑𝑚

𝑑𝑡
= 0 

�⃗� = 𝑚
𝑑�⃗�

𝑑𝑡
= 𝑚

𝑑2𝑟

𝑑𝑡2
 

�⃗� = 𝑚�⃗�,                                                (4.21) 

The resultant of all the forces acting on the body is equal to the product of the mass 

of the body multiplied by its acceleration. 

The basic equation of the dynamics of the material point: 

�⃗� = 𝑚
𝑑2𝑟

𝑑𝑡2
,                                                (4.22) 

If �⃗� = 𝑐𝑜𝑛𝑠𝑡 

�⃗�𝑑𝑡 = 𝑑𝑝 

�⃗� ∫ 𝑑𝑡

𝑡2

𝑡1

= ∫ 𝑑𝑝

𝑝2

𝑝1

 

�⃗�∆𝑡 = ∆𝑝 ,                                             (4.23) 

A value equal to the product of force multiplied by the time of this force is called �⃗�∆𝑡 

force impulse. Thus, the momentum of force is equal to the change in the momentum 

of the body (Newton's second law in the impulse form). 

Newton's third law  

The forces that two bodies interact with are equal in 

magnitude and opposite in direction. 

𝐹12⃗⃗ ⃗⃗ ⃗⃗ = −𝐹21⃗⃗⃗⃗⃗⃗⃗,                                             (4.24) 
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Dynamics of the system of material points. The law of conservation of 

momentum. 

The set of material points (bodies) allocated 

for consideration is called the mechanical 

system. 

System bodies can interact with each other, 

and with bodies that are not part of this 

system. Therefore, the forces acting on the 

system bodies are divided into external and 

internal. Internal forces are caused by the 

interaction of the bodies that belong to the 

system. External forces are caused by the 

interaction with bodies that are not part of 

the system. 

A system is called closed, if external forces 

do not act on it. 

Let’s consider the system of bodies that interact with each other and with external 

bodies. 

Enter the designation: 

𝑓𝑖−𝑘 is the internal force acting on the 𝑖 -th body from the 𝑘 -th body; 

𝐹𝑖⃗⃗⃗– istheequivalence of external forces acting on the 𝑖 -th body. 

For each body now we write the second Newton’s law. 

𝑑𝑝1⃗⃗ ⃗⃗ ⃗

𝑑𝑡
= 𝑓1−2 + 𝑓1−3+𝐹1⃗⃗ ⃗⃗  

𝑑𝑝1⃗⃗ ⃗⃗ ⃗

𝑑𝑡
= 𝑓2−1 + 𝑓2−3+𝐹2⃗⃗⃗⃗⃗ 

𝑑𝑝1⃗⃗ ⃗⃗ ⃗

𝑑𝑡
= 𝑓3−1 + 𝑓3−2+𝐹3⃗⃗⃗⃗⃗ 

Then we formulate the equation termwise 

𝑑

𝑑𝑡
(𝑝1⃗⃗⃗⃗⃗ + 𝑝2⃗⃗⃗⃗⃗ + 𝑝3⃗⃗⃗⃗⃗) = (𝑓1−2 + 𝑓2−1) + (𝑓1−3 + 𝑓3−1) + (𝑓2−3 + 𝑓3−2) + 𝐹1⃗⃗ ⃗⃗ + 𝐹2⃗⃗⃗⃗⃗ + 𝐹3⃗⃗⃗⃗⃗ 

By the third Newton’s law 

 

Fig. 4.2. System of bodies that interact with 

each other and with external bodies 

 

𝐹 1 𝐹 2 

𝐹 3 

𝑓 1−2 

𝑓 3−1 𝑓 3−2 

𝑓 1−3 𝑓 2−3 

𝑓 2−1 
1 

3 

2 
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𝑓1−2 = −𝑓2−1, 𝑓𝑖−𝑘 = −𝑓𝑘−𝑖 

𝑑

𝑑𝑡
(𝑝1⃗⃗⃗⃗⃗ + 𝑝2⃗⃗⃗⃗⃗ + 𝑝3⃗⃗⃗⃗⃗) = 𝐹1⃗⃗ ⃗⃗ + 𝐹2⃗⃗⃗⃗⃗ + 𝐹3⃗⃗⃗⃗⃗ 

The sum of the external forces acting on the bodies of the system is called the main 

vector of external forces. 

𝐹1⃗⃗ ⃗⃗ + 𝐹2⃗⃗⃗⃗⃗ + 𝐹3⃗⃗⃗⃗⃗ = �⃗� 

The sum of the momentums of bodies that are part of the system: 

𝑝1⃗⃗⃗⃗⃗ + 𝑝2⃗⃗⃗⃗⃗ + 𝑝3⃗⃗⃗⃗⃗ = 𝑝 

Thus, for the system of bodies we obtain the equation: 

𝑑𝑝

𝑑𝑡
= �⃗� 

The rate of change in the total impulse of a body system is equal to the principal 

vector of external forces. 

Assume now that the main vector of external forces is zero. Such a system is closed. 

