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FOREWORD

The course of the theory of mechanisms and machines prescribed in the textbook
is intended for students of speciality 131 "Applied Mechanics" specializing in the field
of dynamics and strength of machines. Specialists in this field of knowledge occupy
a special place among mechanical engineers since their further professional activities
should be related to complex calculations of strength reliability and durability
of machines, constructions and their members with a given accuracy, taking
into account numerous technological and operational factors. A significant amount
of special disciplines of the theoretical direction, provided by the curriculum
of specialization, largely approaches the mechanics and mathematics courses
of classical universities. On the other hand, the engineering direction of the training
of future specialists in the field of dynamics and strength of machines requires
a thorough study of general engineering disciplines, in particular, the theory
of mechanisms and machines, for acquiring knowledge, skills and abilities
in the analysis of a load of real constructions, the impact of various dynamic factors
associated with the movement of solids in the structure of machines and mechanisms,
and for construction of adequate calculation schemes.

Part 1 of the textbook is devoted to the consideration of the principles
of classification and the analysis of mechanisms and machines. It contains
an introduction and seven sections.

Chapter 1 covers the main discipline tasks, historical background, its place
and role among other general engineering disciplines.

Chapter 2 is devoted to the coverage of the basic concepts, terms and definitions,
structure of mechanisms and machines, principles of their classification.

The following chapters outline the main methods of kinematics and dynamic

analysis of mechanisms and machines, their power calculation. The construction
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of reliable calculation schemes of research objects for further evaluation of their solid
reliability and resource is impossible without mastering the general methods
of analysis of mechanisms, machines, devices, the correctness of their choice
in solving specific engineering problems, without understanding the general principles
of the realization of motion, the interaction of elements in the composition
of mechanical systems that determine their kinematic and dynamic characteristics.
Both analytical and graph-analytical methods of research are widely presented
in the textbook. A comparative analysis of the possibilities of different methods,
their advantages and disadvantages are given, attention is paid to the rational choice
of certain methods of research depending on the task and the necessary accuracy
of the calculations. The issues of running control of machines and mechanisms, their
balancing both at the design stage and after manufacturing, to provide the most
optimal dynamic characteristics are also considered.

The theoretical material is accompanied by examples of solving practical
problems for different types of mechanisms. Questions for student self-testing
of knowledge are given at the end of each chapter.

The second part of the textbook will be devoted to the issues of synthesis
of mechanisms with lower and higher kinematic pairs, their force calculation taking
into account friction in kinematic pairs, wear resistance and vibration protection during

operation.



Chapter 1. INTRODUCTION TO THE SUBJECT OF STUDY

As the educational discipline, the Theory of Mechanisms and Machines plays one
of the major roles among fundamental general engineering disciplines, which provide
the basis for the professional training of the future mechanical engineers.

The theory of mechanisms and machines is a science, which studies the general
methods of research of mechanisms and machines properties and design
of their schemes [3].

The textbook describes the structure, classification and analysis of mechanisms
according to the curriculum of the credit module 1 of the discipline “Theory
of Mechanisms and Machines” for the speciality 131 “Applied Mechanics” (subject
areas “Dynamics and strength of machines” and “Information Systems
and Technologies in aircraft construction). This credit module is devoted to the study
of methods of structural, kinematic, dynamic analysis of the main types of mechanisms
that are most widely used in modern machines. As a result, students acquire:

— Knowledge - to know the basic laws of kinematics and dynamics
of mechanisms and their systems; principles of realization of movement with
the help of mechanisms, the interplay of mechanisms in the machine, which
causes kinematics and dynamic properties of a mechanical system; general
methods of analysis of miscellaneous types of mechanisms;

— Ability — to know in practice how to realize systematic approaches to machine
and mechanisms analysis; to discover kinematics and dynamic properties
of mechanisms with the help of modern analytical and graphical methods;

— Experience — to use measuring equipment and accessory to define kinematics
and dynamic operation factors of machines and mechanisms; development
of algorithms of the calculation programs for operation factors on a computer,

implementation of specific calculations.



The theory of mechanisms and machines is connected with such general
engineering and special disciplines, as “Parts of machines”, “Vibration theory
and stability of motion”, “Fundamentals of robotics”.

Historical background. The development of human society is associated with
the usage and advancing of mechanisms: from the simple lever at the beginning
of civilization to overspecified mechanical systems of the present.

The elementary mechanisms (leverages, gearings) were widely used in ancient
Egypt and other civilizations of antiquity.

The epoch of Renaissance in Europe was marked not only by extraordinary
achievements in medicine, literature, art but also in the engineering sphere. It is
necessary to mention Leonardo da Vinci, who left to the descendants the designs
of composite mechanisms of weaver's and woodworking machines, of flight vehicles
etc. In a half of the century the famous Italian doctor and mathematician Gerolamo

Cardano was investigating the operation of mechanisms of clocks and grinding mills.

1 Leonardo da Vinci (1452-1519)

= ltalian artist and scientist, inventor, writer, musician, one of the most prominent
}»» representatives of the High Renaissance, a vivid example of the "universal man" (Latin
é;f_,,;fhf« . homo universalis). He laid the foundations of modern mechanics as the inventor
Sk Y - . . . . .
. of the original mechanisms and the experimenter who carried out the first systematic
i | studies in the field of strength, first introduced the concept of friction coefficient.

Gerolamo Cardano (1501-1576)

Italian mathematician, engineer, philosopher, physician, astrologer. Despite

the fact that Cardano practically all his life was engaged in medicine, he left

a noticeable mark in many branches of science. His significant contribution

to the development of algebra (in particular he proposed the solution of different
types of cubic equations), probability theory. As an engineer, he described

in detail various mechanisms, believed to be the inventor of cardan shaft.

In 18th century engineering started to form as a field of industry. Its further
development was im possible without the studying of scientific grounds of creation
of the faultless mechanisms and machines. The considerable contribution
to the development of mechanics in 18th century was made by the French scientists
G. Amonton and Ch. Coulomb, who studied the laws of friction. The well-known

Swiss mathematician and mechanic L. Euler solved a series of problems of kinematics
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and dynamics, studied oscillation of elastic bodies. He offered involute profile
for a gear tooth.

The theory of mechanisms and machines as a science began to form
at the beginning of 19th century. Its further successes were connected with the names
of such scientists as F. Grasgof and F. Relo (Germany), S. Roberts and R. Willis
(England), T. Olivier (France), P. Chebyshev, M. Petrov, M. Zhukovsky, L. Assur,
I. Artobolevsky (Russia).

In 20th century the paces of technological progress were extremely high.
The machine industry was roughly developed. The manufactures of the 19th century
changed into computer-aided productions equipped with high-precision automatic
machines. The fully automated plants appeared. The epoch of robotics, highly
profitable computer-controlled productions started. On the one hand, the requests
to quality of created machines and mechanisms increased, but on the other hand,
the huge possibilities for a solution of the most difficult problems of synthesis
and analysis appeared. These problems could not be solved before. The solution
methods for these problems were developed. The new knowledge accrued in the field
of the theory of machines and mechanisms.

Ukrainian scientists made the considerable contribution into the development
of the theory of mechanisms and machines in 20th century. The powerful schools
of mechanics have arisen in Kyiv, Kharkiv, Odesa, Dnipropetrovs’k. Names
of the Ukrainian scientists K. Zablonsky, S. Kozhevnikov, B. Kostetsky, F. Ivanchenko

and others are known far outside of our state.

S. M. Kozhevnikov (1906-1988)

Doctor of Sciences, professor, head of the theory of machines and mechanisms
department of the Institute of Mechanics of the National Academy of Sciences

of Ukraine. In 1983 he was elected an honorary member of the International
Federation for the Theory of Mechanisms and Machines. He laid the foundations
for a fundamentally new scientific direction - non-stationary dynamics of machines
with real physical properties of drive links, made a significant contribution

to the development of the theory of structural analysis and synthesis of mechanisms,
biomechanics, and others.
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K. I. Zablonsky (1915-2006)

Doctor of Sciences, professor, Honored Scientist of Ukraine, Rector of the Odessa
Polytechnic Institute. He is the author of numerous fundamental works in the field
of rigidity, loading ability of gearing, as well as textbooks on the theory

of mechanisms and machines, machine parts, applied mechanics.

F. K. Ivanchenko (1918-2005)

Doctor of Sciences, Professor, headed the Department of Technical Mechanics
of Kyiv Polytechnic Institute. He studied the problems of the theory of machinesand | ¢ = &
mechanisms, in particular, the design and calculation of lifting-and-shifting ... §

machines and equipment of metallurgical workshops. He developed the theory, bases '
of calculation of power-supply parameters and dynamics of heavy machines. ‘ ;.h

The basic problems and tasks. The achievements of the theory of mechanisms
and machines are significant. Nevertheless, it is necessary to mark, that today
the theory of mechanisms is much more developed than the theory of machines.

The theory of mechanisms studies such exploratory receptions of properties
of mechanisms and circuit designing (analysis and synthesis), which are common to all
or specific groups of mechanisms, irrespective of particular assigning of machines,
instruments, vehicles. For example, the same mechanism, made in the form of belt
or gear transmission, can be found in cars, machine tools, various devices.

The quality of created mechanisms and machines in many cases depends on entity
of developing and applying of general engineering methods. The more fully the criteria
of productivity, reliability, accuracy, efficiency are taken into account at the design
stage, the more perfect constructions will be created.

Application skills of methods of kinematics and dynamic exploration
of mechanisms and machines are essential for making the design schemes and
simulation of loading conditions of constructions and their members to further strength

calculations, stiffness and stability, and also for correct carrying out of an experiment.
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Chapter 2. THE STRUCTURE OF THE MECHANISM

The mechanism is the basis of any machine. It can be shortly defined as:

The mechanism is a device for converting the mechanical motions of resistant

bodies.

Because the resistance bodies that are used in most machines are intended
to be very stiff, they will be considered to be rigid bodies in these discussions.

The mankind has constructed a great variety of miscellaneous mechanisms
for the history. Therefore, as well as in any other natural science, principles (systems)
of classification of objects of study were designed in theory of mechanisms
and machines. Currently, there are several of them:

— according to the structural sign;

— according to transmission of motion;

— according to the functional sign;

— according to the nature of motions of mechanism links;

— according to the design sign or type of the mechanism.

2.1. GENERAL NOTIONS AND DEFINITIONS

2.1.1. Link, part
In order to provide the desired motions in the mechanism, it is necessary

to connect or joint the bodies like links in a chain (Fig. 1.1)
Link is a rigid body, which belongs to the mechanism composition.

The conventional image of the crank-and-slider mechanism is shown in Fig. 2.1.
It belongs to crank-and-rod mechanisms. It consists of following links: a crank 1
carries out the full turn per cycle of a mechanism motion; a connecting rod 2 realizes
a planar or two-dimensional motion; a piston or sliding block or slider 3 carries out
a pure translation — back-and-forth motion; and a ground as immovable link, which is

rigidly fixed to a reference system.
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Fig. 2.1. Crank and-slider mechanism

The part is a rigid body, which belongs to a link composition.

Between parts in a link there are no relative movements.

Fig. 2.2 shows a con-rod (link 2). Here 1, 2, 3, 4 are parts of this link.

3 1

/ 4

!

1
)
/
T4 1

Fig. 2.2. Link and its parts

2.1.2. Kinematic pairs

The kinematic pair or kinematic joint is the moveable connection of two links,

which confines their definite relative motions.

In Fig. 2.1 letters O, A and B indicate kinematic pairs.

There are such kinds of kinematic pairs:

— planar or two-dimensional pairs and spatial or three-dimensional pairs;

— sliding pair (Fig. 2.3, a) and turning pair (revolute joint or pivot or pin joint
(Fig. 2.3, b) and spherical joint or ball joint or ball & socket (Fig. 2.3, ¢));

— lower (Fig. 2.3) and higher (Fig. 2.4) pairs.

14



/1/@ -
b
Fig. 2.4. Higher pairs: a — point contact;

Fig. 2.3. Lower pairs: a — sliding pair;
b — line contact

b — turning pair; ¢ — spherical joint
In lower pairs the contact between links is held on a surface; and in higher —

through line or in a point.
The higher pairs have a series of peculiarities:
they require positive closing: force closure (Fig. 2.5, a) or form closure

(Fig. 2.5, b);
— they have higher specific pressure in a contact zone than the lower

Kinematic pairs;

|/\/\ﬁm
E““‘

a
b

Fig. 2.5. Positive closing methods for higher pairs: a — force closure;
b — form closure

— they, unlike the lower kinematic pairs, have no reversibility (kinematic inversion

principle), which develops in dependence of the law of link relative motion

on a choice of a reference system.
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In Fig. 2.6 lower kinematic pairs are shown. From a figure we can see that
the relative motion of link points by identical pathways does not depend on a link

with which the reference system is connected.

Trajectory of point A

Fig. 2.6. The kinematic inversion procedure for the chain with a lower pair
In the higher pair, which is created by a circle and a straight line (Fig. 2.7),
by moving a circle by a straight line (reference system is connected with a straight
line) each point of a circle circumscribes a cycloid (Fig. 2.7, a). And if connect
coordinate system with a circle, by moving a straight line by a circle, its points

will circumscribe an involute (Fig. 2.7, b).

Fig. 2.7. Cycloid (a) and involute (b)
The kinematic pairs are classified according to the number of constraints, which

are superimposed by their elements on relative motion of links.
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In mechanics constraints are understood as limitations, which are superimposed
on positions and velocities of points of a mechanical system, which are realized at any
forces, acting at a system.

Coordinates of points of a mechanical system and their velocities are satisfied by
an equation of constraints.

There are geometrical, differential, holonomic and non-holonomic constraints.
Geometrical ideal constraints are studied in theory of mechanisms. Ideal constraints
are the constraints, for which the sum of all reactions work on virtual displacements

of a system equals to zero.

The class of kinematic pair is defined by the number of limitations

(constraints), which the pair superimposes on relative motion of links.

In Fig. 2.8 there are examples of pairs of different classes. Here arrows indicate

possible motions, which are enabled by the pair.

Z
%y
»
b
a X
d

WARS
W

i
1A

- N‘X
Vi

Y5

e

Fig. 2.8. Examples of kinematic pairs: a — 1-st class; b — 2-nd class;
¢ —3-rd class; d — 4-th class; e — 5-th class;
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2.1.3. Kinematic chain
The kinematic chain is a system of links that form kinematic pairs.

There are different kinematic chains:

— opened or unclosed (Fig. 2.9, a) and closed (Fig. 2.9, b)

— simple (Fig. 2.9) and composite (Fig. 2.10), which contain basic link that
organize more than two kinematic pairs;

— gspatial and planar.

In planar chains links move in parallel planes.

— 0 LA,

Fig. 2.9. Simple kinematic chains: opened (a) Fig. 2.10. Composite kinematic chain
and unclosed (b)

The mechanism is also a kinematic chain. Fig. 2.11 shows us some mechanism
schemes. All given examples are closed kinematic chains. Figures 2.11, a — d depict
the four-bar linkages with only lower kinematic pairs. Pin-jointed four-bar linkage
in Fig. 2.11, a is called crank-and-rocker mechanism. Crank-slider linkages are shown
in Fig. 2.11, b — d: inline and offset crank-and-slider mechanisms (Fig. 2.11, b and ¢
respectively) contain sliding pairs are created by movable links with the ground;
crank-guide or shaper quick-return mechanism or quick-return link mechanism
(Fig. 2.11, d) contains intermediate sliding pair when turning links (a crank and
a rocking link) are grounded. AIl these mechanisms belong to hinged-lever
mechanisms or leverages.

Figures 2.11, e and f depict the three-bar linkages with both lower and higher

Kinematic pairs.
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Fig. 2.11. Examples of mechanisms as closed kinematic chains: a — crank-and-rocker
mechanism; b and ¢ — crank-and-slider mechanisms; d — crank-guide;
e and f — three-bar linkages with both lower and higher kinematic pairs

We can formulate the following definition.

The mechanism is a closed kinematic chain that contains a fixed link (ground)
and in which, for a given motion of one or more links, the rest realize definite

motions.

The input link is the link set with motions, which are converted

by the mechanism. The mechanism can have several of them.

The output link is the link (or several links) that realizes motions,

for which the mechanism has been created.

2.1.4. Mobility of a kinematic chain

Generalized coordinates. As it is known, the position of a body in space
iIs determined by six independent parameters: three coordinates of the origin
of a coordinate system, connected with a movable body, relative to some immovable
reference system, and three Euler angles, which describe the turn of this system

relatively to an immovable one.

19



Parameters, which uniquely describe the position of a mechanical system

in space, are called generalized coordinates.

For crank-and-slider mechanism (See Fig. 2.1) a crank angle can be estimated

as a generalized coordinate. There is only one generalized coordinate here.

Initial links. These are the links from which we begin to determine

the mechanism positions.

The link, which has a generalized coordinate, is called an initial link

of a mechanism.

Initial and input links do not necessarily coincide. In fact, any link
of a mechanism can be initial, including an input link and an intermediate one, if it
simplifies an analysis of a mechanism. So we choose the initial link guiding
by expediency.

The amount of initial links of the mechanism equals amounts

of generalized coordinates.

Number of degrees of freedom of the mechanism. Each link which is outside
of a kinematic chain has six degrees of freedom. If we have m links, the general degree
of freedom equals 6m, as well as 6m generalized coordinates.

As constraints in kinematic pairs of a chain are geometrical, they superimpose
limitations only on displacements of points of links. In this case the number of degrees
of freedom of a chain coincides with the number of generalized coordinates.

If to connect an immovable reference system with one of the links, so we speak
about an axis of a kinematic chain concerning this link. As there is a fixed link
in the mechanism — ground, so a reference system is connected with it, and we speak
about an axis or a motion freedom of the mechanism concerning a ground.

At geometrical constraints the motion freedom can be determined behind
a differential between a total number of generalized coordinates of movable links
and number of equations of constraints, if these equations are independent, that is any

of them cannot be a consequent of another.
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Let us designate: 5p, — a number of limitations, which are superimposed
on mechanism links by pairs of the 5-th class ( p, — number of pairs of the 5-th class);
4p, — number of limitations superimposed by pairs of the 4-th class (p, — number
of pairs of the 4-th class) etc.

Possible number of generalized coordinates is 6n, where n=m-1 is a number
of movable links of the mechanism (one link — the ground — is immovable).

Then the motion freedom of the mechanism can be found by the formula:

W=6n-5p,-4p,-3p;-2p,- P, (2.1)

It is the formula of Somov-Malyshev for the spatial mechanism.

For the planar mechanism, where the plain automatically superimposes three
limitations on motions of links, so only two types of kinematic pairs are possible:
lower pairs (the 5-th class) and higher pairs (the 4-th class). The Formula (2.1)
will acquire an aspect

w=3n-2p;-p,. (2.2)

Equations (2.1), (2.2) are called structural equations of mechanisms.

2.1.5. Kinematic scheme of a mechanism
Kinematic scheme of a mechanism is a conventional representation

of a mechanism in the scale 4 (m—r?nj where only the dimensions of links

that influence the kinematics of a mechanism are kept.

On the kinematic scheme of hinged-lever mechanisms (leverages) the graphical

symbols are used. Such basic symbols you can see below in the Fig. 2.12.
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Ground Link with one Link with two Links with three
(fixed link) kinematic joint kinematic joints kinematic joints (basic links)
Kinematic chain Sliding pairs O%

Intersecting links

Fig. 2.12. Kinematics graphical symbols

2.1.6. Passive (redundant) constraints and links
While developing of formulas of a mechanism (2.1) and (2.2), all the equations
of constraints considered to be independent. However, when creating kinematic chains,
some additional constraints can be used that do not affect the motion freedom
of the kinematic chains, but they transform these chains into statically indeterminate

ones. If such constraints exist, the equation (2.1) becomes indefinite:
w=6n-(5p; +4p, +3p;+2p,+ p,—0), (2.3)

where g — a number of redundant constraints.

In this equation w and g are unknown. Solutions of such equations are very
difficult. In practice for most planar mechanisms their motion freedom is evident.
That is motion freedom w can be determined on the basis of geometric analysis and
the equation (2.3) can be solved for g. While analyzing, it is important to find out
correctly which constraints are redundant and to withdraw them. For example,
on the Fig. 2.13 you can see the scheme of a twin-crank mechanism (loa=lgc)

of a wheel drive of a steam locomotive.
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Fig. 2.13. The scheme of the twin-crank
mechanism

You can calculate its motion freedom according to the formula (2.2):
w=3n-2p, =0.

According to the structural formula, we have a fixed frame. But it is evident
that this mechanism has one generalized coordinate ¢,, i.e. w=1. Here the link 4
iIs passive. Its withdrawal will not influence the kinematics of a mechanism
in any way.

Its motion freedom is calculated according to the formula (2.2):

Links and constraints, which belong to the mechanism, but do not influence

its kinematics, are called passive or redundant.

And with what purpose are such Ilinks and constraints introduced
to the composition of the mechanism?

Firstly, to increase the rigidity of its construction.

Secondly, to eliminate an uncertainty of the mechanism motion in some

of its positions.

The position of the mechanism, in which at the prescribed motion of input

links, the positions of the output links are uncertain, are called the dead positions.

Example of such position for crank-and-rocker mechanism is shown in Fig. 2.14.
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Fig. 2.14. Crank-and-rocker mechanism
Thirdly, passive links can also be inputted with the purpose of substitution
of sliding friction in kinematic pairs by resistance to rolling.

According to the structural formula for a cam gear (Fig. 2.15) we get:

w=3n-2p,—p,=3-3-2-3-1=2.

Fig. 2.15. Cam system

It appears from this that here the laws of motion of two links must be posed.
But it is apparent that there is only one input link here. That is a cam 1.

The roller 2 — is a passive link. If we eliminate it, we will have:

w=3.2-2.2-1=1
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2.2. STRUCTURAL SYNTHESIS OF THE MECHANISM
2.2.1. The Assur group concept

The structural synthesis of the mechanism is the designing of its structure chart.

The structure chart is a conventional representation of the mechanism,

which contains a fixed link, movable links and kinematic joints, on which their

positional relationship without the observance of a proportion of the links’

dimensions is pointed.

At the heart of the structure synthesis the method lays proposed by L. Assur.
He offered to esteem each mechanism, as a chain, formed by layering of structural

groups — so called Assur groups, affixed to the primary (elementary) mechanism.

L. V. Assur (1878-1920)

Russian mechanic and machine scientist whose works on kinematics and dynamics
of the mechanisms laid the theoretical foundations of the Soviet school on the
theory of mechanisms and machines. He created a rational classification of flat
hinge mechanisms, developed a methodology for the formation of flat mechanisms
of any complexity by the method of sequential stratification of kinematic chains.
called “Assur groups ”, suggested the division of mechanisms into families,
classes, species, orders, etc.

The primary mechanism is such mechanism, further partition of which

on the components is impossible without breaking of its main function —

transmission of the motion.

Examples of such mechanisms are shown on a Fig. 2.16: a — with a sliding link;
b — with a turning link.

a b
Fig. 2.16. Primary mechanisms with a sliding (a) and turning (b) links

The motion freedom of these mechanisms is w=3-1-2-1=1.
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Let us see the synthesis on an example of the pin-jointed six-bar linkage with
a motion freedom w=1. The primary mechanism is a turning link with a ground
(Fig. 2.16, b).

In order not to change the motion freedom (and there was only one input link),
the associated structural groups with regard to the exterior pivots should have

the motion freedom W=0. That is
w=3n-2p,=0. (2.4)

The higher pairs do not enter to structural groups.

4 5
7 2 3
;m‘
’ b
a
2
/ &
C

Fig. 2.17. The pin-jointed six-bar linkage synthesis: a — the primary mechanism;
b — structural groups; ¢ — four-bar linkage; d — six-bar linkage

d

The structural group or Assur group is called an open kinematic chain,
the degree of freedom of which with regard to the elements of exterior kinematic
joints is equalto zero point. Moreover, the group cannot be decomposed into simpler

ones that would meet this condition.

The elementary chain contains, according to the condition (2.4), two movable
links and three pivots (Fig. 2.17, b).
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The first group is attached to the primary mechanism and to the ground
(Fig. 2.17, c). The second group can be connected to any of movable link and
to the ground. In Fig. 2.17, d this group is attached to the link 2, which
in this case is basic.