In this case 

𝑑𝑝

𝑑𝑡
= 0 

If the derivative of a certain value is zero, then this value is constant. Therefore, from 

the last equation it follows that 

𝑝1⃗⃗⃗⃗⃗ + 𝑝2⃗⃗⃗⃗⃗ + 𝑝3⃗⃗⃗⃗⃗ = 𝑐𝑜𝑛𝑠𝑡 

𝑚𝑣1⃗⃗⃗⃗⃗ + 𝑚𝑣2⃗⃗⃗⃗⃗ + 𝑚𝑣3⃗⃗⃗⃗⃗ = 𝑐𝑜𝑛𝑠𝑡 

The formulas express the law of momentum conservation: the momentum of a 

closed system of material points (bodies) does not change. 

5. Jet propulsion 

One of the important practical applications of the 

law of momentum conservation is the jet motion. 

Jet propulsion is a movement that occurs when 

some part of a body separates from it at a certain 

speed.  
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The reactive movement, for example, performs a 

rocket. The peculiarity of this movement is that a 

body can be accelerated and slowed down without 

any external interaction with other bodies. The 

products of combustion during a thrust receive 

some speed relative to the rocket. In accordance 

with the law of conservation of momentum, the 

rocket itself receives the same impulse as gas, but the momentum is directed to the 

other side. The law of conservation of impulse is required to calculate the speed of 

the rocket. 

Jet propulsion is characteristic of jellyfish, 

calamari, octopus and other living organisms. In 

technology it is used on river transport (a boat with 

a jet engine), in aviation, astronautics, military 

affairs.  

Reactive technique allowed to lo ok into the depths 

of the human space. Jet propulsion technology 

made it possible for a man to f the space. For the 

first time, the idea of using jet propulsion for space 

flights was proposed by a scientist-engineer 

Mykola Kibalchych. Significant contribution to the 

development of the theory of space technology was 

made by Russian scientist Konstantin Eduardovich 

Tsiolkovsky and Ukrainian scientist Yuri 

Kondratyuk. For the first time a spacecraft with a 

man on board was launched in the Soviet Union in 

1961.  

The basis of the jet motion is the law of 

conservation of momentum. Some mass is 

separated from the body at a certain speed. 

Acccording to the law of conservation of 

momentum, the speed of movement of the body 

will also change, that is, the movement of the body 

of a variable mass. A typical example of a jet 

propulsion is the movement of a rocket. The 

combustion products are thrown through the rocket 
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nozzle then its body moves in the opposite direction.  

Let’s find the equation that describes the movement of a 

rocket (fig.5.1.) and the speed of its movement.  

We enter the designation: 

𝑚  - mass of the rocket at time t; �⃗� - instantaneous velocity 

of the rocket shell relative to the selected coordinate 

system x, y, z; �⃗⃗� - speed of combustion products relative to 

the same coordinate system x, y, z; 𝑑�⃗� - change in the 

speed of the rocket shell; 𝑑𝑚 - mass of combustion 

products discharged during time dt; �⃗�𝑑𝑡 - outflow of 

external forces. 

Let's write the second law of Newton: the force impulse 

equals the change in the momentum of the system "rocket-

products of combustion". 

𝑑�⃗⃗� = �⃗⃗�(𝑡 + 𝑑𝑡) − �⃗⃗�(𝑡) = (𝑚 − 𝑑𝑚)(�⃗� + 𝑑�⃗�) − 𝑑𝑚�⃗⃗� − 𝑚�⃗� 

�⃗�𝑑𝑡 = �⃗⃗�(𝑡 + 𝑑𝑡) − �⃗⃗�(𝑡) = (𝑚 − 𝑑𝑚)(�⃗� + 𝑑�⃗�) − 𝑑𝑚�⃗⃗� − 𝑚�⃗� 

�⃗�𝑑𝑡 = 𝑚�⃗� + 𝑚𝑑�⃗� − 𝑑𝑚�⃗� − 𝑑𝑚𝑑�⃗� − 𝑑𝑚�⃗⃗� − 𝑚�⃗� 

Neglecting the addend 𝑑𝑚𝑑�⃗� that is much smaller than the others, since it is a 

product of two infinitesimal quantities, we obtain 

𝑚
𝑑�⃗�

𝑑𝑡
= �⃗� + (�⃗� + �⃗⃗�)

𝑑𝑚

𝑑𝑡
 

The vector sum �⃗� + �⃗⃗� gives the velocity �⃗⃗⃗� of the gases relative to the shell of the 

rocket. Its value remains unchanged, since it is determined by the design of the jet 

engine nozzle. 

The equation of Meschersky (Russian scientist, 1859-1935) is the following 

𝑚
𝑑�⃗⃗�

𝑑𝑡
= �⃗� + �⃗⃗⃗�

𝑑𝑚

𝑑𝑡
,                                                 (5.1) 

The second addend in the equation has the dimension of force and is called the 

reactive force that arises due to the change in body weight over the time 

�⃗�𝑗𝑒𝑡 = �⃗⃗⃗�
𝑑𝑚

𝑑𝑡
,                                                   (5.2) 

Tsiolkovsky (Russian scientist, 1857-1935) solved the Meschersky equation for the 

case of the absence of external forces �⃗� = 0 with the initial conditions: for 𝑡 = 0,𝑉 =

 

Fig. 5.1. Jet propulsion 
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0, 𝑚 =  𝑚0, where 𝑚 isthe start mass of the rocket. In the scalar form the equation in 

the projection on vertical axis z has the form of: 

𝑑𝑣 = −𝑤
𝑑𝑚

𝑚
 

Integration gives 

𝑣 = 𝑤 ∙ 𝑙𝑛
𝑚0

𝑚
,                                               (5.3) 

This is K. E. Tsiokolsky's equation. It shows that the ultimate speed of a rocket is 

proportional to the relative velocity of gas leakage,and the larger the ratio of starting 

mass 𝑚0 to the final mass 𝑚, the greaterthe ultimate speed of a rocket. To increase 

this ratio Tsiolkovsky proposed multi-stage jet engines. It is structurally impossible to 

(make) manufacture a light casing of the engine, refueling it with a large amount of 

fuel. The modular engine body allows you to increase the ratio 
𝑚0

𝑚
, and as a result to 

increase the ultimate speed of the rocket.  

 

Escape velocities 

 

The first escape velocity is called the minimum speed that a body needs to be able to 

move around the Earth in a circular orbit (h<<R), that is to turn into an artificial 

satellite of the Earth: 

𝑚𝑣1
2

𝑅
= 𝐺

𝑚𝑀

𝑅2
= 𝑚𝑔 ⇒ 𝑣1 = √𝐺

𝑀

𝑅
= √𝑔𝑅 = 7,9 𝑘𝑚/𝑠,                         (5.4) 

The second escape velocity is called the smallest speed that a body needs to be 

provided with, so that it can overcome the attraction of the Earth and become a 

satellite of the Sun. In this case, the kinetic energy of the body has tobe equal to the 

work carried out against the forces of gravitation: 

𝑚𝑣2
2

2
= ∫ 𝐺

𝑚𝑀

𝑟2

∞

𝑅
𝑑𝑟 = 𝐺

𝑚𝑀

𝑅
⇒ 𝑣2 = √2𝑔𝑅 = 11,2 𝑘𝑚/𝑠,                       (5.5) 
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The third escape velocity is called the speed required to be given to the body on 

Earth, so that it left the limits of the solar system, overcoming the attraction of the 

Sun: 

𝑣3 = 16,7 𝑘𝑚/𝑠,                                                            (5.6) 

6. Dynamics of a Solid Body  

During the study of the laws of motion of the material 

point itwas introduced a series of dynamic 

characteristics: mass, momentum, force. If the solid 

moves progressively, then all its points move along the 

same trajectories, that is, at the same speed. 

If the solid is rotating, then all its points move in 

concentric circles, the centers of which lie on one 

straight line. All these points move with different linear 

velocities, but they will have the same angular velocity 

�⃗⃗⃗�. Therefore, it is necessary to introduce a number of 

new physical quantities - moment of inertia, angular momentum, torque that 

characterizes the rotational motion. 

Let’s consider the material point with mass 𝑚𝑖at distance 𝑟𝑖 from the stationary axis. 

The moment of inertia (𝐼) of a material point relative to the axis is the scalar 

physical quantity, which is equal to the product of mass 𝑚𝑖per square of distance 𝑟𝑖to 

this axis: 

𝐼𝑖 = 𝑚𝑖𝑟𝑖
2,                                                 (6.1) 

The moment of inertia of the system of material points will be equal to the sum of the 

moments of inertia of individual points. 

𝐼 = ∑ 𝑚𝑖𝑟𝑖
2𝑁

𝑖=1 ,                                            (6.2) 

The moment of inertia of a solid is found by integration: 

𝐼 = ∫ 𝑟2𝑑𝑚
𝑚

,                                              (6.3) 

The moment of inertia is a measure of inert properties of a solid in a rotational 

motion thatdepends on the distribution of mass relative to the axis of rotation. In 

other words, the moment of inertia depends on the mass, shape, size of the body’s 

dimensions and the position of the axis of rotation. 

 

Fig. 6.1. The material point 

rotates around the stationary 

axis. 

 

𝑟𝑖  

𝑚𝑖  
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The moment of inertia of a body relative to an arbitrary axis is calculated by Steiner's 

theorem. 

The moment of inertia of a body relative to an arbitrary axis (I) is equal to the sum of 

the moment of inertia relative to the axis passing through the center of 

mass(I0)parallelto the datum given, andthe product of the mass of the body per square 

of the distance between the axes. 

𝐼 = 𝐼0 +𝑚𝑑
2,                                                (6.4) 

Example: let’s find the moment of inertia of the rod relative to the axis that passes at 

a certain distance from the end of the rod and is perpendicular to the rod. 