It is easy to make sure, that the synthesized mechanism corresponds

to the delivered condition — it is pin-jointed six-bar linkages with w=1.

2.2.2. Classification of Assur groups

The most typical structural groups for modern mechanisms are introduced
in the table 2.1.

Leonid Assur has offered to divide all groups into classes and orders.

Classification according to Assur. To groups of classes I and II such groups
are referred, which do not contain variable closed loops, and differ by the fact that
the groups of class II include basic links, which are attached only to other basic links
(Fig. 2.18). The groups of class 1l contain one variable closed loop; groups of class IV
contain two variable closed loops etc.

The order of group is determined by a number of driving elements — arms
(See Table 2.1 and Fig. 2.18)

Table 2.1. The most typical structural groups and their classification

Classification

The type of the group : According
According to Assur to Artobolevsky
o/°\o class I, the 2-nd order | class II, the 2-nd order

é class I, the 3-rd order | class III, the 3-rd order

M class I, the 4-th order | class III, the 4-th order

@ class III, the 0 order | class IV, the 2-nd order
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Fig. 2.18. Structural group of the class Il and the 6-th order
according to Assur

I. I. Artobolevsky (1905-1977)

Outstanding mechanical scientist, specialist in the field of the theory of mechanisms
and machines, academician of the Academy of Sciences of the USSR. He was

the head of the department of kinematics and dynamics of machines

of the Mechanical Engineering Research Institute (Moscow), professor of the
Moscow Aviation Institute, developed a classification of spatial mechanisms and
proposed methods for their kinematic analysis. He was the founder of the scientific
school of the theory of automated action machines. 1. 1. Artobolevsky is the author
of classical textbooks on the theory of mechanisms and machines.

Classification according to Artobolevsky. Nowadays this system of a structural
classification is the mainly used:
— a class of a group is defined by the number of pivots in the most difficult
closed loop.
— an order of a group is defined by the number of pivots, with the help of which
the group is attached to the mechanism.
I. Artobolevsky proposed to divide the groups of the class Il and the 2-nd order

into five kinds, the schemes of which you can see in Fig. 2.19.

1-st kind 2-nd kind 3-rd kind 4-th kmd 5-th kind

Fig. 2.19. Assur groups of the class Il and the 2-nd order according to Artobolevsky
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10.

11.

12.

13.
14,

QUESTIONS FOR SELF-TESTING

What does the theory of mechanisms and machines study?

What are the main problems of the theory of mechanisms and machines?
What is called a mechanism?

What are the basic principles (signs) of mechanisms classification?

What is called a link and what's the part? What is the difference between
these concepts?

_/ ’ How many links are in this chain?
ot 3 Which of the tagged items are only
parts?

— 0,

What is called a kinematic pair? What types of kinematic pairs do you know
and what are their features?

What does the term "constraint” mean and what types of constraints do you
know? How do they differ?

- o, /af‘”z
M.
X X A /x
b

a

What types of constraints are in the kinematic pairs A in the following
schemes: geometrical or differential?

On which scheme (See question 9) is the constraint in the kinematic pair A
nonholonomic? Substantiate your answer.

How is the class of kinematic pair determined?

Voo b

What classes of pairs does the cone form with the plane in different
positions?

What is the kinematic chain?
What are the types of kinematic chains? What are their special features?
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16.

17.
18.
19.
20.

21,

22,

23.
24,

25,

26.
217,
28.
29.

30.
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Which of the following kinematic chains are not closed?

What classes of pairs can be formed between the links of a plane
kinematic chain?

Define the mechanism as a kinematic chain.

What are the links of the mechanism called input? What are the output?
What is called the generalized coordinates of a mechanical system?

What are the names of the mechanism links, which are assigned generalized
coordinates? Are these links the same as the input ones?

What is the difference between the notions of the degree of freedom
and the motion freedom of the mechanism?

Write down the formulas for determining the motion freedom of spatial
and planar mechanisms.

What is called the kinematic scheme of the mechanism?

What links and constraints in mechanisms are called passive? Do they affect
motion freedom?

For what purpose can passive links and constraints be introduced
into the mechanism scheme?

What positions of mechanism are called dead positions?
What is called the structure chart of the mechanism?
What is called the structural group or the Assur group?

What is the principle of constructing of mechanism schemes proposed
by Assur?

How is the class and order of the structural group determined according
to Artobolevsky?
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Chapter 3. CLASSIFICATION OF MECHANISMS
AND MACHINES

3.1. STRUCTURE ANALYSIS AND STRUCTURE
CLASSIFICATION OF THE MECHANISM

The basic aim of the structure analysis of the mechanism is the definition

of its class and order.

The class and order of the mechanism is instituted by the class and order

of the most complicated structural group, which goes into its composition.

Structural analysis is carried out in the reverse order to synthesis:
— for the given mechanism it is necessary to plot the structure chart;
— to distinguish the primary mechanism;

— to divide a chain that has remained on structural groups.

Constructing of the structure chart. The structure chart is under construction
on a given kinematic scheme in such succession:

— passive links and constraints are discovered and removed from the scheme
of the mechanism;

— all higher pairs are substituted by lower ones;

— all sliding pairs are substituted by turning ones;

— links, which form three and more kinematic pairs, in the form of polygon with
an amount of vertexes equal to the amount of joints. A fixed link is shown

according to this principle.

To substitute higher pair by lower one hinges A and B are put at the centre
of curvature (Fig. 3.1). They are connected by the link 4B, the axis of which coincides
a base tangent in the contact point C. They are also attached to hinges O and O,
by the links O4 and O,B. The obtained four-bar linkage mechanism with lower pairs
IS a kinematic equivalent to the initial one with the higher pair. Speeds and

accelerations of its points and applicable points of the source mechanism are identical
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that is easy to show (See [1]). Obtained kinematically similar mechanism is called

the equivalent mechanism.

Fig. 3.1. Kinematically similar mechanisms
To substitute a sliding pair by turning one we can regard translation of a slider
as an instantaneous rotation relatively a point, which is on infinity, and the slider itself

is a turning element of infinite length (Fig. 3.2).

- | 0

A

Fig. 3.2. Substitution of a sliding pair by turning one

The remark: on the structure chart the links should not cross each other.

Example 3.1. To determine the class and order

of the mechanism (Fig. 3.3).

Historical reference. This mechanism provides rectilinear motion of the point C without
the use of guides. Its invention has allowed to solve a lot of technical problems, for example, related
to the seal in the place of attachment of the piston to the rod in the piston pump to ensure tightness.
The mechanism was named in honor of the inventors - the Lithuanian of Jewish origin
Yomi Tov Lipman Lipkin (1846-1876), student of professor P. L. Chebyshev, and the officer
of the engineering corps of the French army Charles Nicolas Poselje (1832 - 1913)

Let us record a structure formula of the mechanism. We have movable links n=7 and lower

kinematic pairs p, =10. In each of the hinges A, B, D and O1 we have two kinematic pairs.
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The higher kinematic pairs in the mechanism are missed. Thus the motion freedom of the mechanism
isw=3-7-2-10-0=1.

Let us plot the substitute mechanism, having figured basic links, for which we accept links 1, 2
and 7, in the form of triangles (Fig. 3.3, b). And then, combining the kinematic pairs that belong

to the rack into a polygon and placing them at its vertices, we build a structure chart (Fig. 3.3, c).

01

c d
Fig. 3.3. Lipkin-Posellie mechanism: a — the kinematic scheme; b — the
substitute mechanism; ¢ — the structure chart; d — structural groups

We select the primary mechanism, which includes a fixed link and a link 1. Then an attached
kinematic chain is decomposed on structural groups (Fig. 3.3, d), according to some rules:
1. One link cannot be included into different structural groups.
2. The ground cannot go into structural group as a link.
3. It is necessary to start the analysis with the last attached structural group, concerning
the primary mechanism.

Apparently from the analysis held (Fig. 3.3, d), the examined mechanism is the mechanism
of the class /7/and the 2-nd order.
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Example 3.2. To determine the class and order
of a driving mechanism of desktop

of a planer (Fig. 3.4).

c d

Fig. 3.4. Driving mechanism of desktop of a planer: a — the kinematic scheme;
b — the substitute mechanism; ¢ — structure chart; d — Assur groups

Let us calculate the motion freedom of the mechanism. According to the scheme the number

of movable links is n=5, the number of lower kinematic pairs is p, =8. There are no higher pairs.

Then w=3-5-2-8=-1, that signifies, that it is a rigid hyperstatic structure. But it is apparent
that there exists the mechanism, which has one input link — crank 1. So, in the scheme there is
the passive constraint. It is the pair D; or D,. We must consider them as one pair as they are formed
by the same links: by a fixed link and a slider 5.

Thus, we have kinematic pairs p, =7. Then w=3-5-2.7 =1.

By substituting sliding pairs between a slide block 2 and a link 3 and between a slider (desktop)
5 and turning frame, and also showing a basic link 3 in the form of a triangle, we plot the scheme
of the substitute mechanism (Fig. 3.4, b). Then we plot the structure chart (Fig. 3.4, ¢) and we carry
out a structure analysis (Fig. 3.4, d).

We can see that our mechanism is the mechanism of the class /7 and the 2-nd order.
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Example 3.3. To determine the class and order

of a cam gear (Fig. 3.5).

Fig. 3.5. Cam mechanism: a — the kinematic scheme; b — the substitute mechanism;
¢ — structure chart; d — structural groups

While analyzing this kinematic scheme, we reveal in it a passive link — roller 2. We remove
it and find that the number of movable links is n =4, the number of lower kinematic pairs is p; =5
and the number of higher kinematic pairs is p, =1. The motion freedom is w=3-4-2.5-1=1.

We plot the scheme of the substitute mechanism (Fig. 3.5, b). For this purpose the higher pair
A between a cam 1 and a rocker 3 we substituted by two lower pairs A1 and A, and additional link 2.
Link 3 is basic. We show it in the form of a triangle.

Three kinematic pairs belong to the ground. We show it in the form of a triangle and plot
the structure chart (Fig. 3.5, ¢). A structure analysis (Fig. 3.5, d) demonstrates that we have

the mechanism of the class /7 and the 2-nd order.

From the examples above it is possible to make a conclusion that the examined

mechanisms are different as to their construction and functionality. They belong
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to the same class and order. And a driving mechanism of desktop of a planer

(Fig. 3.4) and cam system (Fig. 3.5) even have identical structure charts.

Thus, classification according to the structural sign allows:

1. To join mechanisms, different as to the functional and design signs and to use
for them identical methods of analysis and synthesis.

2. The structure analysis allows selecting methods of analysis depending on what
link is accepted as initial. The point is that it is possible to change the class of
the mechanism depending on what link will go into the composition of the primary
mechanism. So, if in the six-bar linkage (Fig. 2.17, d) the initial link is the link 1,
we get the mechanism of the class II and of the 2-nd order. And if it will be the link 5,
we will get the mechanism of the class I1I and of the 3-rd order.

The most of the mechanisms existing are referred to the classes II, III and IV
according to Artobolevsky.

Next, we consider some more examples of the construction of structural schemes
and the definition of the class and order of mechanisms in various

fields of engineering.

Example 3.4. To determine the class and order
of the mechanism of the truck body
hoist (Fig. 3.6).

Here the wheel 111 is a passive link and it is not taken into account in the further analysis. Then
the number of movable links is n=4, the number of lower kinematic pairs is p, =5 (in unit A we
have two kinematic pairs), the number of higher kinematic pairs is p, =1. The motion freedom
ISw=3-4-2.5-1=1.

We plot the scheme of the substitute mechanism (Fig. 3.6, b). To do this, we replace the sliding
pair B between links 1 and 2 with the turning pair and replace the higher pair E between the rack
and the link 4 with two lower pairs E; and E; and an additional link 5.

Link 4 is basic. We show it in the form of a triangle.
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Three kinematic pairs belong to the ground. We show it in the form of a triangle and plot
the structure chart (Fig. 3.6, c). A structure analysis (Fig. 3.6, d) demonstrates that we have
the mechanism of the 111 class and the 3-rd order.

Fig. 3.6. Mechanism of the truck body hoist: a — the kinematic scheme;
b — the substitute mechanism; ¢ — structure chart; d — structural groups

Example 3.5. To determine the class and order
of two-piston compressor mechanism
(Fig. 3.7).

A preliminary analysis of the kinematic scheme of the mechanism allows us to conclude
that there are two pairs among three sliding pairs M, N and P that impose passive constraints
on links 5 and 8.

The choice of which of these pairs to take into account in a structural study is arbitrary.
We exclude from consideration the pairs N and P, for example. Then we will have: the number

of movable links is n =8, the number of lower kinematic pairs is p, =11 (these are pairs 4, B, C, D,
E, F, G, H, K, L i M) and one higher kinematic pair N between gear wheels 1 and 2 — p, =1. Thus

the motion freedom of this mechanismis w=3.-8-2-11-1=1.
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Fig. 3.7. Mechanism of two-piston compressor: a — the kinematic scheme;
b — structure chart; ¢ — Assur groups

The construction of substitute mechanism will not be performed in this example, but it will be
compatible with the construction of the structural scheme.

We represent fixed link, which owns two kinematic pairs A and B, in Fig. 3.7, b. Links 1 and 2
are basic, as they form four kinematic pairs. We depict them in the scheme as quadrangles.
The higher pair N between them is replaced by two lower pairs N; and N, and the additional link 1*.
The sliding pair M between links 5 and 8 is replaced by a hinge. After completing all
the constructions, we check the motion freedom obtained according to the structural scheme: n=9,
p; =13, w=3.9-2-13=1.

According to the scheme (Fig. 3.7, @), link 1 is an input link. Select the primary mechanism
(Fig. 3.7, c) and decompose the attached kinematic chain into structural groups. There are two such
groups: a group of the class Il and the 2-nd order, formed by links 1* and 2, and a group of the class
I11 and the 4-th order, including the remaining links of the chain.

So we have a mechanism of the class 111 and the 4-th order.

It is proposed to carry out a structural study of this mechanism with a different choice

of passive constraints among the sliding pairs M, N and P.
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Example 3.6. To determine the class and order
of multistage planetary gear
mechanism (Fig. 3.8).

The number of movable links is n=5, the number of lower kinematic pairs is p;, =5
(kinematic pairs A1, As, B, C, D), the number higher kinematic pairs is p, =4. Hence, the motion

freedom is w=3-5-2-5-4=1. Four kinematic pairs belong to the gearbox housing: 41, 43, B i D.
Links 1, 2, 3, 4 are basic links. On the structural scheme, we shall depict them in the form

of polygons with the corresponding number of vertices. Higher pairs replace the additional links
and hinges. The structural scheme is shown in Fig. 3.8, b.
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Fig. 3.8. Multistage planetary gearing mechanism: a — the kinematic
scheme; b — structure chart; ¢ — structural groups

Select the primary mechanism (ground with the link 1) and decompose the attached kinematic
chain into structural groups. All selected groups are dyads (Fig. 3.8, ¢).So we have a mechanism

of Il class and the 2-nd order. It is proposed to establish the class and the order of this mechanism
provided that the gear 5 will be an initial link.
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3.2. CLASSIFICATION OF MECHANISMS ACCORDING
TO THEIR FUNCTIONS

The modern economy is full of various mechanisms. According to functions
of mechanisms in different production sectors, they can be grouped in such classes:

- mechanisms of engines;

- mechanisms of transmissions and actuators;

- control mechanism;

- mechanisms of self-feeder, transportation and push-up mechanisms;

- mechanisms of sorting, packing, labeling;

- calculating-solving mechanisms;

- plotting mechanisms (examples are shown on the Fig. 3.9 and 3.10).

Hyperbola

Fig. 3.9. Trammel Fig. 3.10. Hyperbola plotting mechanism

3.3. CLASSIFICATION OF MECHANISMS ACCORDING
TO THE TRANSMISSION MODE OF MOTION

In mechanisms, the transmission of motion from input links to output ones can

be carried out with the help of such methods:

mechanical — with the help of solids;

hydraulic — with the help of fluid;

pneumatic — with the help of gas;

electromagnetic — with the help of an electromagnetic field.
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3.4. CLASSIFICATION OF MECHANISMS ACCORDING
TO THE NATURE OF MOTION OF THEIR LINKS

Following this sign the mechanisms are distinguished according
to the motions, which are carried out by the links, which belong to its structure.

The mechanisms can be:

with sliding links;

with turning links;

with links, which carry out planar or two-dimensional motions;

with links, which carry out spatial or three-dimensional motions.

3.5. CLASSIFICATION OF MECHANISMS ACCORDING
TO THE DESIGN (ACCORDING TO THE TYPE
OF THE MECHANISM)

Probably it is the commonly used system of classification of mechanisms

in engineering practices. Such basic types of mechanisms are distinguished:

- hinged-lever;

— frictional;

- cam;

- gearings (spur and helical gearing, worm-gear, hyperbolic gearing, etc.);

- with flexible connection (belting, cable, chain);

- screw-nut;

- wedge-bar (Fig. 3.11);

- with a discontinuous motion of output links (Geneva mechanism or maltese

cross mechanism (Fig. 3.12), ratchet mechanism (Fig.3.13) and others).
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Fig. 3.11. Wedge-bar mechanism Fig. 3.12. Maltese-cross mechanism Fig. 3.13. Ratchet mechanism

3.6. MACHINE. AGGREGATE

Machine is a device, which executes mechanical motions for transforming
of energy, materials and information with the purpose of substitution or facilitation

of physical and intellectual labour of a person [3].

We distinguish:

energy machines, intended for transforming of any kind of energy

into mechanical one and on the contrary;

- technological machines (engineering tools, presses, swages, rolling mills, etc.);

- transport  machines  (automobiles, transporters, cranes, airplanes,
escalators, etc.);

- information-calculating machines (mechanical and electronic calculators,

computers, etc.).

Joining of the energy machine (engine) with the executive machine

(technological, transport, etc.) is called the_machine aggregate.

The requests to modern machines. In order to meet the world standards

of quality, modern machines must have such properties.

1. Reliability augmentation at given life. In Fig. 3.14 curves of expenditures
on designing and working costs are shown (Fig. 3.14, a) depending on life
of the machine. From the diagram (Fig. 3.14, b) on total cost you can see
that there is an optimal life when the machine will be the most economical. The life

of any machine has to be adjusted with the term of its obsolescence.
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Fig. 3.14. Cost-life diagram: a — designing and working costs;
b — the curve of total cost;
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2. High efficiency. For example, to design machines, which work by a continuous
principle. Let's take a rotary overburden excavator. Its usage instead of scoop
excavator under certain conditions is much more effective.

3. High quality and accuracy.

4. Economy.

5. Ecological purity.

Depending on a branch range of application, this list can be continued.
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11.
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QUESTIONS FOR SELF-TESTING

What mechanism is called the primary (elementary) mechanism? Give
examples of such mechanisms.

What is called the basic link?

L AP Lh

Which of the following kinematic chains are Assur groups?

What is the main task of structural analysis of mechanisms?

Formulate the sequence in which the structural analysis of the mechanism
Is carried out.

What is the difference between the kinematic and the structural scheme
of the mechanism?

Which pairs are called lower? What class do they belong
in planar mechanisms?

What pairs are called higher? What class do they belong
in planar mechanisms?

What are the main stages of construction of a structural scheme
of the mechanism?

What mechanism is called a substitute?

Why is the substitute mechanism called kinematically equivalent
to the given one?

How many passive links (constraints)
are in this mechanism?

Construct a substitute mechanism scheme for the mechanism presented
in question 12.

How can we determine the class and the order of mechanism by its
structural scheme?
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15.

16

17.

18

19
20
21
22

What link of this mechanism should be
chosen as the initial one so that its class
according to Artobolevsky would be lower?

. What features can we characterize mechanisms of engines,
transmissions, actuators?

T v

What types of mechanisms by the design feature and the nature of
motion of the links do these crank mechanisms represent?

. Give examples of mechanisms that can be classified according
to the transmission mode of motion.
. Give the definition of "machine".
. What are the main types of machines following the modern classification?
. What is called a machine aggregate?
. List the basic requirements for modern machines.
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Chapter 4. KINEMATIC ANALYSIS OF MECHANISMS

The kinematics is a branch of mechanics, which studies the laws of motion

of particles and rigid bodies, disregarding of reasons causing this motion.

Two primal tasks are solved in Kkinematics: analysis and synthesis
of the mechanism.

While analyzing, the existing mechanism is esteemed and its motion
characteristics are studied. The task of synthesis is to create mechanisms with given
Kinematic characteristics.

The methods of analysis are the most developed today, that is, the study
of already existing mechanisms. The methods of synthesis are developed deeply only

for cams and gearing mechanisms.

4.1. ANALYTICAL METHODS OF KINEMATIC ANALYSIS

4.1.1. The main kinematic parameters of the mechanism

Kinematic parameters or motion characteristics of the mechanism contain
coordinates and motion paths of points; generalized coordinates of links;
displacements of points and links, their velocities and accelerations, and also
position function and transfer functions of a mechanism.

There are three basic exploratory methods are predominantly used now —
analytical methods of the kinematic diagrams, method, method of the vector diagrams

(velocity and acceleration diagrams).

4.1.2. Transfer functions and velocity ratios

The position function of the mechanism. In practice, the study of kinematic
parameters is convenient to conduct not as the function of time, but as a function
of generalized coordinates of initial links. That is, when the position of the mechanism

iIs known, these parameters are evaluated independently of the law of variation

46



of generalized coordinates in time which can be unknown for us. In other words,
the kinematic parameters of the mechanism, in this case, depend only on its kinematic

scheme (geometry) and do not depend on time.

The position function of a mechanism is called the dependence of a coordinate

of an output link on generalized coordinates of the mechanism.

For example:

Pn =Py (P Pyreny ).

Here n — is the index of the output link; @,,...,, — are generalized coordinates

of the mechanism.
Let's examine the mechanism with motion freedom w=2 (Fig. 4.1), n-th link
of which carries out the turning motion with the angular velocity ®p.

The position function of the n-th link:

@, =, (1, 0,) .

=)

Fig. 4.1. Pin-jointed linkage with w=2
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Transfer functions of the mechanism. Let's discover the angular velocity
of the n-th link (Fig. 4.1).

_ 09, _ 0, 09, 0o, 09,

Wy, - ]
ot oOp, ot Op, ot

or
_y® (3
®, =Uy -0 +U,; - 0,. (4.1)
0
Here Ur(j) = &; ur(fz) :% — are the quotient velocity ratio.
o, op,
For the mechanism with the motion freedom w=1 (®,=0)
do, do
o,=—"—l=Uu, 45
n d(Pl dt nl 1, ( )
0 , : " : :
where u,(j) = T =&=Inl — the ratio of the angular velocities of links, which
]

is called the angular velocity ratio or velocity ratio.
The physical content of the quotient velocity ratio is the following: ufj) — velocity
ratio between the links n and 1, when the link 2 is unmovable (Fig. 4.1); u®) — velocity

ratio between the links n and 2, when the link 1 is unmovable.

The quotient velocity ratio is also called the angular velocity analogue. It is true,

if in the equation (4.1) ®, =0, and @, =1¢*, then »_ = u(i).

n

Let's find the velocity of the point £ (Fig. 4.1), which position is determined

by the position vector r, =T (,,,):

- _dr. _or; dg, | org dg,
Ve = = +
dt  Jp, dt  Op, dt
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or

Ve = o+ 0, (4.2)

Where 9" and or, are the velocity analogues of the point E.
0p, a(Pz

For the mechanism with motion freedom w=1 (for example the velocity ®, =0)

the equation (4.2) takes the form

ALY (4.3)
d(Pl

Let's determine the angular acceleration of the link n. We will confine to a case,

when the motion freedom of the mechanism is w=1 (®,=0)

2 2
d(pn d(d(pnwj:d(pn%(o_i_d d(Dl

e =

" di? dt{ do, de? dt * de, dt
or
2
e — d°¢, o Ao, 6,
d(P1 do,
dz(p
where =u’ .1 1S the angular acceleration analogue.