 

 

 

 

 

 

 

 

We have a uniform rod with mass 𝑚 and length 𝑙. 

At first, let’s (we) find the moment of inertia for the axis passing through the center 

of mass. 

𝐼𝑜′ = ∫ 𝑟2𝑑𝑚
𝑚

 

𝑑𝑚 = 𝜌𝑟 

𝐼𝑜′ = ∫ 𝑟2𝑑(𝜌𝑟) = ∫ 𝑟2𝜌𝑑𝑟 = 𝜌∫ 𝑟2𝑑𝑟 = 2𝜌∫ 𝑟2𝑑𝑟

𝑙

2

0𝑙𝑙𝑚

= 2
𝑚

𝑙
[
𝑟3

3
]
0

𝑙

2

 

𝐼𝑜′ = 2
𝑚

𝑙
(
(
𝑙

2
)
3

3
− 0) = 2

𝑚

𝑙
∙
𝑙3

3 ∙ 8
=
𝑚𝑙2

12
 

Then we apply the Steiner’s theorem 

𝐼𝑜′ = 𝐼0 +𝑚𝑑
2 

𝐼𝑜′ =
𝑚

12
(𝑙2 + 12𝑑2) 

O O’ 

d 
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Angular momentum of the material point 

relative to the point of rotation O. 

Angular momentum (�⃗⃗�) of the material point relative 

to the point 𝑂 is called the vector physical quantity, 

which is equal to the vector product of the radius 

vector 𝑟, carried out from the point 𝑂 to the location 

of the material point, by (on) the vector of its linear 

momentum 𝑝: 

�⃗⃗� = [𝑟�⃗�] = [𝑟𝑚�⃗�],                       (6.5) 

Angular momentum module of the 

material point: 

𝐿 = 𝑟𝑝 sin 𝛼 = 𝑟𝑚𝑣 sin𝛼,           (6.6) 

Angular momentum of the body 

relative to the stationary axis of 

rotation 𝒛. 

 

 

Fig. 6.1. Moment of inertia for other bodies 

 

Fig. 6.2. Angular momentum 

 

 
𝐿   

𝑝  

𝑑 
𝑂 

𝑟  

𝛼 

 

Fig. 6.2. Angular momentum, material point 

rotates around the stationary axis z. 

 

 

 z 

𝐿   

𝜔    𝑣  𝑟  

𝑚𝑖  
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Angular momentum (𝐿𝑧) of the body relative to axis zwill be equal to the sum of the 

projections of the moments of the pulses of individual points on this axis: 

𝐿𝑧 =∑𝐿𝑖𝑧

𝑁

𝑖=1

 

𝐿𝑖 = 𝑚𝑖𝑣𝑖𝑟𝑖 

𝑣𝑖 = 𝜔𝑟𝑖 

𝐿𝑧 =∑𝑟𝑖
2

𝑁

𝑖=1

𝑚𝑖𝜔 

𝐿𝑧 = 𝐼𝑧𝜔 

Since vector �⃗⃗⃗� is directed along the rotation axis, then vector �⃗⃗� will also be directed 

along the axis of rotation. Then the formula can be rewritten in the vector form: 

�⃗⃗� = 𝐼�⃗⃗⃗�,                                                     (6.7) 

Torque relative to a fixed point. 

Torque (𝜏) relative to point 𝑂 is called the vector physical 

quantity, which is equal to the vector product of the radius 

vector 𝑟, carried out from the point 𝑂 to the point to which 

the force is applied, by force �⃗�. 

 

𝜏 = [𝑟�⃗�],                                                       (6.8) 

 

Torque module of the material point: 

𝜏 = 𝑟𝐹 sin 𝛼 = 𝐹𝑑,                                             (6.9) 

𝑟 sin 𝛼 = 𝑑 

𝑑 - moment arm is the length of the perpendicular, lowered from point 𝑂 on the line 

of force. 

Torque relative to the stationary axis 𝑧. Torque (𝜏) relative to the axis is the scalar 

physical quantity, which is equal to the product of the force module by the arm of 

force: 

 

Fig. 6.3. Torque 

 
𝑀    

𝑟  

𝐹  

𝑂 

𝑑 

𝛼 
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𝜏𝑧 = 𝐹𝑑 

Torque for two forces act 

Two forces equal by modulus and 

directed in opposite directions that do 

not operate along a straight line are 

called a pair of forces. 

Distance d between the straight lines 

along which forces act is called the 

moment arm of couple. 

The torque module of two forces act equal to the product of the force (power) module 

by the moment arm of couple. 