1

Let's determine the tangential acceleration of the point E, having taken a time
derivative from the velocity (4.3). After some simple transformations we will get:

— d’r. , dr

R

de; do,

dr,
Here do? Is the analogue of the tangential acceleration of the point.

The velocities and accelerations analogues are called the transfer functions

of the mechanism.
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4.1.3. Examples of kinematic studies of some typical mechanisms

Example 4.1. To determine the wvelocity and
the acceleration of the point B of the
offset crank-and-slider mechanism,
kinematic scheme of which you can see
in Fig. 4.2 on a scale y, if m;=Const.
Determine the velocity ratio between
the connecting rod 2 and the crank 1,
as well as the angular acceleration

of the connecting rod.

-

Fig. 4.2. An offset crank-and-slider mechanism

Let's determine the position function of the point B:

XB:XB((PI);
Xg =loa - COSQ, +1,5 - COSVY . (4.9)
From the AABA, we find:
. l.,sinp, +e .
sm\yzwzsm(n-(pz).

IAB
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Then

] 2
cosy = y[1—sin?y = 1—['0’*8'”—%+ej .

IAB

If we substitute the expression that we have just found in (4.4) we get

The velocity of the point B
_dxg  dxg
"7 dt  do, o

We find the velocity analogue of the point B if we take a derivative from its position
function (4.5)

—2(e + 1, 8in@,)l,, COS uy
do, Z\fl —(e+ly,sing,)?

Taking into account the fact, that when wi=Const, the angular acceleration of the crank
is £1=0, the acceleration of the point B

Here the acceleration analogue

292 2 2 ; ; ; 3ai
lisloa €0S° @, — 15510 (8 + 15, SN, )SiN G, + 1o, (€ + 1o, SiN G, ) sing, -

3
[I,ﬁB —(e+1,sin (p1)2:|2

d”x 9% _ —|., cos
do > — loa ¢ —
l

Let us determine the velocity ratio between the connecting rod and the crank:

_ 0, dep, d . loaSing, +e | loa COS @, __IO_A. CosQ,
u, =—==—==——arcsin = —L
o, de, do | e

- 2
loaSing, +e le €039,
g 1-| 2—F—
IAB
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. 2
Here 1—('0/*8”1—%%) =cos(n—@,)=—C0S@,.

IAB

Let us determine the transfer function of the angular acceleration of the connecting rod:

d’p, d (Uy) = d (_ |OACOS(p1]_|O_A-£COS(p2'Sin(pl—uﬂCOS(pl-Sin(pzj
21) — - ’

deo; - d 0, do, 5 cos0, cos’ ?,

IAB

The angular acceleration of the connecting rod is

o2 s [ COSQ, -SiNQ — U, COSQ, -SiNQ, |
cos’ @,

Example 4.2. To determine position and transfer
functions of a pin-jointed four-bar
linkage (Fig. 4.3).

Fig. 4.3. A crank-and-rocker mechanism

It is easy to make certain of the fact that the mathematical ratio for this type of mechanisms
will be rather bulky if take advantage of the approach applied in Example 3.1. Therefore, we will

conduct investigations by applying a method of closed vector loops.
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Defining a position function, it is convenient to fracture the closed loop OABC into two: OAC

and ABC. In these closed loops, the link axes are given as vectors |, I,, L, |;.
Here S -isa changeable vector, which defines a positional relationship of points A and C.
Then the following closure conditions are true for triangular closed loops:

- for aclosed loop OAC

l,+S—-1,=0;
- for a closed loop ABC
_S_[=0

We project vectors on axes X, y and get the relations

{Ilcos<pl +Scoseg — 1, =0;

. . (4.6)
|, sing, + Ssingg =0.
Hence
—I, sin

tgp, =+ @)

l, =1, coso,

From the second equation of a system (4.6)
S__ |, sin o,
sin @,

Let us esteem a closed loop ABC. We mark tilt angle of vectors E and E to S respectively @,

and ¢4, . Using a cosine law, we receive such equations:
2 2 2 2 2
17 =S +1; —2Sl,cos(m— @, ) = S* +1; + 2SI, o5 Qs ;

2 2 2
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Then

2_g2_2
= arccos-2——=2; 4.8
(p35 28|3 ( )
2 2 2
IS -1
@,s =arccos ST+ 2| 3 (4.9)
2
We note the conditions
{(Pas — Q3 =—0g,
Py =Py =—Qs.
Hence
O3 =Qg + Pgg; (4.10)
P, =Qg + Q5. (4.11)

In an equation (4.10) and (4.11) angle ¢ is determined through ¢, according
to the equation (4.7), angles ¢,; and ¢, are determined through the given sizes of links according

to the equations (4.8) and (4.9).

According to the cosine law (closed loop OAC) we note

2 2
S = JIZ +1Z —2l,], cos e, .
We get a position function of the link 3:

—1,sin 212 —12 =17 + 2], cos
¢, =arctg——1— Pr | arccosz 8 0 T T EPP

l, -1, cos g, 21,12 + (2 —21); cos g,

Similarly, we get a position function of the link 2.

: 2 2 2 2
—l;sing, T ArCCos L, =1+ +15 =211, CosQ,

@, =arctg
i l, —1,cos g, 21,JIZ + 2~ 21, cos g,
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Let's determine transfer functions of the mechanism (analogues of angular velocities
and accelerations of links).

For this purpose, we esteem a closed vectorial loop OABC (Fig. 4.4).

Y

] A, X

0

Fig. 4.4. Four-bar linkage

Condition of its closure

In a projection to the axis x we get:
|, coso, +1,cosp, —l,cosp, =1,.

We differentiate this equation on ¢, :

: . . d
—Ilslncpl—I25|ncp2&+l3sm(p3&=0. (4.12)
do, do,
d d
Here&:uﬂ; &zuﬂ are velocity ratios or angular velocity analogues of links 2
do, do,

and 3 respectively.

Let us copy equation (4.12) as:

l,sing, + Lu,,sine, =Lu,, sing,. (4.13)
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Now we turn axes x and y by the angle ¢, . Then we subtract this angle in equation (4.13):

I, sin(@, — ;) = lUs, SiN(p; — ;) .

Hence, the velocity ratio between the first and third links is:

_Lsin(g,—g;)
3 ,sin(e, —o,)
Similarly
__hsin(e,—g3)
2 1,sin(e, — ;)

In order to define the angular acceleration analogues of links 2 and 3 we differentiate

equations (4.13) by generalized coordinate ¢,. We get the following equation:

|, cos @, + LuZ, cos @, + Lu,, sing, =1,uZ cosg, +l,u,, sing,.

dz(Pz.u' :dz(P?,
2 1 Y 2

de; do;

Alternately, turning axes x and y by angles ¢, and @5, we get:

Hereu,, = are angular acceleration analogues of links 2 and 3 respectively.

__ l, COS((Pl - (Ps) - I3u'§1 +1,uz, cos(p, — D;)
- |25in((p2 _(Ps)

v I, COS((Pl —Q, ) - I2u221 + |3U§1 COS((Ps —-¢,)
31— -
' |3S|n((P3_(P2)

If angular velocity w1 and angular acceleration &1 oOf the input link are given, it is possible

to determine angular velocities and accelerations of other links of the mechanism:
@y =Uyy @5 Oz =Usz; -y

_ 2 . 2
€, =8 Uy +® -Uy, =8, Uy + @ -Uy,.
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4.1.4. Method of coordinate transformation

In case of investigation of planar mechanisms, this method, in comparison,
for example, with a closed vector loops method, is more complex. Nevertheless,
when investigating spatial mechanisms a method of coordinate transformation
Is very effective.

Using a matrix form of equations record, the method simplifies
applying a computer.

The formulas of transforming of Cartesian coordinates  x;,Y;,Z;

in axes x,Y,,z are:

Xi =ayX; +a,py; +a;,
Yi =8, X+, +ayZ;; (4.14)
Z; =85, X; + a3 Y; +a5,Z;.
Here a,, =cos(xX;), a, =cos(xy;) etc.
The coefficients in an equation (4.14) can be given in matrix notation:
cos(x;X;) cos(xy;) cos(xy;)

T; =|lcos(y;x;) cos(y;y;) cos(y;z;)|- (4.15)
cos(z;x;) cos(zy;) cos(zz;)

For coordinate space matrices, which define rotation about one
of the axis there are:

N o, |5
1 0 0
XX T,=|0 cose,-sing,||.
0 singp, coso,
g,
Yi

Fig. 4.5. Rotation about the x-axis
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Py

cose, 0 sing,
\(P}L T = O 1 O

y
i -sing, 0 coso,

YiYi

Fig. 4.6. Rotation about the y-axis

Z,,Z,
X coso, -sing, 0
NP " T, =|sing, cose,0
0 0 1
?,
Wy,

Fig. 4.7. Rotation about the z-axis

Example 3.3. To determine a position function of the
point D of an unclosed planar kinematic

chain of a manipulator arm (Fig. 4.8)
Yol

Y

Fig. 4.8. Kinematic chain of a manipulator arm
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Motion freedom of the chain isw=3n-2p, =3x3-2x3=3. In other words, we have three
general coordinates @,, @, ¢, in the coordinate system Xo-Yo.

First, let us connect the coordinate system to the link 3 (Xs-y3). In this coordinate system
Xp3 =5} Y3 =0.

Then we proceed to the coordinate system x,-y,, which is connected to the link 2. In these axes,

the coordinates of a point D are determined by expressions:

{XDZ =1, + X5 COSQ, — Y, SINQ, ;

. (4.16)
Yp2 = Xp3SIN@, + Y3 COSQ,.
Connecting the coordinate system to the link 1 (x;-y1), we get:
Xpy =l + Xp, COSQ, — Y, SINQ,;
. (4.17)
Yp1 = Xp, SIN@; + Yp, COS ;.
For the given coordinate system associated with the fixed link:
{XDO = Xpy C-OS Py — Yp1 SINQy ;5 (4.18)
Ypo = Xp1SINQ, + Yp, COS @y

Connecting the identity 1=1 to the equation sets, we get square matrices as (4.15):

1 0 0 1 0 0 1 0 0
T,, =|0 cos@,-sing,|; T, =||0 cose,-sing,|[; T, =0 COSQ,-SiN,|.
0 sing, coso, 0 sing, coso, 0 sing, cosq,

The left parts of the equations (4.16)-(4.18), taking into the account the identity 1=1, are:

1 1 1 1
o3 = Xpsll;  To2 =|Xo2; Tor=|[Xp1l|; Too =|Xpoll.
Ybs3 Yb2 Yo1 Ybo
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These equations can be shown as:
o2 =To Tosi Tor =Tor-Toai Tog =Tio Iy
Finally, we get:
Moo =T " Ty Thg - Tg.

In a full size and after some transformations this equation can be shown as:

1 1
Xpo [ = [[l.€OS @, +1,€08( @, + ¢, ) +1,c05( ¢, + @, + @, ).

Yool [l;Sing, + Izsin((pO +(p1)+ I3sin((po +¢, + (Pz)

4.2. KINEMATIC ANALYSIS OF MECHANISMS
BY THE METHOD OF DIAGRAMS

4.2.1. Motion diagrams of points and links of mechanisms

A Kkinematic diagram is a graphic image of the law of variation for one

of the kinematic parameters of a mechanism in the function of time

or generalize coordinate.

Let us construct the kinematic diagram for the position function of the crank-

slider linkage Sy =S;(¢,) (Fig. 4.9). We assume o, =Const.

It is more convenient to start the construction from the leftmost or rightmost
positions of the slider, which are the extreme positions of the mechanism. The path
of the point A is divided into n equal parts (8-12). For example, they define
the displacement Sg in each 30° of the angle of the crankshaft turning.

The diagram is constructed on a scale on axes Sg and ¢,

Sg -y mm _ o, radian

® 0SS ' mm “0i" mm
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In order to get the diagram of the velocity analogues for the point B, we must
differentiate the obtained dependence. In practice, we use the method of graphical

differentiation and integration.

All
A,¢
\ B/
A, 2
T
4, g
S
m 0 —
s, mm
2 -
4 _|
6 _
8 _|
i
10
12 -

o

Fig. 4.9. Displacement diagram of point B of an offset crank-and-slider mechanism
(graph of position function)
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4.2.2. Graphical differentiation
In Fig. 4.10 the graph of the function S =S(¢,)is shown

S
|
! |
. | |
! !
0’ I |
! ! |
L]
0 | |
I : 4 | n =0,
! | |
o
das/do, : : :
o
| | | !
| ! | !
| | | !
| | | !
| ! | !
| | | |
27 | : | :
| | |
P T T } t T T T T T = (p]
|1 : )\I 3140 n
37 : | |
- \ |
4 //I | !
p ! ! | Jl’/
Fig. 4.10. Graphical differentiation (chord method)
) . ... dSs ds :
Let’s construct the graph of the derivative o = d—((pl) in the range O-4.
¢ UPy

For this purpose:

1. We divide the segment O4 into n equal parts.

2. In each range 0-1, 1-2, ... 4-n we define the value of the derivative
of functionS =S(¢,), which is approximate to the slope ratio of the tangent
to the curve in the middle of the range. The less the range we have, the more accurate
the value of the derivative is found. In practice, the chord method is used. For this
purpose we join the points 0" and 1'; 1" and 2" etc. by the chord segment. In the first

approximation, they can be considered as parallel to the tangent in the middle of range.
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3. From the arbitrarily chosen pole P (Fig. 4.10) straights parallel to the chords
(these are the beams P1";P2" etc.) are drawn to the crossing with the vertical axis.

4. From points 1”; 2" etc. we draw straight lines, parallel to the horizontal axis
till their crossing with vertical lines, drawn through the middle of the intervals
of the partition.

5. Through the obtained crossing points we draw the curve which is the graph

of the derivative of a function S =S(¢,), plotted in the scale p .
doy

Now we find the scale of the graph of the derivative. For this purpose, we study
the fragment AB of the graph of the function S =S(¢,) (Fig. 4.11).

S A

Hs
l"l(pl

as/de, |

M is/aon
./

l —V_l' (dS/ide,),/ Hasiaor
|
P P | g

19) > Q,

H,

Fig. 4.11. Determination of a scale

In the triangle ABC, the hypotenuse of which is the chord AB, the legs

are found as

_AS. ac-Ae
MS “‘(pl

BC
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Derivative function in the middle of the interval i -i+1/:

ds AS BC nu u
()55 300
de, , Ap, ACp, p,

On the other side:

ds )
— | =0 =g 'Hl'th_
do, ). —

do, do,

Composing these two equations, we have:

4.2.3. Graphical integration

(4.19)

In practice, we often must define an integral of a function, which is given

graphically. For example:

o(t) = tjmdt .

0

In Fig. 4.12 there is a graph of the angular velocity (t) considering values

of the scales p, and L, .

Integration is conducted in the way inversed to the graphical differentiation:

1. We divide the interval O4 into n equal parts in such a way that the motion

in the ambit of the interval is considered as steady.

2. We replace curvilinear trapezoids 00’1’1, 112’2 etc. by squarely equal

rectangles with sides O-1andy,; 1-2 and Y, etc.

3. The ends of mean ordinates VY,,Yy, etc. are projected on the axis o,

and the points y;, Y, etc. are found.

4. We connect them with the arbitrarily chosen pole P by rays Py;, Py, etc.

64



5. On the sought graph ¢(t) we draw lines 01";1"2" etc., parallel to the rays
Py;, Py, etc. We draw the first segment from the coordinate origin to crossing with
a vertical straight, which limits the interval 0-1 on the right. The second segment
is drawn from the obtained point of crossing with the limit of the first interval
to the crossing with the limit of the second interval 1-2 etc.

6. Replace the obtained piecewise continuous curve by a smooth curve, which

is the sought graph of an integral functione(t). Now it is easy to show that a scale

on the axis ¢, according to formula (4.19), is calculated by the formula

H(P:Hm'“t'Hy

» I, 5

P4 n”

\

Fig. 4.12. Graphical integration

The method of graphical differentiation and integration is not exact enough.
Therefore, it is used for the approximate determination of the kinematic parameters

of the mechanism.
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4.2.4. Validation of the executed constructions
In Fig. 4.13 there are diagrams of dimensions, velocity and acceleration
analogues of the point B of a crank-slider mechanism (Fig. 4.13), found by the method

of graphical differentiation of the curve S, =S, ((Pl)'

S A

AT

/ \

20 40 60 80 100 120 140 160 180 200 220240 260 280 300 320 340 360 ¢ .0

dS/de,
ZERN
YN

LA \ P

\ O, .0

(\
AN

d’S/de;

Fig. 4.13. Validation of the executed constructions

Validation of the executed constructions is conducted by the following features:
1. The extreme values of the integral curve correspond to the zero values

of the differential curve.
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2. Points of inflection of the integral curve correspond to the extreme values
of the differential curve.

3. Segments where the integral curve increases correspond to the positive
segments of the differential curve.

4. Declining segments of the integral curve correspond to the negative segments
of the differential curve.

5. Tangents constructed to the curve both in the initial and end points (beginning
and end of the mechanism motion cycle) must be identically directed.

6. If it is necessary to specify the graphs of curves in some interval, we make

an additional division of the interval.

4.3. METHOD OF VECTOR DIAGRAMS IN KINEMATIC
ANALYSIS OF MECHANISMS

4.3.1. Position diagrams of a mechanism

The image of a kinematic scheme of a mechanism in the chosen scale,
which corresponds to the set position of an initial link, is called the position

diagram of a mechanism.

In Fig. 4.9 position diagrams of a crank- slider linkage are shown in a scale, .

Thus, the position diagrams of a mechanism are built by conducting the kinematic

analysis, for example by the method of kinematic diagrams.

4.3.2. Velocity and acceleration diagrams

The mechanism velocity diagram is a diagram, which in the form of segments
shows vectors identical in the magnitude and direction with velocities of different

points of mechanism links at the present instant of time.

The velocity diagram for a mechanism is a complex of several velocity diagrams
for its separate links, in which the poles of diagrams p are a general point — a pole
of the velocity diagram of the mechanism.
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A diagram, which in the form of segments shows vectors identical
in the magnitude and direction with accelerations of different points of mechanism

links at the present instant of time, is called the mechanism acceleration diagram.

In the method of the velocity and acceleration diagrams, we use the planar motion

theorem of solid (links).

Planar (two-dimensional) motions can be considered to be combinations of two

simple displacement types: translation and rotation.

Let the body shown in Fig. 4.14, a executes the planar motion. As it is known,
its motion can be assigned by setting the laws of motions of its two points,
for example, A and B.

In any moment of time, it is possible to find the point rigidly bound with a body,
the velocity of which equals to zero. This is an instantaneous centre of rotation (ICR)
of a body P. If we have a slide body, ICR lies at infinity. Relatively to this point,
a body does turning motion with the angular velocity @ at the present instant of time.

In other instant of time, this velocity can be other.

=

My

a b

Fig. 4.14. Velocity diagram for the rigid body: a — the rigid body;
b — the velocity diagram
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Let us transfer the vectors of absolute velocities V, and V, in the point p (pole

of the velocity diagram). We will get the velocity diagram of the segment AB

(Fig. 4.14, b) in a scale

The velocity of the point C, according to the planar motion theorem

Vc :VB +\7CB

or

Vc :VA +\7CA-

Here the vectors Vg and Vi, represent the amounts by which the velocity of point C

differs from those of points B and A.

Let us assume that we know the velocity V.. . Then a segment on a diagram

V
Pc ==,
He

On the other hand

V,=w-PA,  V,=w-PB; V.=0-PC,

Then
_oa-PA_(o-PB_(o-PC
H pa pb pc
or
PA_PB PC
pa pb pc’
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This is the writing of the similarity theorem for velocity diagrams:

The ends of vectors of absolute velocities, are co-connected, and form a figure,

similar to the link, which is situated similarly to it and turned on 90

In the similarly situated figures, traversal directions coincide in indexes.

Properties of velocity diagrams:

1. Vectors which go out from a pole are absolute velocities.
2. The direction of vector is always from a pole.
3. There is always a point at the end of a vector, which coincides with the point

of the link or kinematic pair.
4. Vectors on the velocity diagrams, which do not pass through a pole,

are relative velocities.
5. The direction of relative velocities on a diagram is always from the second

index to the first one.

Let us study the body (Fig. 4.15), the motion of which is assigned by the motion

of points A and B. /7 is an instantaneous centre of accelerations (ICA).

Ma a

Fig. 4.15. Acceleration diagram for rigid body
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Acceleration of the point A

Here @, = " - I14 is normal acceleration; &, =¢- 714 is tangential acceleration. Then

a, =N +¢ .

Analogously, for the point B:

a, = HB\/0)4 + ¢ )

According to Fig. 4.15

L oa, e-1l4 e-IIB
Qo=—r=—r=—" =,
a, a, o -4 o -IIB
Finally, we get
€
tga =—

2 -
Q)

We construct the acceleration diagram, replacing beginnings of total
acceleration vectors into the general pole of diagram = (Fig. 4.15). A scale factor
of the acceleration diagram:

W= a, a; m-s”
® ma mb  mm

Let us formulate a similarity theorem for acceleration diagrams:

The ends of vectors of total accelerations, are co-connected, and form a figure

similar to the link, which is situated similarly to it and turned on /(180" -a),

where o = arct 7
a g o’
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The acceleration of the point C can be found by the similarity theorem, according
to which AABC is similar to Aabc (Fig. 4.15).

Properties of the acceleration diagrams:

Properties of the acceleration diagrams are similar to the properties
of the velocity diagrams.
Let us have a closer look at the methods for construction of velocity and

acceleration diagrams for different structural groups.

4.3.3. Velocity and acceleration diagrams construction

for double arm groups (dyad) with three turning pairs

The diagrams construction procedure for such groups lies in the compilation
of vector equations of velocities and accelerations for each of the link and their
joint solution.

Let us consider a structure group consisting of links 1 and 2 (Fig. 4.16, a).

n,

Fig. 4.16. Double arm group (dyad) with three hinges: a — dyad;
b — the velocity diagram; ¢ — the acceleration diagram
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As there is no relative translational motion of links in the pin joint B, the

condition Ve =V &2 is valid. Links are producing planar motions. Hence we can write

Vs
Vs
Since the relative motions of links are turning, relative velocity directions

are V, L BAand V.. L BC.

down such equations for each link:

(4.20)

V, +Vga;
Ve +Vge.

Here vectors V, and V, are known. We need to find vectors Vg, Vg, and Vg .

Let us construct the velocity diagram. We choose the pole p and plot off vectors
paand pc the scale of which corresponds to the specified velocity vectors V,and V..
The scale factor of the velocity diagram is calculated from the ratio:

Va _ Ve m-s—
pa pc’ mm

W, =

The set of equations (4.20) is jointly solved in the vector form. This is done
by drawing the ba L AB vector direction from the end of vector pa, and bc L BC
vector direction from the end of the pc vector. The intersection point is the solution
to the set (4.20). Point b is the end point of the pb vector. Therefore,

having calculated the scale factor p, makes it possible to find all unknown

vectors (Fig. 4.16, b).
Now we have to calculate accelerations. According to the compound motion

theorem we can write down equations for links:

a,=a,+a, +a
(4.21)
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Here a, and a. are given accelerations of points 4 and C of the structure group.

Normal accelerations are calculated by these formulas:

v Ve (bap)" . ZV;C :(bc-uv)z
| | ! © | !

AB AB BC BC

where ba and bc are segments of the velocity diagram (Fig. 4.16, b). The directions

for these accelerations are also known: ag,||BA and directed to the point 4

(the centre of rotation at the relative motion of link 1); ag. ||BC and directed to
the point C (the centre of rotation at the relative motion of link 2).

We cannot calculate the value of tangential accelerations a3, and az. as angular
accelerations of links in the turning motion are unknown. Only their directions

ag, L BA and ag. L BC are known.

il

The set (4.21) is solved for the unknown vectors A, gBTA, dg. through
the acceleration diagram. Its scale factor

a, a& m-s?
B, =—"2=— .

ma TC' mm

From the chosen pole of acceleration diagram = we plot off vectors wa and wc
(Fig. 4.16, c), which in direction coincide with the given acceleration vectors of points

A and C. From the ends of these vectors we draw vector an, from the point B

to the point A (Fig. 4.16, a), and vector c_n2 from B to C. Here

an an
_ _BA _ _BC
Ma Ma
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The point b is an intersection point of the directions of tangential accelerations

and the end of the unknown vector nb. The total acceleration of point B

is calculated as follows
a,=nb-p_.