𝜏 = 𝑟𝐹 sin 𝛼 = 𝐹𝑑 

The basic equation of dynamics of a rotational movement 

Let’s differentiate in time the equation 

 

�⃗⃗� = [𝑟�⃗�] 

𝑑�⃗⃗�

𝑑𝑡
=
𝑑

𝑑𝑡
[𝑟�⃗�] =

𝑑𝑟

𝑑𝑡
𝑝 + 𝑟

𝑑𝑝

𝑑𝑡
 

𝑑𝑟

𝑑𝑡
= �⃗� ,   

𝑑𝑝

𝑑𝑡
= �⃗�,   �⃗� = 𝑚�⃗� 

𝑑�⃗⃗�

𝑑𝑡
= �⃗� × 𝑚�⃗� + 𝑟 × �⃗� 

�⃗� × 𝑚�⃗� = 0 

𝑑�⃗⃗�

𝑑𝑡
= 𝑟 × �⃗� = [𝑟�⃗�] = 𝜏 

𝒅�⃗⃗⃗�

𝒅𝒕
= �⃗⃗�,                                                       (6.10) 

 

Change of speed of the angular momentum for the material point is equal to the total 

torque of the forces acting on the point. 

 

Fig. 6.4. Torque for two forces act 
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The solid body is a system of material points. They are under the act of both internal 

and external forces.The following equationcan be written for each of these points 

 

𝒅𝑳𝒊⃗⃗⃗⃗

𝒅𝒕
= 𝝉𝒊⃗⃗⃗ ⃗𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝒇𝒐𝒓𝒄𝒆𝒔 + 𝝉𝒊⃗⃗⃗ ⃗𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍 𝒇𝒐𝒓𝒄𝒆𝒔 

 

From the third Newton’s law it follows that the total torque of internal forces is zero, 

so 

𝒅𝑳𝒊⃗⃗⃗⃗

𝒅𝒕
= 𝝉𝒊⃗⃗⃗ ⃗𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍 𝒇𝒐𝒓𝒄𝒆𝒔 

 

The velocity of the change of the angular momentum of the body is equal to the total 

torque of the external forces acting on the body. 

 

The basic law of the dynamics of a solid body rotating around a stationary axis. 

𝑑𝐿𝑧
𝑑𝑡

= 𝜏𝑧 

𝐿𝑧 = 𝐼𝑧𝜔 

𝐼𝑧
𝑑𝜔

𝑑𝑡
= 𝜏𝑧 

𝐼𝑧휀 = 𝜏𝑧 

𝜏 = 𝐼휀⃗,                                                      (6.11) 

The law of conservation of angular momentum 

𝒅�⃗⃗⃗�

𝒅𝒕
= �⃗⃗� 

If external forces do not act on a solid body or their ancillary forces do not create a 

torque relative to the axis of rotation, then 𝜏 = 0. 

�⃗⃗� = 𝐼�⃗⃗⃗� 

𝑰�⃗⃗⃗⃗� = 𝒄𝒐𝒏𝒔𝒕 
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If the external forces do not act on the body or act in such a way that the resulting 

moment of these forces relative to the axis of rotation is zero, then the angular 

momentum of the body relative to this axis is maintained. 

𝐼1�⃗⃗⃗�1 = 𝐼1
′�⃗⃗⃗�1

′
 

�⃗⃗⃗� = 𝒄𝒐𝒏𝒔𝒕 

Angular momentum of a closed system of bodies remains unchanged. 

 

7. Work, power and energy 

Suppose that at a certain time force �⃗� acts on the body, 

under the action of which the body carries out 

displacement𝑑𝑟. 

The elementary work (𝛿𝑊) is called the scalar 

physical quantity, which is equal to the scalar product 

of force �⃗� by the elementary displacement of𝑑𝑟of the force application point: 

𝛿𝑊 = �⃗�𝑑𝑟,                                                 (7.1) 

In scalar form: 

𝛿𝑊 = 𝐹𝑑𝑟 cos𝛼,                                           (7.2) 

where α is the angle between the directions of force and displacement. 

Work with finite displacement is determined by the expression: 

𝑊 = ∫ �⃗�𝑑𝑟
𝑟2
𝑟1

,                                                 (7.3) 

Since during the rectilinear motion 𝑟2 − 𝑟1 = 𝑆, where 𝑆 is the way passed 

𝑊 = 𝐹𝑆 cos𝛼 

1. The work is algebraic, that is, it can be both positive and negative. 

2. Force does not perform work if: 

• the body is at rest (𝑑𝑟 = 0); 

• the direction of force �⃗� is perpendicular to the direction of displacement 

𝑑𝑟( 𝛼 = 𝜋 2⁄ ). 

 

Fig. 7.1. Movement of a 

material point from 1 to 2 

 

2 

𝑑𝑟  
1 

𝐹  

𝛼 
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For example, the centripetal forces do not perform work 

because �⃗�⦜𝑑𝑟. 

If �⃗� = 𝑐𝑜𝑛𝑠𝑡, the projection of the force �⃗� in the given 

direction 𝑟: 

𝐹𝑟 = 𝐹 cos𝛼 

The plot of the dependence of 

projection �⃗�𝑟 on 𝑟 is a straight 

line. Let’s find the work: 

𝑊 = ∫ 𝐹𝑟𝑑𝑟 = 𝐹𝑟(𝑟2 − 𝑟1)

𝑟2

𝑟1

= 𝐹𝑟𝑆 

It is obvious that the work of a constant force is numerically equal to the area of the 

shaded rectangle (fig. 7.3.) 

If �⃗� ≠ 𝑐𝑜𝑛𝑠𝑡, the graph of the dependence of the 

projection 𝐹𝑟 on 𝑟 is a certain curve (fig. 7.4.). The 

elementary work 𝛿𝑊 is numerically equal to the area 

of a narrow hatched strip: 

𝛿𝑊 = 𝐹𝑟𝑑𝑟 

Work at a finite displacement will be numerically 

equal to the area of the curvilinear trapezoid. 

𝑊 = ∫ 𝐹𝑟𝑑𝑟

𝑟2

𝑟1

 

So, work can be calculated graphically. 

Power (𝑃) is a scalar physical quantity that characterizes the speed of execution of 

work and is numerically equal to the work done per unit time: 

𝑃 =
𝑑𝑊

𝑑𝑡
,                                                     (7.4) 

Instantaneuos Power 

𝑃 =
�⃗�𝑑𝑟

𝑑𝑡
= �⃗��⃗�,                                              (7.5) 

Average power 

 

Fig. 7.2. Projection 

of the force �⃗� 

 

𝛼 

𝐹  

𝑟  𝐹 𝑟  

 

Fig. 7.3.  Work of a constant 

force 

 𝐹𝑟  

𝑟2  𝑟1  𝑟 

 

Fig. 7.4. Work of a variable force 
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〈𝑃〉 =
𝑊

𝑡
,                                                    (7.6) 

The efficiency of the devices is generally characterized by (a usefulness factor) 

efficiency: 

𝜂 =
𝑊𝑢𝑠𝑒𝑓𝑢𝑙

𝑊𝑑𝑜𝑛𝑒
∙ 100%,                                       (7.7) 

Work and power in rotational motion 

Lett’s consider the rotation of the solid body relative to the stationary axis during the 

action of the force directed at the tangent to the circle. An elementary work that is 

performed when turning at angle 𝑑𝜑 

𝛿𝑊 = 𝐹𝑑𝑆 cos𝛼 

𝑑𝑆 = 𝑅𝑑𝜑  ⇒ 𝛿𝑊 = 𝐹𝑅𝑑𝜑  

𝐹𝑅 = 𝜏 

𝛿𝑊 = 𝜏𝑑𝜑 

𝑊12 = ∫ 𝜏𝑑𝜑

𝜑2

𝜑1

 

𝜏 = 𝑐𝑜𝑛𝑠𝑡 

𝑊 = 𝜏𝜑,                                                    (7.8) 

𝑃 =
𝛿𝑊

𝑑𝑡
= 𝜏

𝑑𝜑

𝑑𝑡
= 𝜏𝜔,                                        (7.9) 

Energy is the only measure of all forms of motion of matter and types of interaction 

of material objects. Types of 

energy: mechanical, internal, 

electromagnetic, nuclear etc. 

Kinetic energy (or energy of 

motion) is a part of mechanical 

energy, which is determined by 

the mass and speed of the 

material point (body). 

𝐸𝑘 =
𝑚𝑣2

2
,           (7.10) 
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Let’s suppose that force F acts on the material point of mass m. 

𝛿𝑊 = �⃗�𝑑𝑟 

�⃗� =
𝑑𝑝

𝑑𝑡
 

𝛿𝑊 =
𝑑𝑝𝑑𝑟

𝑑𝑡
= 𝑚�⃗�𝑑�⃗� 

𝑊 = ∫ 𝑚�⃗�𝑑�⃗�

𝑣2

𝑣1

= 𝑚 ∫ 𝑣𝑑𝑣

𝑣2

𝑣1

=
𝑚𝑣2

2

2
−
𝑚𝑣1

2

2
 

The kinetic energy theorem: The change in the kinetic energy of the body is equal 

to the work of all forces acting on the body. 

𝑊 = ∆𝐸𝑘 =
𝑚𝑣2

2

2
−
𝑚𝑣1

2

2
,                                     (7.11) 

The energy, that a solid body rotating around the stationary axis has, is called the 

kinetic energy of the rotational motion of this body. This energy consists of kinetic 

energies of material points that are part of the body as an additive value: 

𝐸𝑘 =∑
∆𝑚𝑖𝑣𝑖

2

2
 

𝑣 = 𝜔𝑟 

𝐸𝑘 =∑
∆𝑚𝑖𝑟𝑖

2𝜔2

2
=
𝜔

2
∑∆𝑚𝑖𝑟𝑖

2 

∆𝑚𝑖𝑟𝑖
2 = 𝐽 

𝐸𝑘 =
𝐼𝜔2

2
=

𝐿𝑧
2

2𝐼
,                                                 (7.12) 

The theorem for the change of kinetic energy is also valid for a rotational motion: 

𝑊 =
𝐼𝜔2

2

2
−
𝐼𝜔1

2

2
,                                              (7.13) 

If the body takes part in the translational and rotational motion simultaneously, then 

its kinetic energy is 

𝐸𝑘 = 𝐸𝑘.𝑡 + 𝐸𝑘.𝑟 =
𝑚𝑣2

2
+
𝐼𝜔2

2
,                                    (7.14) 
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In this case, the total kinetic energy of a solid is equal to the sum of the kinetic 

energies of the forward motion of the body with the velocity of the center of mass 

and the rotational motion of the body around the axis passing through its center of 

mass. 