Therefore, the velocity and acceleration of the point B of a double arm
structure group with three turning pairs can be found if the values and directions

of the end hinges of the links that form it (points A and B) are known.

4.3.4. Velocity and acceleration diagrams construction for double

arm groups (dyad) with the end sliding and turning pairs

Fig. 4.17 shows such a group. It forms a sliding pair with link 4, while

the transportation motion of this link is rotational.

<

CD4

—_——
"k
aCD4

Fig. 4.17. Double arm group (dyad) with the end sliding pair:
a —dyad; b — the velocity diagram; ¢ — the acceleration diagram;
d — Zhukovski method of Coriolis acceleration
direction determination

Let us assume that velocities and accelerations of the points B of link 2 and D,

of link 4 are given. Angular velocity of link 4 is also given.
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Let us calculate the velocity of the point C. As in the previous example, there is

no relative sliding motion of link 2 and 3 the condition Vez=Ves=Ve is valid.

Thus, by the planar motion theorem, the set equations for these links are as follows

Here V. L CBas the relative motion of link 2 is rotational. The direction
of the relative velocity VCD4is parallel to link 4, since the motion of link 3 relative

to link 4 is translational.

Solving this set of equations jointly with the help of the velocity diagram

(Fig. 4.17, b), enables us to find the unknown vectors V_, \7CD4 and V.,
Ve =pc-p,; Veo, =Cd, - py; Vg =cb-p, .

The procedure of velocity diagram construction is the same as in the previous
example.

Let us find the acceleration of the point C:

Both for velocities and accelerations condition a. =a. =a. is valid.

The second link produces the planar motion. Normal acceleration in the turning

motion of this link with regards to the point B is as follows

2

o _Vég _(ny-cb)

aCB—I =T
CB CB
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We plot off vector E in the velocity diagram oriented from the point C

to point B (Fig. 4.17, a). Then the scalar of this vector is

n
bnzzﬁ.
Ha
The direction of the tangential acceleration aj; 1L CB is plotted off from

the point n, in the acceleration diagram.

The relative motion of the link 3 by the link 4 is translational, characterised, from

one point, by relative acceleration aCrD4. At the same time the transportation motion

of link 4 is turning, which results in Coriolis acceleration:

K o= AT
aCD4 —2(,04 XVCD4'

Its magnitude
aCk =20, -V,
Da 4°VCD, -

The direction of the Coriolis acceleration is found by Zhukovski method (Fig. 4.17, d).

In order to find the direction of the acceleration aéD ,» We need to turn the relative

velocity vector of sliding motion \7CD4 (that is found from the velocity diagram:

its direction is from the second index d, to the first one ¢) 90° towards the direction
of the angular velocity of transportation motion ®,. Thus, we draw vector ﬂ

oriented towards the Coriolis acceleration, from the point d, in the acceleration

diagram. Its magnitude

k
_ 4o,
Ha

d,k

From the point k we need to draw the direction of the relative acceleration parallel

to link 4. Its intersection with the direction of the tangential acceleration of link 2
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the point C is found. Then by connecting it to the pole of acceleration diagram

the accelerations a;, agp, , a are calculated:

dc =TC-H,; 8cp, =KC-p,;  Bgg=nyC-p,.

Gustave-Gaspard Coriolis (1792-1843)

French engineer, mathematician and mechanic, professor at the Polytechnic
School in Paris, member of the Paris Academy of Sciences. His most famous work
was devoted to the study of "new type" inertia forces - the Coriolis effect.

He is also known for his acceleration theorem in absolute and relative motions,
called the Coriolis theorem.

N. E. Zhukovski (1847-1921)

Russian mechanic, founder of hydraulic- and aeromechanics,

Honorary Member of Moscow University (1916), Honored Professor

of the Moscow Technical School (since 1918 — Moscow Higher Technical School)
Corresponding Member of the Imperial Academy of Sciences for the category

of Mathematical Sciences (1894).

Consider the examples of velocity and acceleration diagrams construction
for mechanisms with structural groups of the Il class and the 2-nd order of various
types. It should be noted that in the next examples the specific dimensions of the links
of the mechanisms and the velocities of their input links will not be specified, but only

the principles of velocity and acceleration diagrams construction will be considered.

Example 4.4. Construct velocity and acceleration
diagrams for the crank-and-slider

mechanism (Fig. 4.18), assuming

that ®, = const,

This mechanism contains one structural group of the class Il and the 2-nd order, formed
by links 2 and 3, with an external translational pair (of the second type behind Artobolevsky) between
the slider 3 and the ground.
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1. Construction of the mechanism velocity diagram.

The analysis starts with the primary mechanism. Determine the linear velocity of point A

of the crank as V, = |l . We draw the segment pa from the selected pole p of the velocity diagram

-1

(Fig .4.18, b), at that the scale factor of the diagram p, :V—A, m-s |
pa’ mm
My, ]‘/J[‘:tM 4 . W, M-z b TC,O,b(
M MC MM
" mm
a
L n
W, b = p,O,bO 2

fo) b
A s :
) £ 1 N X c

a

Fig. 4.18. To example 4.4: a - kinematic scheme of the mechanism;
b — the velocity diagram; ¢ — the acceleration diagram

Next, we consider the structural group. The velocity of point B (hinge centre)

is expressed by equations:

(4.22)

Here, \7}_,;2 =\7B3 , \730 =0 (this point on the velocity diagram is at the pole).

Further, in accordance with the written equations, we draw the directions of relative velocities:
from the point a of the velocity diagram we draw a straight line perpendicular to BA (\732,4 1 BA),
and from the pole we draw a straight line parallel to the direction of motion of the slider

(\7B3B0 || x-x). The point b of the intersection of these lines is a solution of the set of equations.

The velocity of point B is found as V, =L, - pb.
2. Construction of the mechanism acceleration diagram.

Since by condition ®, = const, only normal acceleration takes place at point A of the crank

a, = ly,. From the selected pole mof the acceleration diagram, we draw the segment ra

in the direction from point A to point O — the centre of rotation of the crank (Fig. 4.18, ¢). The scale

-2
. m-s

a
factor of the acceleration diagram is determined from the ratio 1, = _a’ o
TC
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Acceleration of point B is found as a solution of the set of vector equations,

giventhat a;, =a, =a;:

VA (ba-p,)°
Here the acceleration g, = I_ = |

AB AB

is parallel to AB and directed from point B to point A

in the diagram (Fig. 4.18, a); 85, L B4; 8, =0; 7, || x-x

The normal acceleration of point B relative to point A in the turning motion of link 2 is set from

a
point a on the acceleration diagram as a segment an, = M_BA, parallel to segment AB in the scheme
a

(Fig. 4.18, a) in the direction from point B to point A (See Fig. 4.18, c).
Next, from point n, we draw the direction of tangential acceleration @z, L. B4 . From the pole
n we draw a straight line, parallel x-x, — the direction of translation motion of the point Bj

of the slider relative to the housing, and hence its acceleration. The point of intersection of these two

directions corresponds to point B on the acceleration diagram. From here we find the magnitude

and direction of acceleration of the point B: 8z =mb-p_.

Example 4.5. Construct velocity and acceleration

diagrams for the mechanism (Fig. 4.19),

assuming that @, = const,

This mechanism contains one structural group of the class Il and the 2-nd order with one
intermediate translational pair (of the third Artobolevsky type) between the connecting rod 2
and the sliding block 3.

1. Construction of the mechanism velocity diagram.

The velocity of point A of the crank V, =o]l,,. V,=ol,,. We draw the segment pa

from the selected pole p of the velocity diagram (Fig. 4.19, b), at that the scale factor

-1
of the diagram p, :V_A, ms_.
pa mm
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C u —_— C
a’ m,0,b, b,
mm ~ i
b VBZBS
n
p,0,b,b, "’ -
A pigs
b a
C

Fig. 4.19. To example 4.5: a - kinematic scheme of the mechanism;
b — the velocity diagram; ¢ — the acceleration diagram

Next we consider the structural group. The connecting rod 2 performs a planar motion.
The velocity of point B, belonging to this link and coinciding with the centre of the hinge,
IS expressed, as in the previous example, as the sum of the velocity in the transportation sliding
motion together with point A and relative turning motion around point A (See equation
system (4.22)). Unlike the previous example, the absolute velocities of points B, and Bz do not
coincide, since there is a relative sliding motion between the connecting rod and the sliding block.
We obtain such set of vector equations for the velocity of point B of the connecting rod:

Here \753 =0, since the hinge B between the sliding block and the ground is fixed (this point

on the velocity diagram (Fig. 4.19, b) is at the pole).
Further, in accordance with the written equations, we draw the directions of relative velocities:

from the point a of the velocity diagram we draw a straight line perpendicular to BA in the scheme

(\732A 1 BA), and from the pole p we draw a straight line parallel to the direction of motion
of the connecting rod relative to the sliding block (\75233 || BA). The point b, of intersection of these

lines is a solution of the set of equations. The velocity of point B; is found as VB2 =, - pb,.
2. Construction of the mechanism acceleration diagram.

Since the condition of the problem , = const, only normal acceleration takes place at point A

of the crank a, = (ofIOA. From the selected pole = of the acceleration diagram, we draw the segment
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na in the direction from point A to point O — the centre of rotation of the crank (Fig. 4.19, c).

m-s™

a
The scale factor of the acceleration diagram is determined from the ratio 1, = —;, o
TC

Acceleration of point B is found as a solution to the set of vector equations:

J— =N =71 -
By a, + aBzA + aBZA ’

. B (4.23)
a =a, +a

B, B3 ByB3 B,B3 "

2
VBZA _ (b,a-p, %
I I

AB AB

Here the acceleration ang = is parallel to AB and directed from point B

to point A in the diagram (Fig. 4.19, a); éB’zAJ_BA; the acceleration a, =0;

relative acceleration @, _ || 4B.
253

Since link 2 produces a planar motion, that is, there is a relative turning motion, then there is

—k — —
an Coriolis acceleration during the relative sliding motion of links 2 and 3 38253 =20, ><V3233 .

. . . k
The magnitude of this acceleration is found as a module of the cross product: 35253 = 2(02 'VBZBS :

\Y .b.a
B,A ¢
and the direction according to the rule of Zhukovsky (Fig. 4.19, c). Here @, = I = VI =,

B,A B,A

To find the direction ,, the velocity vector \732 , (segment ab; in the velocity diagram) is transferred

to the point B in the scheme of the mechanism, from which we find the direction of rotation
of the connecting rod around point A. We remind that the direction of relative velocity
on the diagram is from the second index to the first.

The normal acceleration of the point B, relative to the point A in the turning motion
of the link 2 is set from the point a on the acceleration diagram in the form of a segment parallel

to the segment AB in the scheme (Fig. 4.19, a) in the direction from point B to point A. Further,

from the point n, we draw the direction of tangential acceleration. @; , 1 BA.

According to the second equation of the set (4.23), the immovable point B; is at the pole. From
k
B, B

the pole © we draw the segment nk =—= in a definite direction of the Coriolis acceleration

a

(See Fig. 4.19, c). From the end of this segment, we draw the straight line in the direction

of the relative acceleration &, . I 4B to the intersection with the direction of tangential
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acceleration éng. The point b, of the intersection of these directions we connect with the pole

and find the magnitude and direction of acceleration of the point B,: g = T, -, .
We find the velocity and the acceleration of point C according to the similarity theorem.
This point belongs to the link 2 and lies on the same line with the points A and B (Fig. 4.19, a).

CA BA
Its position on the velocity and acceleration diagrams is found from the proportion: o = ba
2

Example 4.6. Construct velocity and acceleration diagrams
for aircraft stabilizer lift mechanism
(Fig. 4.20). The velocity V,, of the piston

relative to the hydraulic cylinder is given.

Suppose that V,, = Const.

We will conduct a preliminary structural study of the mechanism. We have 5 movable links and

7 lower kinematic pairs. Then w=3n-2p, =3-5-2-7=1. Having selected hydrocylinder 1 as

the initial link, pivotally connected to the rack, it is easy to verify that the attached kinematic chain
contains two structural groups of the Il class and 2-nd order. The first attached group is formed
by links 2 and 3 with one external sliding pair A (the 2-nd kind group according to Artobolevsky).
The second attached group is formed by links 4 and 5 with turning pairs (the 1-st kind group
according to Artobolevsky).

We propose to construct a structural scheme of the mechanism and to decompose it

into structural groups on one's own.

1. Construction of the mechanism velocity diagram.

According to the task, the velocity of the piston 2 relative to the hydraulic cylinder 1 is set.
Since we have a translational motion, the law of relative motion for any two points of links 1 and 2
will be the same. So, if we connect a certain point O, with the piston, which at this point in time

coincides with the point O; of the hydraulic cylinder (Fig. 4.20, a), then the velocities of the relative

motion of these points \7Ozol :\7A2Ai =\721. Express the absolute velocity of the point O, through

the velocity of the transportation motion of the point O;:

Vo =V, +V,

) 0, =V

0,0, =V,

Here \701 =0, because the point Oy is fixed.
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Fig. 4.20. To example 4.6: a- kinematic scheme of the mechanism;
b — the velocity diagram; ¢ — the acceleration diagram

The velocity vector V,, comes out of the pole on the velocity diagram (segment po,

201

vV, m-s™t

po,  mm

in Fig. 4.20, b). The scale factor of the velocity diagram p,, =

Consider the first attached structural group (links 2 and 3). For the velocity of point B

(intermediate hinge) we have the following set of vector equations:

V.=V +Vio, :\70201 +Vyo,;

B~ Vo,

Here \7C =0, since point C belongs to the housing.

Then, we draw the direction of the relative velocity of turning motion \7302 1 BO,
on the scheme (Fig. 4.20, a) from the point o, (the end of the vector \70201) on the of velocity diagram,
and from the pole p — the direction of the relative velocity of turning motion \7BC 1 BC. Connect

the intersection point B of these directions with the pole p and find the velocity Vg =, - pb.

The magnitude and direction of the absolute velocity of the point A, of the piston can be found
from the velocity diagram. Link 2 is represented by a segment bo, in the diagram. According
BO, BA

to the similarity theorem, the position of the point a; is determined from the proportion: b_ = b_ .
0, a,
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The velocity of the point A; of the cylinder is related to the velocity of the point A, of the piston

by the vector equation: V, =V, +\7AzAl . Solve this equation for velocity \7,AEL ;

Vo =V +Vou

and draw the segment a,a, =—% from point a, on the velocity diagram in the opposite direction
\4

to po, (here \7%2 = _\7A2Al)' We connect the end of this segment - point a; to the pole p and find

the velocity V, =, - pa,. Obviously, the drawn segment pa; is perpendicular to BO; in the scheme.

Consider the second attached Assur group (links 4 and 5).

Point F belongs to the hinge between link 5 and ground. Thus velocity V. =0 (this point is

at the pole of the velocity diagram). We find the velocity of point D using a similarity theorem.
To do this, we construct a triangle pbd on the segment pb of the velocity diagram, similar
to the triangle CBD on the kinematic scheme of the mechanism, and is situated similarly to it
(the direction of traversal by points in both triangles must be the same). The segment pd

of the diagram corresponds to the absolute velocity of point D: V, =p, - pd .

The velocity of point E is found as a solution of the set of vector equations:

- (4.24)

In accordance with the written equations, we draw the directions of relative velocities:

from point d of the diagram we draw a line perpendicular to ED on the scheme (Vg, L ED),

and from the pole p — a line, perpendicular to EF on the scheme (\7EF 1 EF). The point e

of intersection of these lines is a solution to the system of equations (4.24). The velocity of point E
is found as V, =, - pe.

2. Construction of the mechanism acceleration diagram.

Express the acceleration of the point O,, which belongs to the piston, as

= =k

8, =8, T80, + 8
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Here a,, =0, since the point O; belongs to the ground; 50“201 =0, because the velocity V,, = Const

on the condition of the task. Then get it

8, =85, (4.25)

where éézol is the Coriolis acceleration, which occurs because the hydraulic cylinder 1 turns around
the hinge O;, and the piston 2 moves translationally relative to the hydraulic cylinder:

55201 =20, ><\70201 . We will find the magnitude of this acceleration as ack)ZOl =2w,-V,,, and direction
Vao _ My - PRy
I I

AO A0

according to Zhukovsky rule. The magnitude of the angular velocity ®, = , and its

direction we find in the direction of the linear velocity of the point A;. To do this, we put

the beginning of the vector VAlol into point A in a scheme whose direction we determine

from the velocity diagram - this is the direction from the point p to the point a; (See Fig. 4.20, b).

Next, from the selected pole = we draw the segment =k (it is the segment ro, according

to (4.25)) in the found direction of Coriolis acceleration (Fig. 4.20, c).
Now consider the first attached structural group (links 2 and 3). We know accelerations

of the point O, (just found) and the point C (a. =0 since this point belongs to the ground).

Acceleration of point B is determined from the set of vector equations:

Vio, (00, -1, )’
n BO, 2 "My
Here, the acceleration o, = | = | is parallel to O;B and is directed from point B

BO BO;

n

BO,

Ha

to point O; in the scheme (Fig. 4.20, a). We draw a segment O,N, = from point o,
Ve _(pb-p,)’
I

BC BC

on the diagram. The acceleration By = is parallel to BC and is directed

n

a
from point B to point Oy in the scheme. We draw a segment 7N, =—= from pole = on the diagram.

a
We draw a straight line from the point n, in the direction of acceleration a;, 1 B0, and from
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the point n; we draw a straight line in the direction of acceleration a. L BC. Point b lies
at the intersection of these two straight lines. The magnitude and direction of acceleration of point B

will be found by connecting the pole = with pointb: a; =, -7tb.

The position of points A, and A; on the acceleration diagram is found by analogy with the way

it was done for the velocity diagram (See Fig. 4.20, c). Link 2 is represented by a segment bo,

BO BA
on the diagram. The position of point a; is found from proportion: Kl = o We connect point a;
2 2

with pole = and find a, =u, -7a,.

The acceleration of point A; of the cylinder is connected with the acceleration of point A,
of the piston by the vector relation:

+a., +a;, . (4.26)

Since the piston motion relative to the cylinder is uniform, then a7, =0, and the Coriolis

Aoy
acceleration for all points of the piston will be the same, i.e. a,iﬁ = agzol. Solving the equation (4.26)
with respect éAi, we obtain:
a, =a, +a,
AT I T A
=k =k
Arna _ %

=% from point a, on the accelerations diagram in the direction

a “a

We draw a segment a,a, =

—k _

opposite to no, (here ap p —ﬁ',leQ). The end of this segment (the point a;) we connect to the pole =

and find a, =H, -7a,.
Consider the second attached Assur group (links 4 and 5).

Acceleration of point D will be found by constructing Anbd on the segment =b

of the acceleration diagram similar to ACBD on the mechanism scheme and similarly situated to it.

From here we find a, =p, -nd .

Acceleration a. =0, as the point F belongs to the ground.

Acceleration of point E will be found by solving the set of vector equations:

— — —n =T
ag =4, +a, +a,,



Vh (edu,)

ED

ED ED

Acceleration ac, = is parallel to ED and is directed from point E to point D

n
aED

Ha

in the scheme (Fig. 4.20, a). We draw a segment dn, =

from point d. Acceleration

a =
|

. Ve (peep) o _ o
£F I_ — is parallel to EF and is directed from point E to point F in the scheme.
EF EF

n

a
We draw a segment 7, =—— from pole = on the diagram. From the point ny we draw a straight
Ha

line in the direction of acceleration a:, L ED, and from point ns we draw a straight line

in the directionof acceleration a;- L EF . The point e lies at the intersection of these two straight

lines. The magnitude and direction of acceleration of point E will be found by connecting the pole =

with pointe: a. =, - €.

4.3.5. Velocity and acceleration diagrams for triple arm groups (triad)
with turning pairs
Let us consider a structure group of the III class and 3-nd order (Fig. 4.21).
For such groups, the construction of the velocity and acceleration diagram
the so-called Assur points are used. They are located at the intersection of any two

arms and are considered as such that belong to the basic link.

Let us assume that velocities V, V:, V. are given. We can find the velocity

vector of the Assur point S by equations:

Vs :Vc +Vsc — Vg +VCB +Vsc’
%,_J

1SB
Vs:VD+ sop — Ve T Vps T Vep-
%/_/

This set is solved through the velocity diagram (Fig. 4.21, b).
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Fig. 4.21. Triple arm groups with turning pairs: a - scheme of the group;
b — the velocity diagram; ¢ — the acceleration diagram

In order to find a law of motion for the basic link, we need to know the law
of motion for another point, besides S. For example, let's take point E:

T \T —  (LEF).
V. =V_ +V_ U

E

T \7 . \7 (LSE)
Ve =V, +V .

Velocities of other points of the link, for example C or D, are determined by
the similarity theorem for velocity diagrams.
By analogy, the acceleration diagram is constructed. If accelerations for B, G, F

are given, then for the Assur point S we can write down

a5 =ac +§snc +§stc =a, +\§snc +_an5+asTc +agB'
198 158
<
a; =a; + ?Dnc; + gsng + aET)G + aSTD
1SG 156




To facilitate the calculation, let's assume that

Then

The values of normal accelerations are calculated from the following equations:

2 2 2 2

n _VCB an _VDG an _VSC an _VSD
aCB_I ! DG_l ! SC_l ! SD_l :

CB DG SC SD

The acceleration of the point £:

Il
o
Q

-~ n =T
a'E S ES + aES !

n

_|_
=T
+ A + .

Q|
Il
QD
Q|
m

F

Acceleration diagram is shown in Fig. 4.21, c.
Accelerations of other basic link points are calculated by the similarity theorem

for acceleration diagram.
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4.4. KINEMATIC ANALYSIS OF GEAR TRAINS

4.4.1. Determination of velocity ratios in multi-link gear trains

Compound gear train. Fig. 4.22 shows a kinematic scheme of a compound

gear train.

F|(4

Fig. 4.22. Compound gear train

Angular velocity ratio between input and output links

Q)
_ WY
u14 -
0,
or

0 0, O
1 2 3

Uy =——=—==Up, Uy,
0, 0, 0O,

Here, with regards to the scheme ®, = ;.

The velocity ratio may be calculated as the ratio of teeth number of gears which
form the gearing. In this case it is often called transmission ratio.

Z z
— 2 _ 4
Uy=—7"=, Uy =—".
Zl 23
Sign ,,—” belongs to the external toothing.
Hence
Z,
Uy =Up Uy =—-—.
1 Z3



Velocity ratio of the compound gear train equals to the product of single
velocity ratios or the ratio of a product of teeth numbers of gears with even indexes

(or driven gears) to the product of teeth numbers of gears with odd indexes
(or driving gears).

m 22.24..“.Zn

Uy =Upp Uz oo Uiy gy = (_1) (4.27)

Z1'23'---'Z(n—1)

Here n is the number of gears; m is the number of external toothings.

Differential gear train. It is a mechanism which has a motion freedom

exceeding one.

Fig. 4.23 shows a planetary mechanism, i.e. a mechanism that has gears
with moveable axes.

The planetary mechanism, according to the figure, has four moveable links
(central or sun gears 1 and 2, planet pinion 3, planet carrier or arm H), four lower

Kinematic pairs, and two higher ones. Its motion freedomisw=3-4—-2-4-2=2.

Wy

T °
3 — p
1

H

INI x 1 ﬁll
INI ] ﬁll

Z

T

Fig. 4.23. Differential gear train
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Let's find relations between the angular velocities of gears and planet
carrier (o, ®,,m,,m,,). Here we apply kinematic inversion principle - reversibility
of a motion. To perform it we assign an angular velocity (-, ) to the whole system.

Then the planet carrier stops and the gears form common inverse compound gear train.

Its angular velocities of gears are:

The upper index shows that the planet carrier H is conditionally still.

This approach to planetary gearings analysis was first introduced
by Robert Willis.

Velocity ratio of an inverse mechanism (compound gear train), according
to the formula (4.27):

H
. a)gH) 0, — 0, Z, 7, '

In this case the inverse mechanism gears create one external toothing and
one internal toothing and velocity ratio is negative.
Equation (4.28) enables us to calculate each of the three angular

velocities -®,, ®, or ,, if the other two velocities and gear teeth

number are known.

Planetary gear train. Fig. 4.24 shows a planetary gear train. Sun gear 4
IS stationary here. It's easy to prove that its motion freedom w=1.
The relation between the velocities of input and output links of a planetary gear

train are easily calculated by formula (4.28).
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As in this case , =0, then

Z2
H
~ B
W —1
Z]

Fig. 4.24. Planetary gear train

Hence,
(4) _ (H)
ulH —1_u14
or
(4) _ 2, O
U, =14+ =—"=—
ZZ, O

(4.29)

Formula (4.29) allows calculating angular velocity of the first gear (input link) or

planet carrier (output link), if one of these velocities and the gear teeth

number are given.
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4.4.2. Velocity-distribution triangles

Let us consider a turning link (Fig. 4.25, a).

The velocity diagram is shown in Fig. 4.25, b. Here

=

a b
Fig. 4.25. The turning link (a) and its velocity diagram (b)

By the fact the velocity difference between two points on a rigid body
is proportional to the distance between those points and is perpendicular to a line
connecting them, the distribution of velocity differences for points along that line may

be drawn as shown in Fig. 4.26.

Fig. 4.26. Velocity-distribution triangle of turning link
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Here

AA'ZV—A; B*B':\i; C*C'=\£.
My My Ly

A line connecting the tips of the velocity vectors A', B’, C’ is called velocity-
distribution diagram for points on the line OA.

A triangle such as that formed by the vector AA', the line OA and a distribution
line OA, will be referred to as a velocity-distribution triangle.

The angle subtended by the distribution line OA’ and the line 04, is found from

the following equation:

OA uy -lon 1y

gy, .
Velocity of any point on the link that does not belong to the line O4, is easy to
find. To perform it we transfer this point with a pair of compasses put in the point O,

onto the line 04 and then draw a perpendicular to OA from the obtained point, for
example pointC™, until the perpendicular crosses the velocity-distribution line. If the
velocity-distribution triangle (Fig. 4.26) and the velocity diagram (Fig. 4.25, b) have

been constructed in the same scale p,,, then segments C'C' = R as ’\70‘ = ’VC‘ .

Velocity-distribution triangles are widely used to analyze gear trains, especially,
compound planetary and differential gear trains.

Let us take a closer look at a planetary gear train (Fig. 4.27, a), where rotation
from the shaft 1 is passed to the shafts of the sun gear 6 and planet carrier H

with the help of a gear cluster — planet pinion.
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Fig. 4.27. Planetary gear train (a) and velocity-distribution diagrams for its links (b, c)

In Fig. 4.27, b straight line 1 is the velocity-distribution line of the gear 1.
Velocities of the point 4 of the gear 1 and the gear 2, belonging to the planet pinion,
are the same. The velocity of the point C equals to 0, as it belongs to the stationary sun
gear 4 (point C — is an instantaneous centre of rotation for the planet pinion, making
two-dimensional motion: revolving on the axis B and at the same time revolving
together with the planet carrier 4 on the axis QO).

Line 2 is a velocity-distribution line of the planet pinion. Segment BB’
characterizes the velocity of the point B. Then, the line A is a diagram of the planet
carrier velocity distribution.

Then we find point D’ on line 2. Segment DD’ characterizes velocity of the point
D of both the planet pinion and the gear 6. Then, straight line 6 is
a velocity-distribution line of the gear 6.

To calculate angular velocities of the gears we need to choose a point O
(Fig. 4.27, c) and draw a pencil of lines parallel to the velocity-distribution lines from

it (Fig. 4.27, b). If this pencil of lines is crossed by a perpendicular to the reference line

97



0-0, then the segments OH, 02, O1, O6 obtained will be proportionate to the angular

velocities of the respective gears:

o = ARy By B O
e OA-m b OO0
That is
Ol=21
Ho
; -1
The angular velocity scale is p = LV radian- s :
u, -0O0 mm
(0
By analogy OH =—1- etc.

(O]

Velocity ratios are found from the following relations:

H1 .

u., = = =
* o, tgy, O1' o, Ol
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10.

11.

12.

13.

14,

15.

16.
17.
18.

19.

QUESTIONS FOR SELF-TESTING

Formulate the main tasks of the kinematic analysis of mechanisms.

List the main kinematic characteristics of mechanisms.

What are the main methods of kinematic analysis?

What coordinates are called generalized coordinates of the mechanism?

What is called the position function of the mechanism?

How many generalized
coordinates should be given to the
mechanism shown in the figure?

Write down in general view the position function of the output link 9
of the mechanism (See question 6), after selecting the initial links.

List the main transfer functions of the mechanism.

Expand the physical meaning of the quotient velocity ratio between
the links of the mechanism.

What is the difference between the concepts of “velocity” and “velocity
analogue” of a mechanism point?

How to find the angular acceleration of the mechanism link, if angular
acceleration analogue is known?

What is the essence of the closed vector loops method in kinematic study
of hinged-lever mechanisms?

Write down the formulas of transforming of Cartesian coordinates
when they are rotated.

What expression is called the transformation matrix when
the axes are rotated?

What is called the kinematic diagrams of motion of points (links)
of the mechanism?

What positions of the mechanism are called extreme?
What is the chord method in graphical differentiation?

What is the basis of the graphical integration method when performing
a kinematic study of the mechanism?

How to determine the scale of the diagram obtained by the method
of graphical differentiation?
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20

21

22
23

24

25
26

27

28
29

30

31.

32

. How to determine the scale of the diagram obtained by the method
of graphical integration?

. What is called the position diagram of the mechanism?
. What is called the velocity and acceleration diagrams of the mechanism?

. What points of the body are called instantaneous centre of rotation
and instantaneous centre of accelerations?

. What is the velocity of mechanism point, if it is located at the pole
of the velocity diagram?

. What velocity vectors go out of the pole of the velocity diagram?
. What acceleration vectors do not pass through the pole?

. Formulate the similarity theorem for velocity diagrams and the similarity
theorem for acceleration diagrams.

. List the basic properties of velocity and acceleration diagram.

. When does Coriolis acceleration appear? Write a formula to define it. How
to find the direction of this acceleration for a planar mechanism according
to the Zhukovsky rule?

. What points are called the special Assur points in the kinematic study
of triple arm groups?

I I 1]
_ A
NNY
— S
N
-« R ] [N (NN 1 By
Y Y R I = sy T ~
—— N |
- 1
Y
N N N
a b [4

Analyze the schemes of gear mechanisms and determine which
are compound, planetary and row gear train respectively.

. What principle underlies the stopping method of the carrier in the kinematic
study of planetary mechanisms?
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Chapter 5. DYNAMIC ANALYSIS OF MACHINE
AGGREGATE MOTION

Two main problems exist in the dynamic analysis of mechanisms: a direct

problem and an inverse one.

When solving a direct problem, we find kinematic properties of a mechanism

under given loading, link masses, their dimensions and moments of inertia.

When solving an inverse problem we need to find the masses, moments

of inertia, and therefore, dimensions of links, with which a mechanism under

these forces makes motions in a given mode.

5.1. FORCES ACTING IN MECHANISMS AND MACHINES

Let us consider main groups of forces taken into account in the dynamic analysis

of mechanisms and machines.

5.1.1. Driving forces and moments

These are forces which conduct a positive work over a time of operation
or a working cycle of a mechanism.

They are applied to the input link, which in this case is called a driving link.

5.1.2. Resistance forces and moments

These forces conduct a negative work over a time of operation or a working cycle
of a mechanism.

They are further subdivided into forces and moments of a useful resistance and
forces and moments of an environmental resistance.

The forces of a useful resistance carry out the work, for performing of which

the machine was created. They are applied to driven links (driven members).
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The forces of an environmental resistance are forces connected to the barren
backoff. They are often insignificant and are not taken into account in solving

dynamical problems.

5.1.3. Gravity

It is applied in the centre of link mass.
G =mg.

Work of these forces over a cycle equals to zero. They can conduct either positive

or negative work at a certain period of time.

5.1.4. Inertia

The force appears as a result of the accelerated motion of links and can be
regarded as the reaction of a mass on velocity changing.

In a general case of planar motion, inertia distributed over the volume of rigid
body can be brought to the resultant vector and the moment of inertia forces, applied

in the centre of a link mass.

where ag, is an acceleration of the centre of mass S of a link; | is an inertia moment

of a link mass with respect to the axis going through the centre of the link mass

perpendicularly to the link’s plane of motion; €; is an angular acceleration of the link.
Let us have a look at some examples of finding inertia for different link

movements.

Pure translation of a link. In this case accelerations at all the points of sliding

link are the same. Therefore,



Then

Hence, when the link is producing pure translation, inertia is brought only

to the resultant vector, that is applied in the centre of link mass (Fig. 5.1).

a

o

Y

Puc. 5.1. Sliding movable link

Pure rotation of a link with regard to the centre of mass. In this case, centre

of mass S of a turning link is stationary, therefore a, =0. But w=0,&# 0. Hence,

F,=0;

M, =—I-%.

a

Therefore, when the link is turning over a stationary centre of mass, inertia itself

acting on it is brought only to the moment (Fig. 5.2)

Fig. 5.2. Turning link (centre of rotation and centre of
mass are coincided)
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A link produces turning motion relatively to a point which does not coincide
with the centre of mass. An example of a link, which carries out such motion, is

shown in the Fig. 5.3.

Fig. 5.3. Turning link (centre of rotation and centre of mass do not coincide):
a — initial scheme; b — equivalent scheme

From the diagram we can see that a resultant F, and a moment M_ of inertia
forces operate here.

We give the moment of inertia M as the force couple F/=F"=F, (Fig. 5.3, b)

imposed in the arm h. As F =F, so there is only one force imposed to the link.
This force is equal to inertia in direction and size, but it is imposed at some distance
from the centre of mass S - in a point K, which is called the centre of oscillation.

Let us define the distance SK, according to the Fig. 5.3, b.

M, Is-e mp® a

F, m-a, mag |,

Here p is a radius of gyration of the link; a; is tangential acceleration of the centre

of mass S.
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From ASKL we define that h=I, -sin@. Tangential acceleration

is a, =a_ -sin0. Then

mp® - a,sin®

l, SinO = |

ma

S '0S

Hence

So, the distance from the centre of rotation of the link to the centre

of oscillation is

In practice the link centre of oscillation K is found by the method shown

in the Fig. 5.4, where p:«/IS/m. For straight bars with the length of | radius

of gyration can be defined asp = |/°\/12 :

Fig. 5.4. The scheme of definition of the centre of oscillation

A link produces planar motion. Fig. 5.5 shows link and its acceleration diagram.
According to the compound motion theorem

dg =a, +dsa. (5.1)
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Inertia of the link is

or, according to (5.1)

Ifa=_m'(aA+aAs)=_m'aA_m‘aAs- (5.2)

Fig. 5.5. Link produces the planar motion

The first vector is the inertia in sliding motion of a link together with a point A
accepted as a pole; second vector is the inertia in turning motion of the link relatively
to a point A. The first force is imposed in the centre of gravity S, the second one
is in the centre of oscillation K. Action lines of these forces intersect in the point 7,
which is called the pole of inertia. The action line of inertia of the link F, passes
through a pole as the resulting vector of the sum of vectors (5.2).

So, in the case of planar motion of the link inertia is taken only to the resultant F, ,
which is imposed to the pole of inertia of the link 7.

It is clear that the pole of inertia is instantaneous and is determined by the position
of the link.
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5.1.5. Forces and moments, which applied to the machine housing

from outside

It is the gravity of the housing, reaction on the housing from the basis.

As a housing (corps) is immobile, these forces do not carry out any work.

5.1.6. Reacting force (pressures) in kinematic pairs

These are internal forces that are the reactions on active (external) forces action,
to which forces of the first four groups belong.

These forces are divided into a normal and a tangent constituents. As a rule, only
normal constituents of the reacting forces are determined.

The normal constituents of reactions are called pressures in kinematic pairs.

Sliding pair. The distribution diagram of normal pressures is linear here
(Fig. 5.6). Here it is known the direction of resultant force of a pressure, but magnitude
and point of its imposing are unknown. If the length of a slider is small in comparison
with the sizes of other links, so the division of pressures is permanent. Resultant force

of a pressure is imposed in the centre of gravity of the slider.

Turning pair. In this pair (Fig. 5.7) we know the point of imposing of resultant

(it passes through the centre of pivot), but its value and direction are unknown.

Higher pair. In this pair (Fig. 5.8) we know the point of imposing and direction

of pressure (along the general normal). Its value is unknown.

g
>
i
Fig. 5.6. Sliding pair Fig. 5.7. Pin joint Fig. 5.8. Higher pair
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Tangential components in kinematic pairs are the essence of the friction.
The normal components do not execute the work, because they are perpendicular
to directions of displacements of link in kinematic pairs. Forces of friction always

execute the negative work.

5.2. THE PROPERTIES OF FORCES

Driving forces and resistance forces have the biggest influence on the law
of mechanism motion. Their physical nature, magnitude and way of action
are determined by those processes, which are in the machine during its work.

In most cases these forces change the magnitude depending on position
of mechanism links and their velocities. Dependences, which show these functional
relations, are called mechanical properties of machines and are given usually
as diagrams or numbers arrays.

Mechanical properties of machines are considered assigned when solving tasks
of dynamics. In future we will consider force and moment as positive, if they execute

positive work at the assigned movements.

5.2.1. Properties of forces, which depend on velocity
In  Fig. 5.9 there are mechanical properties of engines:
a — asynchronous motor; b — DC motor. Decrease of driving moment with an increase

of operating speed is characteristic for them.

Mng \ M enA M \

A

(0] ()
a ) c

Fig. 5.9. Mechanical properties of machines, when forces depend on velocity:
a — asynchronous motor; b — DC motor; ¢ — rotor machine
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Vice versa, for rotor machines (generators, pumps, ventilators and others)
increase of moment with an increase of turning velocity is characteristic (Fig. 5.9, c).
Such combination is very useful, as it contributes to the constancy of the operations
mode of aggregate electric motor - rotor machine. There is the self-regulation

of the motion velocity.

5.2.2. Properties of forces, which depend on position
In Fig. 5.10 there is the mechanical property of a two-stroke internal

combustion engine.

(0

\

eng

|c
Fig. 5.10. Mechanical property of a push-pull combustion engine
Force F,,,in the segment csd carries out a positive work. This segment responds
to the expansion of combustible mixture. The segment db responds to the piston

return and exhaust. Here work is negative as the force F,, is directed opposite

to the motion direction.
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Work is equal to the square under a curve. Fig. 5.10 shows that total work

Is positive (the positive square is bigger than the negative one). Consequently,
F.., is the driving force.

The Fig. 5.11 shows mechanical properties of electric engines (a) and rotor
machines (b). As it is shown, moments do not depend on the rotor position, that is,

on its angle of turn.

M,y M\

=1

0 @

a b

Fig. 5.11. Mechanical properties of machines, when forces depend
on position: a — electric engines; b — rotor machines

5.3. THE DYNAMIC MODEL OF A MACHINE
AGGREGATE. REDUCTION OF FORCES
AND MASSES

Let us study the simplest machine aggregate: combustion engine and rotor
machine with the intermediate gearing (Fig. 5.12).

Its motion freedom is w=3-4—-2.5-1=1.

At kinematic analysis it was enough to know the law of motion of any link
(usually crankshaft OB) to explore all mechanism in the whole. This link is taken

as an initial one.
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eng

Fig. 5.12. Machine aggregate: combustion engine and rotor machine with the gearing

At the dynamic analysis the same approach is taken: the whole mechanism

Is substituted by the simplest model, for example by a turning link with the inertia

moment 1;*, to which the moment M; is imposed, and at these moments the laws

of motion of the model conditional link and the initial link of the real mechanism

coincide:
W = Oy - (5.3)

Thus, when we construct the dynamic model, all forces, which act
on a mechanism, are reduced to one link and replaced by some generalized force,
called total reduced moment (or force). Thus the link of reduction has such reduced

mass that its inertia is equal to inertia of the whole mechanism.

5.3.1. Reduction of forces
As it follows from Lagrange’s equation (the second type), for the realization
of condition (5.3), it is necessary, that the condition of equality of elementary work

is maintained at the reduction of forces.

Force is called reduced to the point of the mechanism, if it, being applied
at a point and directed in a motion direction of this point on tangent to the motion

path, delivers the same power, as all forces acting on the mechanism.
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=}
=}

P,=> P =Y (FV,coso; +Ma,).

i=1 i=1
Here B, — is power, which is developed by the reduced force; o, — is angle between

the vector of force F, and velocity vector V, of point of attack of this force;

M, —is moment on i-th link, which turns with the velocity o, .

At a turning datum link (Fig. 5.13, a)

Pe =My, .

r

At a sliding datum link (Fig. 5.13, b)

Pa=Fq V..

r

Here ®, and V, are respectively angular or linear velocity of datum links.

m rd

M F
rd rd

O (Ll

a b

Fig. 5.13. Datum links: a — turning link; b — sliding link

So, the reduced moment acting on the datum link

n V. .
M, = F-—cosa, + M, — 5.4
’ Z( o mlj (5.4)
or reduced force
n V. 0
F,= F-—tcosa, + M, —
rd IZ;( i V1 i i Vl j (55)
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5.3.2. Graphic method of definition of the reduced force

(Zhukovsky lever)

According to the principle of virtual displacements in the mechanical system with
nonreleasing constraints, sum of infinitesimal work of all forces, including inertia,

in virtual displacements equals to zero:

Z_l“ESpI =0 (5.6)

If we consider a mechanism as a mechanical system, constraints in which does not
depend on time, so as a result of the fact that, at the assigned motion of initial links,
others execute fully certain motions, the virtual displacements contain actual

ones here. That is
Z Fdp; =0
i1
or
Fdp, +F,dp, +...+ Fdp,=0.

Here dp,.dp,,....dp, are actual displacement projections on direction

of the imposed forces.

Let us study the link 4B, to which force F, is imposed in a point S (Fig. 5.14, a).

Indeed, the infinitesimal displacement dS, of point S has direction of velocity V. .

Infinitesimal work of force F

dA = Fdp, =Fds, -cosa,.

dA =FV; -cosa,dt.
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Fig. 5.14. Zhukovsky lever: a — link scheme; b — turned velocity diagram

Velocity Vs is defined from the velocity diagram. For this purpose we construct

a diagram turned on 90° (Fig. 5.14, b) in a scale

V, Vi [m-s'l)
W =——=—", )
pa ps mm

From the diagram V, = ps -, . Then
dA =Fp, - ps-cosa, - dt. (5.7)

Let us replace force F parallel to itself on the turned diagram to the point S.
Angle between the segment ps and perpendicular h. assigned from the pole of diagram

on centre line of thrust (the line of action of force) F ,isequal to o, . That is
h = ps-cosa,.
Then the expression (5.7) can be written as:

dA =Fhp,dt.
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In the right part of this equation we have the expression for the moment

of force F, relatively to the pole of the velocity diagram, if it is considered

as a hard lever.

Infinitesimal work of force that acts on a link of a mechanism is proportional
to the moment, relatively to the pole of the velocity diagram of the same force, which

is transferred to the proper point of the diagram turned on 90°.

d =M, (F)p,dt.

As the common factor is £4,dt = 0, equation (5.6) can be rewritten as:

If except for force F., the moments M; are imposed to the mechanism,

they should be replaced by the force couples imposed in some points of the link.

Example 5.1. To define the reduced moment acting
on the link 1 of the pin-jointed four-bar
linkage (Fig. 5.15).

According to the definition, the reduced moment, imposed to the turning link 1 is

MrdzzMrd(Fi)- (5.8)
i-1

We construct the velocity diagram of the mechanism, by turning it on 90°.
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T

Fig. 5.15. Zhukovsky lever for rocker-and-crank mechanism

Then we transfer forces parallel to themselves to proper points on the diagram, we consider

the diagram as a hard lever. According to (5.8)

M, =F-h +G,-h, —G,h,.

The reduced moment, applied to the first link of the mechanism, will be defined as

Mrd:k'Mrd .

Here k — coefficient of a scale matching:

K — LOA

pa

Thus, the reduced moment is equal to the sum of moments of all assigned forces relatively

to the pole of the velocity diagram.

It is not difficult to solve equations (5.4) and (5.5) analytically, if we know
properties of forces, which act on the links of the mechanism and velocity analogues

of links and velocity ratios (V,/o,is the velocity analogue of the i-th link,

and o, /o, 1s velocity ratio between i-th and first links).

116



5.3.3. Reduction of masses

Mass is reduced to the link of the mechanism if the link with this mass has

kinetic energy which is equal to the sum of kinetic energies of all links.

For a turning link kinetic energy is determined by the formula

1
T==l0"
for a slider —
T:Emv?
2

Then, if the datum link produces translational motion, we will get:

1 1

Em&f:EEImM%HN@ﬂ_

1]

Hence the reduced mass is

2 2
V. (OF
m,y = m| | +1. —’j
‘ ; [Vlj SJ(VI

For the datum link, which produces turning motion, the reduced inertia moment is

) v, 2 o, 2
ISrd_; mi(mlj +|3j£®1) : (5.9)

Here i is the number of links, which produce translational motions, including
transportation and relative translational motions of links at their two-dimensional
motions; j is the number of links, which produce turning motions including

transportation and relative turning motions at their two-dimensional motion.
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Example 5.2. To define the reduced inertia moment
of the link 1 of the geared linkage
mechanism with motion freedom w=1
(Fig. 5.16).

The velocity diagram of a mechanism is represented in Fig. 5.16, b.

In Fig. 5.16 c is represented the dynamic model of this mechanism.

Fig. 5.16. The geared linkage mechanism: a — kinematic scheme;
b — the velocity diagram; ¢ — the dynamic model

As the datum link produces turning motion, we will define the value of the reduced inertia
moment by the formula (5.9):

2 2 2 2 2
0,

Iy =1
rd S

Let us convert the equation:

2 | 2 V 2 V 2
_ 2 S2 OA BA 2 B 2
Ird_lsl+ m,Is| —= +ISZ mikva +myli, | == +I54u41_
A AB A A

It is not difficult to solve this equation, when we know the sizes of the links and can determine
velocities according to the velocity diagram.

It is significant that, as actual velocities in a mechanism coincide with virtual ones, it is not
necessary to know the datum link motion law in Zhukovsky method when determining the reduced
force, as well as determining the reduced mass or inertia moment. That is, when having the kinematic
scheme of a mechanism, it is possible to construct its dynamic model, by carry-out the reduction

of forces and masses, and after it we can find its motion law.
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5.4. EQUATIONS OF A MECHANISM MOTION

Let us study the dynamic model of a mechanism with motion freedom
w=1 (Fig. 5.17).

According to the law of conservation of energy, it is possible to write down:
T-T,=> A (5.10)

Here T is Kkinetic energy of a mechanism at the instant moment; 7 is initial kinetic
energy; > A is a total work, which is executed by all active forces and frictions
in kinematic pairs.

m_~Var
I =Var

Fig. 5.17 The dynamic model of a mechanism
with motion freedom w=1

5.4.1. Equation of motion in an integrated form
For a model (Fig. 5.17)

> A= T M, do;

Po

AT = Irdm _ II’domo
2 2
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Thus

2

2
Ird(“0 Irdmo _

)
, , J'V'ggdm.

(5.11)

Higher limit of integral ¢ is variable in general case. If forces depend only

on a position of a mechanism, M, is the function of the only generalized coordinate

¢ . Solving this equation relatively , we get:

Z'T M4 ((p)d(p

0 2
o = ¢ 4 rdo(D

Ird Ird

M, (¢) should be taken with the consideration of a sign.

5.4.2. Equation of motion in a differential form

Let us differentiate an equation:

d(l,0) d, o do dt do 1dl,
= +oly——=1,—+-——To
do{ 2 de 2 do dt dt 2 do
Thus,
rdd_®+l(jl_mo)2:|\/|rd.
dt 2 do

(5.12)

This is the equation of motion in a differential form, as the decision variable ® is

under the derivative sign.
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In this equation M, and I, should be taken with the consideration

of their signs.