Conservative and non-conservative forces 

Forces whose work does not depend on the shape of the 

trajectory but determined only by the final and initial positions 

of the body are called conservative, and the fields in which 

these forces act are calledthe potential fields. The gravitational 

field is potential. 

Examples of conservative forces are gravitational, elastic, 

Coulomb forces. 

Among all non-conservative forces we distinguish the so-

called gyroscopic and dissipative forces.  

Gyroscopic forces are the forces that are always directed perpendicularly to the 

movement of the particle and, thus, they do not perform any work. So the gyroscopic 

forcesare the force acting on a moving charge in a magnetic field (Lorentz force), the 

strength of the normal reaction of the support, the Coriolis force of inertia, and so on. 

Dissipative forces include different forces of friction and resistance. 

Potential energy is that part of the mechanical energy of the system that depends on 

the relative location of the bodies or parts of the body, as well as the nature of the 

forces acting between the bodies or its parts. 

The potential energy of a stretched (compressed) 

spring 

𝐸𝑝 =
𝑘𝑥2

2
,                        (7.15) 

𝑊 = −∆𝐸𝑝,                      (7.16) 

The potential energy of a material point (body) in the field of gravity of the Earth 

𝐸𝑝 = 𝑚𝑔ℎ,                                                     (7.17) 

The law of conservation of mechanical energy 

The sum of kinetic and potential energy is called full mechanical energy 

𝐸 = 𝐸𝑝 + 𝐸𝑘,                                                 (7.18) 
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The complete mechanical energy of a closed system of material points (bodies), 

between which only canned forces operate, is preserved, that is, does not change 

over thetime. 

The total energy of an isolated system always remains unchanged, energy only 

moves from one form to another. 

 

8. Collision of bodies 

When bodies collide, they undergo deformation. 

In this case, the kinetic energy that the body had before impact, partially or 

completely passes into the potential energy of elastic deformation or the so-called 

internal energy of the bodies. An increase in the internal energy of the bodies is 

accompanied by an increase in temperature. 

There are two extreme 

types of strike: absolutely 

elastic and absolutely 

inelastic. 

Let’s consider the central 

blow of two homogeneous 

spheres (Fig. 8.1.), linear 

momentum (4.2) of each 

ones: 

𝑝𝑖 = 𝑚�⃗�𝑖 

The blow is called central 

if before the blow two 

spheresmoved along the 
 

Fig. 8.1. Collisions of two homogeneous spheres like material 

points, where 𝑚𝑖- mass of bodies; 𝑣𝑖⃗⃗⃗ ⃗ –body speed before 

collision; 𝑢𝑖⃗⃗⃗⃗  –body speed after collision 
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line passing through their centers. 

Before collision linear momentum of each homogeneous sphere (Fig. 8.1. (1)): 

𝑝1 + 𝑝2 = 𝑚1𝑣1⃗⃗⃗⃗⃗ + 𝑚2𝑣2⃗⃗⃗⃗⃗,                                         (8.1) 

After collision. Absolutely inelastic collision (Fig. 8.1. (2)) 

𝑚1𝑣1⃗⃗⃗⃗⃗ + 𝑚2𝑣2⃗⃗⃗⃗⃗ = (𝑚1 +𝑚2)�⃗⃗�,                                    (8.2) 

After collision. Absolutely elasticcollision (Fig. 8.1. (3)) 

𝑚1𝑣1⃗⃗⃗⃗⃗ + 𝑚2𝑣2⃗⃗⃗⃗⃗ = 𝑚1𝑢1⃗⃗⃗⃗⃗ + 𝑚2𝑢2⃗⃗⃗⃗⃗,                                 (8.3) 

and kinetic energy of absolutely elastic collision 

𝑚1𝑣1
2

2
+
𝑚2𝑣2

2

2
=

𝑚1𝑢1
2

2
+
𝑚2𝑢2

2

2
,                                    (8.4) 

Absolutely inelastic collide is characterized by the fact that the potential energy of 

deformation does not arise, the kinetic energy of the bodies is completely or partially 

converted into internal energy. After the impact, the bodies are joined together and 

move at the same speed, or stop. 

An absolutely elastic collide is called a blow when mechanical energy of bodies 

does not pass into other non-mechanical types of energy. 