For mechanisms, which have 1, =Const, for example friction mechanisms

or gearings with round wheels, equation (5.12) should be simplified:

do

|  —
rddt

My. (5.13)
Solving the equation (5.12) relatively tow, we can find angular acceleration
of reduced link:

2
I\/Ird 0 dlrd

Ird 2Ird d(p

5.5. LAW OF A MECHANISM MOTION
IN THE TRANSIENT REGIME

5.5.1. The concept of transient regime

The motion process of a machine aggregate in general case consists of three
phases: start or run, a steady state mode and stop or running-out.

Start and stop relates to a transient regime, which is characterized by no periodic
changes of velocity of the main aggregate shaft (initial link). In the steady state mode
these fluctuations are either periodic or completely absent.

In order to define the law of a machine aggregate motion in the transient regime
we should know:

— kinematics of a mechanism;
— properties of geometric masses of movable links;
— mechanical properties of forces and moments;
— initial motion conditions.
Further we will study several typical examples of definition of laws of mechanism

motion in the transient regime.
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5.5.2. Examples of dynamic study of machine aggregates

in the transient regime

Motion law of a mechanism, loaded by the forces, which depend on

its position. Let us define the dependence of an angular velocity of the initial link
on the angle of rotation if |, ,=Var. This is a typical example for rigs,

diesel-compressors etc.

For solving the problem we use the motion equation in an integral form:

2 A ]
mz\/JZ +140 2 | (5.14)

rd ‘J rd

The sequence of calculation can be traced on the example of a machine aggregate
,internal combustion engine (ICE) — rotor machine (RM)” (Fig. 5.18) [2].

_ W
M,
/I\ 0)
= # 1 2 C p
) O, ) 0 ([il : C ii
4 %/ 7/ 7,

Fig. 5.18. Scheme of a machine aggregate ICE- RM

1. We reduce the masses to the initial link 1, and examine a dynamic model
with motion freedom w=1 (Fig. 5.17). In Fig. 5.19, a the diagram of change |,

in an interval @, — ¢ is represented. We accept ¢, =0.
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Fig. 5.19. Diagrams for the machine aggregate ICE— RM: a — diagram of |rd ;

b — diagrams of moments; ¢ — the diagram of total work;
d — diagram of velocity; e — Wittenbauer’s diagram

2. According to mechanical properties we construct diagrams of a reduced

moment. For this purpose, ignoring gravities, frictions and inertias, we assume that

only force Ifeng =F, and M, =M,, load on a mechanism. (It should be noted that

In most cases such supposition is improper).
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As the link 1 is turning, so the reduced driving moment is M&" =M 9 .

If =0 and ¢p=2n V. =0.
Reduced moment of resisting forces M = M " :

M (0) =ML =%

1

Summarized reduced moment:

. driv res eng RM
Ivlrd_Mrd +Mrd _Mrd +Mrd .

That means that two overhead diagrams in Fig. 5.19, b are added. The first graph

is constructed according to the mechanical property F,., of ICE, and the second one
Is constructed according to the mechanical property of a rotor machine.

3. Graphically we integrate the obtained curve M, —® and construct
the diagram of total work (Fig. 5.19, ¢) > A(o).

4. We displace an axis ¢ on a diagram > A(¢) on a size Yro=p,T,
(Fig. 5.19, c¢), where T, = Irdooaé/Z. Then ordinates which we count off from a new,

displaced axis ¢’, will represent the current values of kinetic energy 7 in different
positions of the mechanism (See equation (5.10)).

5. By the obtained values |, and M ,for the proper values ¢ we determine
o)((p) taking into account initial conditions. ZA Is put in (5.14) with its sign. Initial
velocity ®, is set and is represented in Fig. 5.19, d by the segment of standing axis

@, /1, . Value 1, isavalue 1, if =@, (Fig.5.19, a).
We can obtain an evident picture of change of angular velocity of the initial link

by using the graphics for Wittenbauer’s analysis. In order to obtain it, we should
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exclude parameter ¢ from diagrams | ,—¢ and T-—¢. For the initial link

we can write down:

T— Irdo‘)lz_
2 )
2T

(Dl— —.

We study any position of the mechanism, for example position 3.

T(3)=y$3)-uT; 15 =y oy,

/2 (3) 2
(’353) = )g) S ﬁ\j vy, .
Yi M, K,

Thus o, is proportional totgy, so passing from point to point on the graphics

Then

for Wittenbauer’s analysis, we can explore the change of angular velocity

in the transient regime.

Motion law of a mechanism, loaded with velocity-dependent forces.
This case is typical for machine aggregates including electric engines and rotor
machines [2]. Unlike the previous example, reduced inertia moment here has
a constant value (all links are turning).

For the analysis it 1is convenient to use the motion equation
in differential form (See formula (5.13)).

doo_

o =Mu. (5.15)
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Assumed that t, =0, we will convert equation into

r do
t= Ird —
As an example let us study the machine aggregate of a turbogenerator, which

takes a run from stationary state (®, =0).

In Fig. 5.20 there are mechanical properties of driving force (on turbine shaft) A,

and resistance forces (on generator shaft) M, as well as summary reduced moment

diagram M.
M
Mg \ ®
Q)
M,
)
\COS,
\ ®

Fig. 5.20. Mechanical properties diagrams

The equation of the obtained straight is:

M,=M_, —Bo. (5.16)
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Then

b ]‘1 do
~ 'rd . (5.17)
0 I\/IrdO o B(D
Solution of the equation is:
t
® = @, (1—9 TJ. (5.18)
Here
®, = E;do ; (5.19)
T _ Ird
- E (5.20)

T'is response time of the machine aggregate.
In Fig. 5.21 there is the diagram of the curve described by the equation (5.18).
Here ab=T.

If M, =Const, than havingl,, =Const, according to the motion equation

do
(5.15) we would havea = Const . Thus the mechanism motion would be uniformly

accelerated. In this case we can write:
o=—"1t
= . (5.21)

It is the equation of the straight n—n (Fig. 5.21).
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Fig. 5.21. The diagram of velocity-time dependence

Putting (5.19) into (5.20), we obtain correlation:

T — Ird — Ird (’00
B M rd .
Hence
0 _ O
rd T
Then the equation (5.21) looks like:
o=—t
T 1

that is start would continue endlessly, and ®, would be obtained when t =T . Though
reduced moment M., # Const, and, according to (5.16), it decreases with the increase

of velosity ®. In real turbogenerators angular velocity equals to ®= 0,995,

for the time t =5T .
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Thus, response time T allows determining the run duration. The higher
the persistence of the aggregate is, the higher T will be, according to (5.20),

and so the run will last longer.

It was the solution of the direct problem. We can also solve the inverse problem.

If we know necessary actuation time of the mechanism t* (run-up time), we can find
mechanism properties (inertia moments of links and their sizes).

If the aggregate consists of asynchronous engine, then it is difficult to solve
this problem analytically, as it is hard to approximate the curve M, (co)

(characteristics of the asynchronous engine — see Fig. 5.9, «). In such case

the equation (5.17) is solved graphically or by means of numerical integration on PC.

Motion law of the mechanism, loaded by the forces, dependant both
on velocity and position. Such mode is typical for cutting machines, forges,
aggregate “starter - combustion engine”, devices with a magnetic drive (for example
relay) etc.

This problem is solved by using the motion equation in the integrated form:

| o 1 o)
r I ( _ A
2 2 Z '

When solving this equation, work of forces dependant on position separate
from work of forces dependant on velocity. So the reduction of these forces
Is conducted separately.

In Fig. 5.22 there is the kinematic scheme of a quick-return link mechanism

of a planer with a drive, which includes asynchronous engine [2].
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Fig. 5.22. The scheme of aggregate

The start (transient regime) is conducted in the idle mode. That is the mechanism
is affected only by the friction in a slider 5 and the driving moment
of the asynchronous engine. Their mechanical properties are shown in Fig. 5.23.

M, =M,
F, A

)

S
| y o
a b @

Fig. 5.23. Mechanical properties diagrams: a — the friction; b — the driving moment

Let us take the link 1 as the datum link. The diagram of the reduced inertia

moment |, is shown in Fig. 5.24. In Fig. 5.25 there is the diagram of the reduced

moment of the frictions M(p.
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Motion equation is:

| o |rd060§
., =A A, (5.22)

As at the run there are changes both in velocity and rotation angle, and we do not
know how, in accordance to the rotation angle, the velocity changes, so we solve
the equation (5.22), dividing the rotation angle ¢ into small intervals. And we solve

the equation for each interval.

J,d \ M(P A
/“\/\ " f -
I %M
A(p AmO
?, 0, (;

Fig. 5.25. The diagram of the reduced moment

Fig. 5.24. The diagram of | of the frictions M(P

It is easy to find values for the zero position Mwo,(Do, |rd0 (See Fig. 5.23, b

and 5.24). For the first position ¢, =@y + A@. For this interval the motion equation is:

2 2

® ®
rd1 1 rdo 0
B B A(Pol + A(‘Om "
2 2

Here l,g will be obtained from the diagram (Fig. 5.24); A(pm will be obtained

by integrating the curve M, ((P) in this interval (Fig. 5.25). The value A,,; cannot be

obtained, as we do not know the law of changing of M, and ® by rotation angle.
But according to the smallness of the interval, we assume that M changes according

to the linear law in the interval ¢g— ¢, (Fig. 5.26).
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Then
MwO + Mwl
AooOl ; 2 A(P .
Putting (5.23) into (5.22):
Irdl('t)l2 MwO + Moal
——T0=A(P01+ A(p_
2 2
Hence
| o (2T 2
rdl(Dl ( 0 _|_ M(DO _|_ Apoj-j — Mwl
A@ Ag ¢
Let us mark:
2
EJF M, ﬂ =B,
Ap Ap
|0,
r - Bm =WV
Ap

(5.23)

(5.53)

(5.24)



In our example A, <0, T/ =0,as ®, =0,

In the equation (5.24) M, and ®, are unknown, but they are connected

by correlation (Fig. 5.23, b). If this correlation is given in the analytical form, than we

get the system of equations relatively to M, and ®,. If the diagram of mechanical

properties M, is given (Fig. 5.23, b), so we construct the diagram of function
Fos (‘D) =t ” B, imposing it on a mechanical property diagram (Fig. 5.27).

M, )

(0]

Mml 7/\

o

Fig. 5.27. Graphical solution in 0-1 interval

For the second interval o, , the solving equation looks like:

where

A new equation is solved relatively to ®, using the same method as for o, .
Consistently passing by all intervals of angles ¢ etc., we obtain the diagram
of law of velocity changing o= ().
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5.6. STEADY REGIME OF MECHANISM MOTION

5.6.1. The non-uniform motion of a mechanism

As well as for the transient regime, we will study mechanisms with motion
freedom w=1.

Steady state mode is characterized by such features:

— velocity of the initial link — periodic function of time (Fig. 5.28);

— mass characteristics and forces, applied to the mechanism, are
changed periodically;

— sum of works of all forces per cycle equals to zero:

> A =0

or

A =|A

res | -

In course of cycle there is no kinetic energy increment:

o,=Const o /

/ min

Fig. 5.28. The motion law at steady state mode
of mechanism motion
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So the angular velocity of the link both in the beginning and the end of the cycle
is the same. The changing of ® takes place inside the cycle.

Irregularity of rotation is evaluated by the irregularity motion ratio:

_ max min
0=—"- (5.25)
Here o, is an average velocity in cycle:
~ (Dmax + (Dmin
O =—_— (5.26)

The less the value 9 is, the less oscillations of velocity are.

The majority of technological machines, generators of electric energy,
compressors, pumps etc. work in a steady state mode.

Oscillations of velocity depend on link accelerations. They cause dynamic
loading, which decreases machine lives, their kinematic accuracy etc. So the value §

should be limited:
5<[8]. (5.27)

For cutting machines [5] = 1 1 , diesel drives of generators [8] = L1
25 50 100 200
5.6.2. Determining of the irregularity motion ratio of a mechanism

For the machine aggregate let us reduce the masses of all links to the main shaft
of the mechanism and divide the masses into two groups:

I group — masses with | =Const =1, ;

IT group — masses with I =Var =1, .
les=1 +1,. (5.28)
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Irregularity of the mechanism motion takes place because of masses of the second

group in it. Kinetic energy of masses of the first group:

As o changes in the interval ®_, <> ®_.., Kinetic energy T, also changes:

1 1
(T| )max :Ehmrznax; (T| )min :§||(D2mi”-

Maximum Kkinetic energy difference, taking into account expressions (5.25)
and (5.26), can be defined as

|, w2 |, w2, I o. | 5
ATImaX = ZmaX _ 1 me — E‘(mmax T Omin )((Dmax ~ Omin )m_z = ?ISQ)C-
So the condition (5.27) takes the form:
ATI maX
§=—g=<8]. (5.29)
O I |

5.6.3. Ways of minimization of the irregularity motion ratio

There are three directions of the irregularity motion ratio minimization according
to the condition (5.29):

— increase of moments of inertia of masses of the first group (increase of 1,);

— increase of an average velocity of motion®_;

— decrease of variation of kinetic energy of a mechanism by approaching

in every moment of works of driving forces Ay, and resistance forces A .
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Dynamic synthesis of a fly-wheel by Mertsalov’s method. Using the equation

(5.29), we define a moment of inertia of masses of the first group 1, (with a constant

inertia moment), necessary for providing of a set value [8] ;

l, = 73] (5.30)

This is dynamic synthesis equation of a fly-wheel under steady state mode. The control
of I, is provided by installation of a fly-wheel on machine drive shaft. Kinetic energy

of the whole mechanism, in analogy with (5.28), can be definedas T =T, +T, . Hence
T,=T-T,.
Kinetic energy T is expressed from the equation T —T, = Z A or
T=) A+T,.
Hence
T =) A+T,-T,. (5.31)

We construct the diagram T, ((p) for the full cycle and according to it
we find AT, .

Let us illustrate the method by the example. By the method known from the

transient regime we construct a diagram of the work of reduced forces

D> A=A, +A,, (Fig.5.29, a).
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Fig. 5.29. The illustration on the Mertsalov’s method realisation: a — the work of reduced
forces; b — the diagram of masses kinetic energy of the second group;
¢ — the diagram of kinetic energy variation for masses of the first group
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The second summand in the equation (5.31) can be omitted, as it is cancelled
when AT, defining.

Further we construct a diagram of masses kinetic energy of the second group
(with a variable inertia moment) T, —-¢ (Fig. 529, b) by data, obtained

from the equation:

Here 1, is inertia moment of masses of the second group.

Subtracting from the diagram of the work of reduced forces (Fig. 5.29, a)
the diagram of masses kinetic energy of the second group (Fig. 5.29, b), according
to the equation (5.31), we obtain the diagram of kinetic energy variation for masses

of the first group (Fig. 5.29, c), and hence we define the maximum
Kinetic energy difference AT.maX :

Further by the equation (5.30) we determine |,. We should admit that necessary

inertia moment of masses with the constant inertia moment |, is much bigger than

the reduced moment I, of links that the mechanism consists of. So we may say that

the obtained moment of inertia of masses is the moment of inertia of a fly-wheel

where |, is the inertia moment of a fly-wheel.

What is the role of a fly-wheel in the structure of the machine aggregate? Let us
consider it by an example of aggregate that consists of the combustion engine
and generator. In the course of gas combustion by the engine it produces more energy
than the generator uses and this energy is accumulated by the fly-wheel. At the exhaust

the combustion engine takes energy, as at this stage force F conducts negative work.

Energy T, decreases, it means that the energy of the fly-wheel decreases.
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So the fly-wheel either accumulates energy, when there is an excess of engine work,
or gives its part. The higher an inertia moment of a fly-wheel I,,, the less a value 3.

Constructively the fly-wheel is produced as a disk (Fig. 5.30, a) or ring
with spokes (Fig. 5.30, b). It is made of steel or iron.
For disk-shaped fly-wheels

Hence

D~ 4,32I,\,I |
nhp

where p is the specific weight.

Fig. 5.30. The fly-wheel construction: a — disk-shaped fly-wheel;
b — fly-wheel in the form of ring with spokes
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For the fly-wheel in the form of ring with spokes

mD®  nbhpD?
WS T

Marking A, =% and A, :%, we obtain

In case of equal diameters the mass of disk-shaped fly-wheel is twice as big as
the mass of the ring-shaped fly-wheel with spokes.

The fundamental matter in designing aggregates with a fly-wheel is its placement.

As the moment of inertia of a fly-wheel is inverse-square-law of angular velocity ®,

(5.30), it is more rational to place it on the high speed shaft. Then the mass of the fly-
wheel will be the lest. But in some cases, as for example of underrigidity of links,

it may cause great oscillations in mechanisms.

Increase of the average velocity. A very effective way to increase the constancy
of a given rotation speed is to increase its average level during the operation

of the mechanism. As the statement is understandable, we will not study it in detail.

Machine running control by approaching of works of driving forces
and resistance forces. A classic example of such control is the principle, realized
in a simple gramophone, almost unknown to the present generation. The most
important condition of the qualitative sound reproduction is a steady speed of rotation
of a gramophone disk with a placed gramophone record on it. Soundtrack
on the record is made in the form of helix (Fig. 5.31, a). Resistance force exerts on the
pickup head with a pickup stylus, which moves along the soundtrack. The moment of
this force depends on the place of pickup stylus relatively to the record, i.e. on the

radius r. We have a linear function of the resistance moment. The driving moment is
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created by the spiral spring, which is turned by hand with
the help of a special knob. So the property of the spring is also linear (Fig. 5.31, b),
and chosen in such a way that at any moment the resistance moment is balanced
by the driving moment of the spring.

In practice it is more frequent to control either value of the resistance moment,
depending on value of driving moment, or value of driving moment, depending
on value of resistance moment.

®

/ ol Mf(

Y

a b

Fig. 5.31. Machine running control for gramophone drive: a — the scheme of
loading; b — the mechanical property of the spring

If maintenance of a steady speed of motion is conducted by control of the

resistance moment M., the unit, which provides such balancing is called governor,
if it is conducted by control of the driving moment M, such unit is called moderator.

Let us view some schemes of governors.

1. Brake governor (Fig. 5.32).

W m
Ny

Fig. 5.32. Brake governors

2. By air resistance (Fig. 5.33).

3. Centrifugal governor (Fig. 5.34).
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Fig. 5.33. Governor with air resistance Fig. 5.34. Centrifugal governor

With increase of angular velocity driving masses 1 diverge, walking beam 2 tries
to move higher, increasing the push N on the friction disk 3. In this case, the resistance
moment increases, and the revolutions decrease.

The scheme of the centrifugal moderator is shown in Fig. 5.35.

N——
H— Engine

Fig. 5.35. Centrifugal moderator

Here the moderator works in the composition of internal combustion engine.
The bigger the number of revolutions is, the higher the point 4 of the walking beam 1
Is situated. Choke 2 closes; fuel feeding decreases and the engine decelerate.

In the car the role of moderator belongs to a driver. When the engine speed drops
as a result of the growth of resistance forces, the driver gases and

the desired speed is restored.
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10.
11.
12.

13.

14,

15.

16.

17,

18.

QUESTIONS FOR SELF-TESTING

Formulate the main tasks of the dynamic analysis of mechanisms.
What is the direct problem of dynamic analysis? What is the inverse
problem of dynamic analysis?

What forces are called driving and which are resistance forces?

€
® B Where should the fixed centre of rotation
y S of the link be located so that the resultant
vector of inertia forces is zero?
S — centre of masses

How should the link move (See Question 4) so that the moment
of inertia is zero?
Which point is called the centre of oscillation of the link?

What is called the radius of gyration of the link?

How to find the radius of gyration of a straight bar when
its dimensions are known?

What is the point, associated with the link mechanism,
called the pole of inertia?

Which dependencies are called the mechanical properties of machines?
What is called a dynamic model of machine aggregate?
What force is called reduced to the mechanism link?

To the datum link of which dynamic model

14
wﬁ’ J;L should you apply a reduced force, and
; for what - a reduced moment? Substantiate

a b your answer.

What is the method of Zhukovsky lever in determining the reduced force
and on what principle is this method based?

What mass is called reduced to the mechanism link?

For what datum link (See Question 13) should you determine a reduced
mass, and for which — the reduced moment of inertia when constructing
a dynamic model of a machine aggregate?

What is determined using the equations of mechanism motion? What basic
forms of these equations do you know?

List the main phases of machine aggregate motion.
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19.
20.

21,

22,

23.
24,
25,

26.

217,

28.

29,

30.

What phases of machine aggregate motion pertain to transient regime?

What initial data should be set when determining the motion law
of the machine aggregate in transient regime?

Give examples of machine aggregates for which the properties of forces
are conveniently set as position functions?

What form are the equations of mechanism motion written if the mechanism
consists only of turning links?

List the main features of the steady state mode of the machine aggregate.
What is called the irregularity motion ratio of the machine aggregate?

What are the main ways to minimize the irregularity motion ratio
of the machine aggregate?

What is called a flywheel and what role does it play
In the machine aggregate?

Write the dynamic synthesis equation of a fly-wheel under steady state
mode.

What is the flywheel construction considered rational. Where is the most
rational place for the flywheel in the machine aggregate?

For what purpose are motion governors introduced into the mechanism?
What is the fundamental difference between motion governors
and motion moderators?

What principle is the basis for the operation of brake governors?
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Chapter 6. DYNAMIC FORCE ANALYSIS
OF MECHANISMS

The task of dynamic force analysis of mechanisms is to define pressures
in kinematic pairs as well as balance forces and moments.
At the heart of dynamic force analysis, there is kinetostatics method, which

is based on the D’ Alembert principle.

Active and reacting forces are balanced by the inertia forces:
YE+Y F, =0 > M +> M, =0
i j i j

Jean Le Rond D'Alembert (1717-1783)

French encyclopedic scholar, outstanding mechanic, mathematician, philosopher,
Member of the Paris Academy of Sciences, French Academy and many other
academies. He developed a method for solving the second-order differential
equation in partial derivatives, which describes the transverse oscillations

of a string (wave equation). These works, together with the later works of Euler
and Bernoulli, laid the foundations of mathematical physics. He formulated the
principle, bearing his name, by which the dynamics of a non-free system

is reduced to static.

6.1. DYNAMIC FORCE ANALYSIS OF ASSUR GROUPS

6.1.1. Static definability condition of kinematic chain

To make the system definable, the quantity of unknowns, which should
be determined, must not be more than number of equations. That is why,
before solving a task on defining pressures in kinematic pairs, we should find for
which chains the equality condition between a number of equations of statics
(kinetostatics) and the number of unknown reacting forces in kinematic
pairs is fulfilled.

For n links, on which spatial force system is acting, we can make up

6n equilibrium equations. For each kinematic pair a number of unknown reactions,
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which are to be defined from these equations, coincide with a number of constraints,
which the pair superimposes. Impossibility of translation in direction of a constraint
produces reaction as a force, and impossibility of rotation — as a moment.

Thus, static definability condition of space kinematic chain looks like:
6n=5p, +4p, +3p;,+2p, + p;, (6.1)

where n is number of links of kinematic chain; p.,..., p, IS number of kinematic pairs

of a respective class; 5p,...,1p, is number of reactions in these pairs.

The condition (6.1) coincides with condition of equality to zero of total motion
freedom of kinematic chain (2.1).

For planar kinematic chains the number of conditions of equilibrium is 3n.
Number of unknown reactions for a lower pair, according to 4.1.6, is two. In a higher
pair there is one unknown reaction.

Thus, condition of equilibrium for planar kinematic chains looks like:
3n=2p. +p,. (6.2)

So the condition (6.2) corresponds to zero of motion freedom of the kinematic
chain. As it is known, zero of motion freedom is peculiar to Assur groups. It means
that Assur groups are statically determinate system.

Let us look at a mechanism, the scheme of which is shown in Fig. 6.1.

7

Fig. 6.1. The kinematic scheme of the mechanism

We divide kinematic chain into structural groups. Then we take any intermediate

group, for example III. It consists of links 6 and 7, so 3n=3-2=6.
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Links compose four kinematic pairs of the fifth class — 2p, =2-4=8. It means

that number of unknown is 8, and number of conditions of equilibrium is 6.