With such an impact the kinetic energy passes completely or partially into the 

potential energy of elastic deformation. Then the bodies return to the original form 

pushing each other away. The potential energy of the elastic deformation is again 

converted into kinetic energy, and the bodies are scattered with velocities, the 

magnitude and direction of which are determined by the conservation of total energy 

and the preservation of the complete impulse of the system. 
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9. Elements of the special theory of relativity 

The generalization of the principle of relativity for all physical phenomena was 

carried out by A. Einstein in the special theory of relativity. It turned out that the 

coordinates and time in different inertial reference systems are related to the Lorentz 

transformations  and not Galileo. However, at low speeds of relative motion of 

reference systems (compared with the speed of light in a vacuum 𝑐 = 2,998 ∙

108
𝑚

𝑠
= 3 ∙ 103

𝑚

𝑠
), Lorentz transformations become Galilean transformations. 

Lorentz transformation 

If the system K 'moves relative to the system K with a constant velocity v along the 

x-axis, then the transformations will look like: 

{
 
 
 

 
 
 𝑥 =

𝑥′+𝑣𝑡′

√1−
𝑣2

𝑐2

𝑦 = 𝑦′

𝑧 = 𝑧′

𝑡 =
𝑡′+

𝑣𝑥′

𝑐2

√1−
𝑣2

𝑐2

,                                                   (9.1) 

If 𝒗 ≪ 𝒄, then √1 −
𝑣2

𝑐2
≈ 1  Lorentz transformation will then transform into Galilean 

transformation. 

If 𝒗 > 𝑐, then√1 −
𝑣2

𝑐2
< 0 

This means that the transformation does not make sense, since motion with 𝑣 > 𝑐 is 

impossible. From the Lorentz transformations it is evident that time and spatial 

coordinates are interconnected. 

Using Lorentz transformations, one can obtain the relational law of adding velocities: 

𝑉 =
𝑣′+𝑣

1+
𝑣

𝑐2
𝑣′

,                                                   (9.2) 

If 𝑣 and 𝑣′are much smaller than the speed of light, then  

𝑉 = 𝑣′ + 𝑣 

This means that the equation goes into the classical law of adding velocities. 
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Consequences of the Lorentz transformations 

1.The concept of the simultaneity of events is relative and not absolute as defined in 

classical mechanics. This means that the simultaneous events occurring at different 

points of system K' will be non-simultaneous in system K. 

2.Relative time interval between events 

∆𝜏 =
∆𝜏0

√1−
𝑣2

𝑐2

,                                                     (9.3) 

where ∆𝜏0is time interval measured by the clock moving along with the body (own 

time); ∆𝜏is the time interval in the system of decomposition moving with velocity 𝑣. 

From the obtained formula it turns out that the time itself is less than the time 

measured by the clock moving relative to the body. 

3. Reduction of linear dimensions in the direction of motion (Lorentz reduction) 

𝑙 = 𝑙0√1 −
𝑣2

𝑐2
,                                                 (9.4) 

where 𝑙0is the length of the body in the reference system, relative to which it rests (its 

own length); 𝑙 is the length of the body in the reference system, relative to which it 

moves at  velocity 𝑣. 

Only longitudinal dimensions change, the transverse ones remain constant. 

Basic relations of relativistic dynamics 

1. Einstein showed that the mass of the body is a function of the speed of motion: 

𝑚 =
𝑚0

√1−
𝑣2

𝑐2

,                                                     (9.5) 

where 𝑚0is mass of the body in the reference system in the state of rest (rest mass); 

𝑚 is the mass of the moving body. 

2. Relativistic linear momentum 

𝑝 = 𝑚�⃗� 

𝑝 =
𝑚0�⃗⃗�

√1−
𝑣2

𝑐2

,                                                    (9.6) 

3. The relativistic expression of Newton's second law 
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𝑑

𝑑𝑡
(

𝑚0�⃗⃗�

√1−
𝑣2

𝑐2

) = �⃗�,                                             (9.7) 

4. Relations of mass and energy 

Complete (relativistic) energy 

𝐸 = 𝑚𝑐2,                                               (9.10) 

The rest energy of the particle 

𝐸0 = 𝑚0𝑐
2,                                            (9.11) 

The total energy of a body is equal to the product of its relativistic mass per 

square of the speed of light in a vacuum. 

Every change in body’s weight on ∆𝑚 is accompanied by a change in its energy by 

the value: 

∆𝐸 = ∆𝑚𝑐2 

5. The relativistic expression for kinetic energy has the form: 

𝐸𝑘 = 𝐸 − 𝐸0 = 𝑚𝑐
2 −𝑚0𝑐

2 =
𝑚0𝑐

2

√1 −
𝑣2

𝑐2

−𝑚0𝑐
2 

𝐸𝑘 = 𝑚0𝑐
2 (

1

√1−
𝑣2

𝑐2

− 1) ,                                        (9.12) 

The connection of the kinetic energy with the linear momentum of a relativistic 

particle: 

𝑝 =
1

𝑐
√𝐸𝑘(𝐸𝑘 + 2𝐸0),                                   (9.13) 

The theory of relativity does not deny the existence of absolute values and concepts. 

It states that a number of concepts and quantities, which were considered absolute in 

classical physics, are in fact relative. 

Relativistic effects for ordinary macroscopic bodies and normal velocities are so 

small that lie far beyond the limits of practical precision. 

In most branches of technology, classical physics "works" as well as before. 
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