3n<2p..

Thus, we have a hyperstatic or statically indeterminate system.
Let us take the last attached Assur group (links 8 and 9). Here there are two links

and three hinges. The condition is true

3n=2p,.

So, unlike kinematic analysis, dynamic force analysis of a mechanism

should be started from the last attached structural group.

6.1.2. Force diagram of a structure group

In the course of dynamic force analysis we have such set parameters as size
and weight of links, location of link mass centres, moments of inertia of link masses,
driving and resistance forces.

It is easy to solve equations of Kinetostatics graphically, by using force diagrams

(closed vector loops).

This method has, on the one hand, good visualization, and on the other hand,
the accuracy of simple graphical plotting is turned to be enough, since the magnitudes

of loads and schemes of loading of links are usually known only very approximately.

The dynamic force analysis of structural group using the force diagrams method
is performed in the following sequence:
— to define kinematic parameters of mechanism links, including accelerations
of centres of link mass;
— to divide mechanism into structural groups;
— to start the dynamic force analysis from the last attached structural group;
— to define mass and inertia forces, which act on links by methods,

shown in chapter 5;
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— to define pressures in kinematic pairs.
The sequence of pressure determination is:

— to make up equation of equilibrium of a structure group in a vector form;

— using method of academic Bruyevitch, to define normal and tangential
components of pressures in pivots;

— to define with the help of force diagram the total forces (pressures) in pivots.

6.2. DYNAMIC FORCE ANALYSIS OF PLANAR MECHANISMS

6.2.1. Dynamic force analysis of typical mechanisms by the force

diagrams method

Consider the procedure of dynamic force analysis, taking for the example

crank-and-rocker mechanism.

Example 6.1. To define pressures in kinematic pairs
of a pin-jointed four-bar linkage
(Fig. 6.2, a) by method of force

diagrams. To accept o, =Const .

1. We construct the velocity (Fig. 6.2, b) and acceleration (Fig. 6.2, ¢) diagrams of links for

a set position of the mechanism.

For the point A of the crank the linear velocity V, =, -l,,, and centripetal (normal)
acceleration a, = - -l,.
We start to construct velocity and acceleration diagrams with segments pa:VA/uV

and Ta=a,/H, .

For the point B we write down:

149



( 2 n

T =73 "4+ 7 - Y% a
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log 108 lgo, M,
a —3 . 7" T 2 n
d; =a, +adg, +adg,,; . :\ﬁ_an ag,
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L |AB 1AB |BA W,

b Hy
D,0,0,
a b
0,0,
H,
C

Dn
R 30

Fig. 6.2. Pin-jointed four-bar linkage force analysis: a — the kinematic scheme;
the velocity (b) and acceleration (c) diagrams; d— the Assur group;
e — the force diagram

2. We divide the mechanism into Assur groups.

One Assur group of Il class and 2-nd order is attached to the primary mechanism (Fig. 6.2, d)

3. As we have only one attached group, so we start analysis with it.

We construct Assur group in the same position in scale L .
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4. Then we define gravities and inertia forces of links:

G, =m,g; G; =m,g;
a, = _ngsz ; Fa2 = m2 ) “a ) TESZ .

The link 2 produces planar motion. Inertia force Fa2 is parallel to 552 and is imposed
in a pole of inertia T,. Considering the link 2 as a rod, we can define the value of its radius

of gyration, as p, =1,, /\12.
Let us study the motion of the link 2 as sum of parallel motion, for example with the point A,
and turning motion around the point A. Then we define the pole of inertia T, at the concurrence

of action lines of inertia IEa/2 =—m,a, in parallel motion with the point A, that crosses centre of mass

S, parallel to the direction of vector ma of acceleration diagram, and action lines of inertia force

=/ . ) .
in turning motion relatively to the point A F,, = -M, &, , , which crosses the centre of oscillation

of the link 2 (the point K, ) parallel to the direction of vector S,a of the diagram.

The link 3 produces turning motion relatively to the point O,. Inertia

Fo3 = —Mgag3, (Fy3 =M3 - 1S5 -1, ) | Centre of oscillation of the link is K, , where this force

is imposed, can be defined when finding the radius of gyration p3=IBol/\E and making
graphical plotting.

5. Further we define pressures in kinematic pairs.

As the links 2 and 3, which belong to the Assur group, are detached from the mechanism, so

in pivots O, and 4 we should impose reactions from the ground on the link 3 R;, and from the

crank 1 on the link 2 R,,. We impose them in the points O, and 4 correspondingly, but beforehand

dividing it into normal (along the link axis) and tangential (at right angle to its axis) components,

and write down the vector condition of equilibrium:

R, +R +G,+F, +P+F_+G,+R +R! =0 (6.3)

Here are four unknowns, and as we know, from the vector equation we can find only two

unknowns (2 equations in axle projections).
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We find tangential components ﬁ; and ﬁ;, from the condition of equilibrium taking into

account that the moment in the pivot B is equal to zero.
For the links 2 and 3:
(2) T
> MP =R .1 +G -h -F -h =0;
B B G

21 Al
2 F,
2 a,

M =R .l +G,-h +P.-h —F_-h =o0.

08 3

E
a

We choose the scale Hg ( i) and define scaling magnitudes of each unknown force:
MM

. R, F,
(Rﬂ):“ﬂ; (Faz):uz . efc.
F F

We solve the vector equation (6.3) geometrically by constructing the force polygon

(Fig. 6.2, e), beginning and ending the construction with the unknown forces ﬁznl and 532,
constructing their directions.

Having defined the components, we can find the values of total reacting forces:

We should compound vectors sequentially for each link. Then directly from the diagram we can
define the pressure in kinematic pair B, as the end-capping vector for the polygon of forces, imposed

to the link 2 or 3. For example, from the equilibrium condition of the second link, we have:

R,,+R;+F, +G,=0

Here



6.2.2. Kinetostatics of the primary mechanism
Let us consider the primary mechanism, which includes the ground and the link 1
of a rocker-and-crank mechanism (See example 6.1, Fig. 6.2). We impose to the crank
acting forces on it. In the point A we impose force R, =-R,,. Here the force R,

is the reaction from the link 2, attached to the primary mechanism and is the resultant

of all forces imposed to the mechanism links. After the dynamic force analysis

of structure groups the force R;, is known.

]

12

M bal

Fig. 6.3. The primary mechanism

Reactions in the pivot O and driving moment imposed to the initial (input,
driving) link are unknown. This moment is variable, and for the point of time and set
conditions it is considered as a balance moment. It means that in the moment of time
it counteracts all forces, which act on the mechanism links, including inertia forces,
but except for the reaction in crank (they are mutually balanced).

We may write down the equilibrium equation of a crank:

ZMo:Mbal+Mo(61)+Mo(El)+Mo(§12):O- (6.4)

After definingM,, for different positions within the cycle of motion

of the mechanism, we construct diagram M, —¢, with help of which we find,

for example, the most severe positions of the input link: M, =M

bal max *
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Thus, if the crank is the driving link, soM,,, is the driving moment; if this link

Is driven so it is the moment of resisting forces.
If to the driving link the moment is brought or it is taken off from it through

the clutch (directly through the shaft, on which the crank is fastened), so the unknown
moment M, .is the external load. If the power supply (or diversion) is carried out
through friction gear or tooth gear, or brought to the slider, so balance force F_

iIs the external load (Fig. 6.4, a, b, d).

F,

bal

F,

F’ bal
c d

Fig. 6.4. Examples of balance forces application: a — the gearing; b— the slider;
c —the belt drive; d — the friction gear;

For the belt drive (Fig. 6.4, c) we have two unknowns F, and F,, but they are

connected by the Euler theorem.

It means that in enumerated cases it is better to study balance force F_, but

al !

not balance moment M, :

Fb M bal .

al —
bal

Here M, is defined by the equation (6.4); h,, is the actual magnitude of the arm

of force, but not its scaling magnitude, taken from the kinematic scheme.

154



The solution of the dynamic force analysis task of the mechanism can be done
by analytical method (as well as the kinematic analysis). Considering the repetition
of solution within the cycle of work, this task is very laborious. For example, dynamic
force analysis of the slider-crank mechanism of diesel, which works in steady state,

under the change of generalized coordinate Ap; =5° is turned into the solution

of system of 33 combined equations, every 72 times. Laboriousness of the solution

is radically taken off with the help of computer.

6.2.3. Definition of balancing forces and moments

by Zhukovsky lever method

From the above mentioned it is simply to make the conclusion that the balancing
moment (force) is the reduced moment or force, imposed to this link, but oppositely

directed towards M, (R, ):

Foar =—Fa:

Mbal = _Mrd :

The reduced moment contains all forces, imposed to the mechanism,
including inertia.

Thus, we can use the same methods and design equations to define the balance
moment (force), as when defining reduced moments (forces), without dynamic force
analysis of the whole mechanism. (We don’t have to define pressure in kinematic pairs
between input or output links and the links of structural groups attached to them).
Remind that pressures in hinges are internal forces of the mechanism.

Let us use Zhukovsky lever method for the definition of M, .
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Example 5.2. For the mechanism, shown in Fig. 6.5,
define the balancing moment, imposed
to the input link 1, by Zhukovsky lever
method. To accept «, =Const.

Fig. 6.5. Pin-jointed six-bar linkage force analysis: a — the kinematic scheme;
b — the velocity diagram; ¢ — the Zhukovsky lever

Its motion freedom is w=3n—-2p, =3-5-2-7=1. Link 1 is input as its law of motion is set.

The set system of external forces acts on the mechanism (See Fig. 6.5, a). In general case

the mechanism as a system, which has one motion freedom, will be in out-of-balance condition.

In order to balance the mechanism, we should impose in any point the balancing force Ifba,.

As the point of force application we take the point 4 on the link 1. We set the direction of |Eba,,
for example perpendicular to OA.

In order to use Zhukovsky method, we construct in arbitrary scale velocity diagram
of the mechanism (Fig. 6.5, b), and turn it on 90° opposite to the direction w1 (Fig. 6.5, c). Let us
move in corresponding diagram points all forces acting on the mechanism. To the point A4
in a chosen direction we impose the balancing force Ifbal . We write down lever equilibrium condition

relatively to the pole p:

M, (F)+M (F)+M,(F)+M, (F)+M (F)+M,(F,)=0.



Marking the arms correspondingly and considering moment’s sign, we define:

h h h, h
Fa:Fhl+F2+F4—F R
o ' hbal ? hbal ) hbal ’ hbal ° hbal

The relations of segments hi / hbal are taken directly from the velocity diagram.

Note: the Fig. 6.5, ¢ shows only the arm of the force IE2 .
The method is general for all mechanisms of any class.

Under dynamic analysis and, unlike the dynamic force analysis — kinetostatics
method, the forces are reduced separately to the datum link. For example, separately
resisting forces, frictions, driving and other forces. Gravity is usually reduces
with driving forces. The separate reduction contributes to better consideration

of influence of each force on the law of motion of the mechanism.
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10.
11.

12.
13.

14.

QUESTIONS FOR SELF-TESTING

What are the main tasks of dynamic force analysis of the mechanism?
Formulate the d'Alembert principle.
What systems are called statically determinate?

Write down the condition of static definability of the kinematic chain.

In the mechanism, link 1

Is the initial one. What class
Is this mechanism? Which
of the attached Assur groups
are statically determinable?

What parameters of the mechanism should be given in its dynamic
force analysis?

What is called the force diagram of the mechanism?

In what sequence is the dynamic force analysis of the mechanism carried
out using the force diagrams method?

What is the essence of the Bruevich method for determining pressures
in kinematic pairs?

What is called balance force or moment?

If the balance moment is the moment of driving forces, then to what link
of the mechanism should it be applied?

What is called “the Zhukovsky lever”?

In what sequence is the balance moment (force) determined by Zhukovsky
lever method?

Is it possible to use the Zhukovsky lever method to perform a full dynamic
force analysis of the mechanism?
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Chapter 7. BALANCING OF MECHANISMS

Executing the dynamic force analysis of a mechanism, we set that in a general
case in Kinematic pairs, formed by turning links with a ground, reacting forces operate.
At a speed-up motion of links these reactions contain dynamic components, which
in a steady state mode are changed cyclically. So, they can be a source of many
undesirable effects, for example vibrations, which are passed to the housing, as well as
to the base. The main task is a maximum removal of this effect, which is obtained

by balancing of movable masses of mechanisms.

7.1. IMBALANC OF MECHANISMS

7.1.1. Types of imbalance of a mechanism

Let us study a four-bar linkage (Fig. 7.1).

Fig. 7.1. The four-bar linkage: a — the initial scheme; b — the equivalent scheme

The law of motion of an input link is set — «, =Const. Other links move non-

uniformly. Knowing sizes and link masses characteristics, it is possible to define
their inertia forces and moments. Let us reduce all assemblage of inertia forces

to the pivot O (Fig. 7.1, b) and represent as a resultant and a moment:

'Ea = 'Ea :
) = i

n

M, = Mo(Fai)+Zn:Mai’
i=2

i=2

where n — is quantity of movable links of a mechanism.
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For the first link @, =Const. So ¢ =0, that means M, =0. Moreover,
as the line of action of inertia of the first link Ifal passes through the point O,

0.

the moment of this force relatively to point O is I\/Io(lfal)

Loading of inertia F.. and the moment of inertia forces M., are the reason
of the dynamic loading of a ground (though these forces are engineering value
and we do not consider their physical meaning). Sometimes they are called the shaking

forces and shaking couples.

If the resultant F,_ and the moment M. of inertia forces are not equal

to zero, such mechanism is statically unbalanced.

If the resultant of inertias of a mechanism is F,, =0, and a moment

is M., # 0, so0we have the moment imbalance of a mechanism.

7.1.2. Static and moment imbalance of a mechanism

at the design stage

Static balancing of the mechanisms. In such case it is helpful when

As a result, the dynamic effect of inertias on the base (shaking force) is excluded
(but the effect of the shaking couple is remained saved).

We can write

Here My is a total mass of all movable links; @ is an acceleration of the total

centre of mass of a system. So the static balancing is obtained under the condition

that the total centre of mass will be immovable.
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From the engineering mechanics we know, that under planar motion a body can

be presented as two lumped masses (Fig. 7.2) that undertake the conditions:

{m =m, +myg;
mAIAS - mBIBS'

Fig. 7.2. The body and its model

(7.1)

The second condition indicates that the centre of mass S is situated in the same

place. So it means that the resultant of inertias of a substituting system equals

to the resultant of inertias of the set body. (However, the moments of inertias

do not coincide, but it does not matter for the static balancing).

We carry out the static balancing of a four-bar linkage (Fig. 7.3).

We assume that the masses of links m;, m,, m, and their lengths |, 1,, |, are set.

S is the total centre of mass of the mechanism. We change every link into two lumped

mass (Fig. 7.3, b).
For the link 1, using the condition (7.1), we may write:

m =m,+m,;

molos1 = mAllAs1 :
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Fig. 7.3. The static balancing of a four-bar linkage: the initial scheme (a);

Finally we get:

By analogy:

the equivalent schemes (b, ¢, d)

I I
_ AS; o [OS
My =M, T My =M |
1 1
My, =M, i Mg, =M, |
2 2
_ I0153 _ IBSs
Mgy = M, o Mg, =M, I
3 3
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Thus, the mechanism is changed for four masses M,, mM,=m, +m,,

m, =my, +m,,, My . The total centre of mass of the mechanism is left in the same
place and moves with acceleration (Fig. 7.3, b).

On the links 1 and 3 we put counterweights m,, and m,, (Fig. 7.3, c) in such

a way that common centres of masses of two-mass systems[mA, mm] and [mB 1 mm]

appear in points O and O; respectively. For this reason there

should be such conditions:

{mAll =My, eqs
(7.2)

mBI3 = My 5l s

Let us combine masses on links 1 and 3:

!

'
My =My +My, +My: mol

= Mg + M5 + Mg, .

It means that after using the counterweights, that undergo the condition (7.2),

the mechanism can be represented in the form of two unmovable masses M, and M, .
So the centre of mass of the mechanism with balancers M., and M., becomes

stationary (Fig. 7.3, d). The masses of balancers M., and My, are chosen according

to the conditions (7.2), taking radiuses I',; and ;.

Moment balancing of the mechanisms. The moment balancing is
conducted after the complete static balancing. The purpose of the moment balancing is

to obtain the condition

M,y =0
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Let us study a statically balanced mechanism (Fig. 7.4) [2].
The equation for the moment of inertia forces of such also includes the inertia

moments of counterweight masses m,, and m,,.

As o, =Const, so M, (F,,)=0, because the line of action of an inertia F,,

in such case passes through the centre of rotation of a link — point O.
Thus

Fig. 7.4. Moment balancing of the four-bar linkage

The law of moment variation is shown in Fig. 7.5.

At the moment balancing some compensating moment M, applies
to the system. The graph of its change (Fig. 7.5), summing the graph of change
of the inertia moment M/, adds up to “0”. It is achieved, for example, in such a way.

A crank 1 (Fig. 7.4) is rigidly attached to a gear. This gear meshes with another gear

in such a way that a transmission ratio between them is equal to 1 (uy,=1).

Then o, = o, =Const . Directions of gear rotations are coincided.
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Fig. 7.5. Determination of M, magnitude

On the links 1 and 5 we place similar attachment masses m, (Fig. 7.4). Radial
coordinates r, of these masses for links 1 and 5 coincide, and angular coordinates
differ on =. Inertias F, of these masses create the force couple on the arm h, .

The magnitude of this force couple can be expressed as

2 2 H
M, =mroh =mroly, sin(¢@, +B).

a

This is the equation of a sinusoid removed to an angle /B to the left
along the axis.
The purpose is that by varying sinusoid parameters, to maximum approach

this curve to such position, when it will be in relation to the graph M/, as though
in antiphase. It is better to vary value of amplitude M, =m, rKoafI003 and angular f3.

Choosing them in the best way, we define m, :

*
_ M
mK—
r.ol
K %100,
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7.2. BALANCING OF ROTORS

7.2.1. Rotor imbalance and its types

Rotor can be any gyrating masses: gears, turbine wheels, crankshafts, fly-wheels
etc. The problem of their balancing both on the design stage and after producing
is very serious. For example turbine of a nuclear power station conducts ~400 min™,
and the rotor weighs ~50 ton. Its diameter is about 2 m, and length is 20 m. Imbalance
of its rotor may cause strong vibrations, or even to a catastrophe. In gas turbine
engines operating speed of an engine drive shaft is about 20000 min™!

Uniform rotations of a rotor relatively to the bearing axis z (Fig. 7.6) may cause

dynamic loads if centre of mass S will not be on the axis of rotation.

YA

Fig. 7.6. The rotor with the eccentricity of mass

Resultant of inertia forces can be expressed as F, = mof«/xﬁ +y¢ . In a vector

notation we will write

_ .
F, =moE;.

Here & =T, is radius-vector of the centre of mass S of the rotor, and it is called

eccentricity of the rotor mass.
We mark

DS = m_S .
It is an resultant vector of rotor imbalance.
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Then

. . . 2 2 2 2
Moment of inertia of the rotor is M, = «/sz+\]yz or M,=0"M,.

Here My =, /sz + sz is @ moment of rotor imbalance. This value has a vector sense

M =M.

a

There are static, moment and dynamic imbalances of a rotor.

Static imbalance of a rotor occurs when the centre of mass does not lie
on the axis of rotation, but the principal central axis of inertia is parallel
to the rotational axis (Fig. 7.7). Such imbalance is attached, for example,

to single-throw crankshaft.

X,
A /iiii"/ S
7

EMI,

Fig. 7.7. Static imbalance of a rotor

In such case eccentricity of rotor mass is & =0; and products of inertia

areJ,, =J,, =0. It means that Dy #0; My =0.
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This imbalance can be easily removed, if we add to the rotor the corrective

mass m, , which provides the condition

D, =-D,.
Here D, =m,&, . Though the centre of corrective mass should be placed on the line

of action of vector€ and vector of its imbalance &, should be inversely oriented

in relation to €.

Moment imbalance of a rotor occurs when the centre of the masses lies
on the rotational axis of the rotor, but its principal central axis of inertia does not

coincide with rotational axis (Fig. 7.8). Such imbalance is attached, for example,

to double-throw crankshaft. Here e; =0; J,, #0; J , #0. Then D, =0; M, =0,

M1

X,
— 44/(
A zuw é B
_7% Ll z
XvA \L ()]

u

| %)

D,, D,,=Dy,

Fig. 7.8. Moment imbalance of a rotor

In order to remove imbalance we should install, as minimum, two corrective
masses, for creating force couple M, =—M_. These masses are put in plane

of changing in such a way that changing force couple appears.
Dynamic imbalance of a rotor occurs when the centre of mass is not situated

on the rotational axis and this axis does not coincide with rotor principal axis (5 #0;

J. #0; J,, #0). It means

D,#0: M, #0.
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In such case we have reactions at supports R, andR;, represented by vectors,

which are crossed and rotate together with shaft (Fig. 7.9).

i

DM2

Fig. 7.9. Dynamic imbalance of a rotor

This imbalance is removed by installation relatively two masses in planes,

perpendicular to the rotational axis.

7.2.2. Static and dynamic balancing of made rotors
Rotor imbalance should be removed at the design stage. But at the rotor making
its imbalance arises because of deviation from design sizes, heterogeneity of material,

out-of-tolerance fitting.

Static balancing of made rotor. Its purpose is matching of the centre of mass
of rotor with rotational axis. It is carried out both manually with the help of knife-edge

bearing (Fig. 7.10), and on special test benches (Fig. 7.11)

Fig. 7.10. Knife-edge bearing Fig. 7.11. Test bench for rotor balancing
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According to the first method the rotor is installed on knife-edge bearings.
That almost excludes friction in support points. If rotor is imbalanced, it will try
to reach position of stable equilibrium. When rotor reaches such position, its centre
of mass will be situated on the vertical straight, which belongs to the plane, passing
through the point of support. After finding the place of overweight, it is either removed
or added from the opposite side. The procedure is repeating as long as the rotor
reaches the condition of indifferent equilibrium on knife-edge bearings, which
Is possible only under condition of its total balance.

In the conditions of mass production rotor balancing is carried out on special
benches, one of possible drawings of which is shown in Fig. 7.11.

Rotor 1 is fastened in pivots on the plate 2. The plate is installed on elastic
foundation 3, which allows high movements in space. In case of imbalance the plate
executes compound motion (axis z cones). Sensor 4 oscillates. These oscillations
are transformed in electrical signal, which passes to computer. After necessary

calculations precise coordinates of overweight are defined.

Dynamic balancing of made rotor. It purpose is matching of principal axis
of inertia of the rotor with rotational axis.

The dynamic balancing absolutely must be conducted for long rotors. It is
carried out on special balancing stands. They can be of three types: with immovable
rotational axis of rotor; with rotational axis, which varies in plane relatively
to the second axis; with axis, which carriers out space motion.

Fig. 7.12 illustrates scheme of a balancing stand.
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Fig. 7.12. Scheme of a dynamic balancing stand

Here A and B are planes of correction. Firstly, we eliminate imbalance in section
B. For this reason in several run-ups we define value of amplitude of oscillation A,
which is proportional to value of imbalanceD,. Thus, at the first (basic) starting
the rotor takes a run in the initial state. In two trial starts the rotor takes a run
with auxiliary stipulated masses in section B, which allows by the value of amplitude
to define a precise value of the imbalanceD,. Then a rotor inverts for 180°
and the same actions repeat for the section A4.

For an accurate balancing it is carried out in vacuum. It decreases air drag

and drive power, considering turbine weight.
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10.
11.

12.
13.

14,

15.

16.

17.

18.

19.

20.

QUESTIONS FOR SELF-TESTING

What is the danger of exploitation of imbalanced mechanisms?
Under what conditions is there static imbalance of the mechanism?
Under what conditions is there moment imbalance of the mechanism?
What condition is achieved with static balancing?

Write down the condition, which must correspond to the two-mass model
of the body if it performs planar motion.

How many corrective masses should be included in the four-bar linkage
for its balancing and where are they placed?

What conditions are achieved with moment balancing?
How is moment balancing of the mechanism performed?
What elements of machines are called rotors?

What is called the eccentricity of the rotor mass?

Write down the formula for determining the resultant vector
of rotor imbalance.

How is the moment of the rotor imbalance determined?
Under what condition does a static rotor imbalance occur?

How many corrective masses should be used to eliminate the static imbalance
of the rotor?

Under what condition does moment rotor imbalance occur?

What is the relative position of the principal central axis of inertia of the rotor
and its rotational axis when there is a moment imbalance?

How many corrective masses should be used to eliminate the moment
imbalance of the rotor?

Under what condition does dynamic rotor imbalance occur?

What is the relative position of the principal central axis of inertia of the rotor
and its rotational axis when there is a dynamic imbalance?

How many corrective masses should be used to eliminate the dynamic
imbalance of the rotor?
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21.

22,

23.

24,

25,

What is the main task of static balancing of made rotors?

For which rotors does only static balancing carry out?

What are the ways to eliminate static imbalance of made rotors?
What is the purpose of dynamic balancing of made rotors?

What ways is the dynamic balancing of made rotors implemented?
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ENGLISH-UKRAINIAN GLOSSARY

TepMiHOIOTIYHNH AHTJIO-YKPATHCHKUI CJIOBHUK

Ability BMIiHHSI.

Absolute velocity a6comoTHa MBUAKICTS.

Acceleration mpuckopeHHs
Accelerated motion
Acceleration analogue
Acceleration diagram
Normal acceleration
Tangential acceleration ranreniiaapue
MIPUCKOPEHHS.
Total acceleration

Accrued

Accuracy

Accurate

MIPUCKOPEHUH pyX.
aHAJIOT PUCKOPCHHSI.
IUTaH IIPUCKOPEHB.

MTOBHE MTPUCKOPEHHS.

3pocii (MOKIJIMBOCTI), HAKOTIMYCHHUT.

TOYHICTb.

NIpaBUJIBHUM, TOUYHUI.

Active force axtuBHa cuia.

Achievement  nocsrueHHs.

Action (cun. effect, impact, influence)

Actual speed nificHA MBUIKICTG.

Actuation time (cun. reaction time, response time) uac
CIpAaIOBaHHS

Actuating mechanism, actuator
MEXaHi3M.

Acute angle  rocrpiii kyT.

Adjust  yB’s3yBaTH.

Admitted region  06macTh TOMYCTUMUX 3HAUCHb.

Admissible nmomyctumuii.

Advanced mnepenoBHii, MPOrpeCUBHHUIA.

Advantage mnepesara.

Adverse conditions HecnpUATIUBI yMOBH.

Algebraic  anrebpaiunuii.

Ambit  rpanumi, gianazoH, po3Max, OKis (TOUYKH).

Amplitude of oscillation awmmiTyna KonuBaHs.

Analytical method ananiTHuHMii MeTOI.

Angular acceleration  kyToBe NPUCKOPEHHSL.

Angular velocity KyTOBA IIBUJIKICTb.

Angularly  mix xyTom.

BIIJIMB.

BUKOHABYHH

Back-and-forth motion
pyx.

Backlash 3a3op, xosoBwuii 3a30p B 3y0uacTiii mepeaadi.

Balance [balancing] force 3piBHOBaKyBasbHA CHIIA.

Balanced state piBHOBa)kHUif cTaH.

Balancer GanaHcup.

Balancing 3piBHOBaXXyBaHHs, OaJlaHCYBaHHS.

Balancing stand  GanancyBanbHuUil cTEHI.

Ball-and-socket hinge chepryHHH MapHip.

Barren backoff

... be accompanied (by)

Base  ¢yHmamenT.

Base tangent cminsHa HOpMAIT.

Basic property ocHOBHa BJIaCTHBICTb.

Basic dimensions  ocHoBHi po3mipu.

Basic link 6asncHa TaHKa.

3BOPOTHO-TIOCTYNAJIbHUI

CYIPOBOJIKYBATHUCh.

HOPMaJIbHE MIPUCKOPEHHS.

HETPOAYKTHBHI BTPATH MOTYHOCTI.

A

Antiphase npotudasa.
Application  npakTiyHe 3aCTOCYBaHHSI.
Arbitrary  noBinbHuiA.

Arbitrarily chosen moBinbHO BUOpaHHii.

Arbitrary scale MOBIIBHUAN MacIuTao.

Arc length  momxuna myru.

Arc of circle (cun. circular arc) nayra kona.

Arm TMOBIiIOK.

Arm of force  meue cum.

As few as possible (cuxn. @ minimum of) minimaneha
KIUTBKICTD.

Aslant (cun. obliquely)  moxwuo.

Aspect ratio  cmiBBiTHOIICHHS PO3MIpIB.

Assembling cknamanms.

Assemblage of forces CHCTEMa CHIL

Assign  TIpHCBOIOBATH, 3aJaBaTH.
Assur group rpyma Accypa.
Assurance 3abe3MeueHHs.

Asynchronous motor acHHXpOHHHI eIEKTPOABHUIYH.

At least  xoua 0, mpuHAWMHI.

Atrightangleto...  nepneHAMKYISIPHO IO ...

Attach (to) [IPUB’I3yBaTH.

Attachment  momomixkHa metais.

Attribute  osnaka.

Attrition (cun. deterioration, tearing, wear,
wear-out) 3HOC, 3HOIITYBaHHS.

Augmentation migBUIIEHHS.

Auxiliary  momatkoBuii, migcoGHUIA.

Availability (cun. working capacity, operational

integrity)  poGOTOCIPOMONKHICTB.
Average speed CepeHs IMIBUIKICTh.
AXes oci.

AXis (cun. motion freedom)
Axle base  mixkocboBa BiJICTaHb.

CTYIIIHb PYXJIUBOCTI.

Beam(cun. connecting rod, con-rod, coupler) marys.

Beam-and-crank mechanism KPUBOIIHUITHO-
IIATYHHUH MEXaHi3M.
Bearing part, bearing  migmunauK.

Become disconnected  po3’emHyBaTHCh.

Below (cun. from below, underneath)  3um3y.
Belt mac.

Belt transmission macosa nepeaua.

Bench CTEH/I.

Best-case value
Bound rpanuis.
Blast Buxuomn.
Brake governor
Break of a curve
By hand

HaﬁKpame 3HAYCHHA.

TTbMIBHHUH PETYIATOP.
3J1aM KpPHUBOI.
BpYyUHY.
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Calculating-solving mechanism oGuucioBanbHO-
PO3B’A3aTbHUNA MEXaHI3M.

Cam  kymauok.

Cam mechanism (cun. cam box, cam gear)

KyJIaYKOBUI MEXaHi3M.

Cancel  BiamiHa, 3aKpeciIrOBaHHS, aHYJFOBATH,
BIZIMIHSTH, CKOpOYYBaTH (Ipi0, piBHIHHS)

Carrying capacity BaHTaXOIi THOMHICTb.

Cause mpuumnHa.

Centre  mentp.
Centre distance  MixIeHTpOBa BiICTaHb.
Centre line  miHis neHTpiB.

Centre line of thrust niuis xii piBHOIIHHOT.

Centre of curvature ueHTp KPUBHUHU.

Centre of gravity IIEHTp Bar.

Centre of mass LIEHTp Mac.

Centre of oscillation tenTp xoiuBaHb (XUTAHHS).

Centre of rotation  tentp obepranHs.
Centrifugal governor BianeHTpOBHIA perymisTop.
Centripetal acceleration goeHTpoBe IPHUCKOPEHHS.
Centrode (cun. centroid line) LEHTpOIA.

Certain  nesxuil.

Chain  mammror.
Chain loop  rinka manmrora.

Changing 3miHa, KOpeKIlis mapaMeTpis.

Choke  3acninka (kapOroparopa).

Chord xopna.

Chord method wmerton xopa.

Circle «omno, kpyr.

Circular  kpyrosuii.
Circular arc  gyra xona

Circumference  moB:xuHa KoJIa.

Circumscribe  onucyBarth.

Closed kinematic chain  3aMkHeHuUi KiHEMAaTHUHHI
JIAHIIFOT.

Closure condition ymoBa 3aMKHEHOCTI.

Clutch mydra.

Coefficient  koedirienr.
Coefficient of speed fluctuation

HEPiBHOMIPHOCTI PYXY.

Coefficient of efficiency (cun. efficiency, coefficient
of performance, COP)

KoeimieHT

Cog-wheel 3y04acre KoJeco.
Coincidence 36ir, cymimnieHHs.
Combustion  3ropanssi.

Combustible mixture po6oua cyminr (JIBC).

Common tangent crminbHA TOTHYHA.

Compactness KOMIaKTHICTb.

Comparative estimation TopiBHsUIEHE OIIHIOBAHHSI.

Comparatively  BigHOCHO.

Compensate ©OanaHcyBaTH, 3piBHOBa)XyBaTH,
KOMIICHCYBATH, HAOJYXKYBaTH.

Compensating kommeHcalist, KOMIEHCYIOYHH
Complement JIOIIOBHIOBATH.

Compound motion  cknagHuii pyx.

Compound motion theorem  Teopema npo CKJIaaHuUi
pyx.

Concurrence of lines neperus miHiit.

Condition of equilibrium ymoBu piBHOBaru.

KOe(IiIieHT KOPUCHOT MiT .

Confine o6mexyBaTH.

Congruous BiAMOBiTHUH.

Cone  kowmyc.

Conical (cun. taper) xoHiuHHiL.

Connecting rod (cun. con-rod, coupler, beam) matyH.
Constancy craicTs.

Constant magnitude crana BenuuuHa.

Constituent  ckiamoBa, KOMIIOHEHTA.

Constraint B’513b, 0OOMEXCHHS, HAIIPY KECHICTh,

CKYTICTb.

Differential constraint nudepenmiansaa B s135.

Geometrical constraint reomerpudna B’s3b.

Holonomic constraint  ronoxomHa B’s3b.

Ideal constraint ileaibHa B A3b.

Nonholonomic constraint  HeromoHOMHa B’513b.

Nonreleasing constraint HE3BiIbHIOBAaHA B’SI3b.

Passive constraint  macuBHa B’s13b.

Redundant constraint  3aiiBa B’s13b.
Construction koHCTpyKILisi, OyAiBHHIITBO, MOOYI0BA.
Construction unit  eneMeHT KOHCTPYKIIii.

Contact KOHTAaKT, JOTHK, 3B’ SI30K.

Contact area miromazka (TOBepXHs) KOHTAKTY.

Contact line  miHist KOHTaKTY.

Contact point (cun., point of tangency, tangent

point)  TodYka IOTHUKY.

Contact zone xoHTaKTHa 30Ha.

Contacting bodies konrakryroui Tisa.
Contacting pair ~ KoHTakTHa mapa.
Continuous  HemepepBHHIA.

Continuous motion  HemepepBHUiA pyX.
Contrary assertion npoTHIIEKHE TBEPIKEHHS.
Converting  mepeTBOpEHHSL.

Convex camber  BumykIicTs.
Co-ordinates cucTema KOOpIUHAT.
Coordinate origin  104aTOK KOOp/AMHAT.
Coriolis acceleration npuckopenns Kopiamica.
Corrective  koperywouuii.
Cosine KOCHHYC, KOCHHYCOITATBHUIA.
Coulomb friction (cun. dry friction)
Count paxysaTu.
Counteract  3piBHOBa)KyBaTH, NPOTUIISATH.
Counterweight  nporusara.
Crank (cun. crankshaft) KPHBOILMUIL.
Crank mechanism  KpUBOIIMITHHUA MeXaHi3M
Crank-rocker mechanism (cun. crank-guide,
crank-and-slot mechanism, quick-return link
mechanism,) KpHBOMIKIHO-KYNiCHUI
MEXaHi3M.
Crank-and-rod mechanism
IATYHHUH MEXaHi3M.
Crank-and-slider mechanism
MTOB3YHKOBHUI MEXaHi3M.
Crankshaft  komingacTuii BaJ1.
Cross  xpecr, mepeKpecioBaTH, nepeTuHaTh(cs),
nepexperryBaTH(cs), IepexoIUTH.
Crosscut  momepevHuid, MOMEpeYHuiA epepis.
Crosshead (cuwn. slider, sliding block, cylinder piston)

TTOB3YH.

Cumulative

cyXxe TepTs.

KPHUBOUINUITHO-

KPUBOIIHITHO-

CyMapHUH.
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Curvature KpuBH3HA; BUTHH, 3THH; BUKPUBICHHS.
Curve xpwusa (J1iHis); BUTHH; KDUBH3HA; 3aKPYTJICHHS;
THYTH, 3THHATH; BUTHHATHU(CA).
Current  moTtouHHH.
Current value moro4He 3HAYCHHSL.
Current position moTouHE MOJ0KEHHS.
Smooth curve rmanka kpuBa.
Cutting  pizanss.

Cutting machine  meranopizansHuii Bepcrar.

Datum pana BeauuMHa, €IEMEHT JAHUX; BUXITHUI
piBEHB.
Datum point Touka 3BeaCHHS.
Datum link  nanka 3BeneHHs.

Datums 6a3a, 6a3oBa TouKa (JTiHIs, TUIOIIMHA), ITOYATOK
BIJUTIKY; penep; Touka (JIiHis, ITIOMIMHA) 3BEICHHS.

DC motor  aBUTryH HOCTIHHOTO CTpyMYy.
Dead weight  Bracua Bara.
Decelerate  ynoBinbHeHHs; 3MEHIIYBATH IIBUAKICTh

(KiTBKICTB 00EpTIB).
Degree of freedom  cryninb cBoGOIH.
Delineate 3006paxkatu, KpeciauTH, pOOMTH HAYEPK.
Demand BuMora; BuMaratu, motpedyBaTu.
Dependence  3anexHicTb.
Depth rmubuna.
Derivative of function  moxiana dyHkuii.
Derivative sign  3Hak moxiaHoi.
Design kpeciieHHsl, €cKi3, pUCYHOK; IPOEKTYBATH,
KOHCTPYIOBaTH, POOHUTH €CKi3.
Design factor po3paxyHkoBuii kKoedimi€eHT.
Design formula (cun. design equation)
po3paxyHKoBa GopmMyrna.
Design stage  cTais mpOEKTYBaHHSL.
Design size  mpoekTHHIA po3MIp.
Deterioration (cun. attrition, tearing, wear, wear-out)
3HOC, 3HOIITYBaHHSL.
Device mnpumam, OpUCTpiii, MPUCTOCYBAHHS; amapar.
Devise po3poOuisiTH, BUHAXOAUTH, IPUIYMYBATH.
Diesel-compressor  mu3eiib-KOMIIPecop.
Diesel engine  au3enbHUIA ABUTYH, TU3EIb.
Differential  audepenuian (nam.).
Differential gear (mechanism) JmudepeHmian
(mexn.), madepeHniaTbHIN MEXaHI3M.
Differential gear audepenniansumnii 3yduacTuit
MeXaHi3M.

Eccentric ekcuenrtpuk.

Eccentricity  excueHTpucurer.

Economy in use exoHOMi4HHH (IIPO MAILIKHY,
o0aHaHHS).

Effect nis, BruiuB, sBuIe, pe3ysbTar; pOOUTH, YHHUTH;
BUKOHYBATH, 3IiICHIOBATH.

Elastic npysxuuii, rHyukuii, ryma (IHyp)
Elastic force mnpyxna cuna.
Elastic foundation IPY)KHA OCHOBA.

Elasticity mpyxnicTs.

Cycle mwmxm.

Cyclically  rmkmivHo.

Cycling uuKmivHICTS.

Cycloid (cun. cyclic curve) 1mknoina.

Cylinder LJTTHJIP.
Cylinder piston (cun. crosshead, slider, sliding block)
IOB3YH.

Cylindric(al) slider (cun. piston) numiHIpUYIHAI TTOB3YH.
Cylindric(al) surface (cun. radial surface)
MITIHAPUYHA TIOBEPXHS

Differentiation TU(epEHITIFOBaHHS.
Dimension  po3wmip, BUMipHICTb.
Dimensions raGaputi.

Direct current mocTiliHHIA CTPYM.

Disk  guck.

Dissipation po3scitoBanHs (eHeprii).
Dotted line (cun. dot line, line dotted)
JHisA, TyHKTHD.

Line dotted (cun. dot line)
JIHISL.

Double mosBiiinuii, 31BO€HHUI, CTApCHUIA; YABIUi.
Double arm groups aBOmoOBigKOBa rpyrma.
Double stroke noasiituuii i (OpIHst)

Drag omip cepenoBuia.

Drilling rig (cun. rig) 6ypoBa ycTaHOBKA.

Drive mnepenaya, mpuBij, NPUBITHUN MEXaHI3M.

Drive power moTy>HiCTh IPUBOJA.
Drive shaft npusinuwuii (ronoBuuit) Ba.
Drive stage cryminb nepeaadi (MexaHiuHOT)

Driven BezneHwuii.

Driving Bemyuwii, npuBigHUI.

Driving force  pyuwriitaa cuna.

Durability (cun. reliability) waniitricts.

Duration (cun. time)  TpuBaicTs.

Dyad niana.

Dynamic jguHamiuHMi, aKTHBHUH, TIFOYHH.

Dynamic balancing  nuHamiune GanaHCyBaHHS.
Dynamic component guHaMidHa CKJ1ag0Ba.
Dynamic model aguramigHa MOIEib.
Dynamic force analysis
(cun. Kinetostatics)
CHJIOBHII PO3paxyHOK.
Dynamics auHamika, pyIiiHi CHIH.
Dynamotor  aBUTYH-TeHEpaTOPHHIA arperar.

ITyHKTHPHA

ITYHKTHP, IyHKTHPHA

KIHETOCTAaTHYHHI aHAaII3,

Eliminate ycyBaTu, BUNpaBisTH.
Ellipse emnimc.
Energy gap  mepenaj eHeprii.
End-capping (cun. locking)  3amuxarounii.
Engage BXOOWMTH B KOHTAKT, BXOIUTH B 3a4YCIUICHHS.
Engagement 3adereHHs.
Engine nBurys, motop.
Engine drive shaft romoBuuii Ban nBUryHa.
Engineering mammHOOyIyBaHHS, iHXEHEPIs,
TEXHIYHHH.

177



Engineering costs ~ BuTpaTu Ha NPOSKTyBaHHSI.
Engineering data  Texuiuni gani
(XapaKTEepUCTHKH), TEXHIYHA JOKYMEHTALlis.

Engineering decision TexHiuHe pilieHHS..
Engineering factors  TexHiuHi XapaKTepPUCTHKH.
Engineering kinematics  kiHemaTuka MeXaHi3MiB.

Engineered value pO3paxyHKOBa
BEITMYHHA.

Engineer's system of units Gpurancbka cucrema 3
OCHOBHUMH OJUHULMH: QYT, CEKyHIa, CIIar.

Environment cepeznosuiie, TOBKIISL.

Environmental resistance forces cunu omopy
CepeJIOBHIIA.
Equality  piBHicTb.
Equation piBusHHSL.
Equation of motion  piBHsHHS pyXYy.
Equidistant  piBHOBiIaI€HUIA, €KBIIUCTAHTHHA.
Fail HeBmaua, 3a3HaTH HeBOadi, BUXOIHUTH 3 Jafy,

JIaMaTHCSI.
Feature o3Haka, BIaCTHUBICTb.
Fidelity TouHicTh, MpaBUIBHICTH, TOYHICTH BiITBOPCHHSL.
Fidelity of reproduction  TouHicTh BiATBOpEHHSI.
Field environment eKCIUTyaTaIliiiHi yMOBH.
Finite size KiHIIeBa BEJIMYHMHA.
Fit npupatHuil; BiANOBIAHMIA, rOAUTHCS, OYTH
MPUIATHAM, IOCTAYATH.
Fitted curves cmpsokeHi KpuBi.
Fitting  cxmaganHs.
Fixed joint (cun. permanent connection)
3’€THAHHSL.
Fixed link nepyxoma manka.
Flank clearance  6iunuii 3a30p.
Flat maomuHa, MI0CKa MOBEPXHS, MIIOCKHMA, TACKHIA;
piBHUIA.
Fly-wheel maxoBe koseco, MaxoBHK.
Follower (cun. pusher) mrroxau.
Foot-throttle menane rasy (akceneparopa).
Force cwa, monatu orip, 3MyITyBaTH.
Force closure CHJIOBE 3aMHKaHHS.
Force couple napa cuil.
Force polygon ~ MHOTOKYTHHK CHIL.

Gap  3asop, TIOQT, IPOMIKOK, IIUIMHA, iIHTEPBAI,
npoOiJ1, MPOITYCK, BEJTMKa PO301XKHICTh, PO3PHB.
Gas turbine engine ra3oTypOiHHHUH JABUTYH.
Gear 3y0Ouacra nepenada, HIECTIpHS, PUBiJ, MEXaHI3M,
amapar; npuiaj; IpUCTpii; 3uirumoBaTu(cs) (po
3y0O11i KOJIIC).
Gear cluster 650k 3y04YacTHX KOJIIC.
Geared linkage mechanism  3yGuacTo-BaskiibHHI
MEXaHI3M.
General  3aranbHMi, TOJIOBHUH, O EHHHT,
3araJIbHONIPUHHATUN,
General form saranbHwuit By
Generalized coordinate  y3aranbHeHa KOOpIUHATA.

Hepyxome

Equilibrium  6anauc, piBHoBara.

Equilibrium equation piBHsHHS piBHOBaru
Equivalent mechanism 3aminauii MmexaHnizm.
Error moxu0Oka, moMuiKa.

Estimate ominroBaTH.
Essential  BaxmuBwmii, cyTTeBU, HEOOXITHUI.
Evolvent eBosbBenTa.
Exact TouHwMIA.
Excess (cun. surplus) Hammmox.
Exert mistu (po cwy).
Expenditure Burpatu.
Expenditures on designing BurpaTtu Ha
MPOCKTYBaHHS.
External  3oBHimHii.

External toothing 3oBHimIHE 3a4erIeHHS.
Extreme position of the mechanism KpaiiHe

TIOJIOXKEHHSI MEXaHI3MY.

F

Forge koBajbchKHi mpec.

Form c¢opwma, oOpuc, popmysaru, ckianary,
YTBOPIOBATH.
Form closure
Form of loading
Form surface

HOBEPXHS

Frame (cun. fixed link, housing) crosik, pama, koprmyc,
KapKac.

Friction  rteprs, cuna Teprs.

Friction(al) disk  ¢puxmiiiniii guck.
Friction(al) force (cun. friction)  cuna TepTs.
Friction gear ¢bpukiiiina nepenaya.
Friction torque  mMomeHT TepTsL.
Frictionwork  poGota cui TepTs.

Kinetic friction  teptst koB3aHHs1.

From the direction of ... 3 6oky.

Fuel delivery (cun. fuel feeding) momaua mampHOTO.

Full noBHuMi, HATOBHEHWIA, 3aBEPIIEHHI; Ay)KE, CUIBHO,

TIOBHICTIO.
Full angle noBuuii kyT (kyT y 360°).
Full line  cyuinbHa miHis.
Full revolution per cycle
Full turn noBuwuii 06epT.

TCOMETPHUIHE 3aMUKaHHS.
3aKOH HABaHTA)KCHHSI.
¢baconna (kpuBoIiHilHA)

TIOBHUH 00€pT 3a IMKIL.

Generally (cun. in the general case/way) B 3arambHOMY
BUIIAJIKY.

Generating ray (cun. generating line) TBipHa.

Generator TeHepaTop.

Geneva mechanism (cun. Geneva drive, Geneva stop,
maltese-cross mechanism) wmanpTilicbkuit
MeXaHi3M.

Geometric(al)  reomerpuunmii(a).

Geometric(al) constraint  reomerpuuHa B’s13b.
Geometric(al) diagram (cun. vector diagram)
BEKTOpHA Jiarpama.
Geometrician  reomerp.
Geometry reomerpist.
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Governor perymsrop.
Grade (cun. nature, property, quality) sxicts.
Graphic  miarpama, puCYHOK, KpeCieHHs, Tpadik;

rpadigHAHN, TOTAaHUH K KpecleHHs abo rpadik.

Graphical (cun. graphic) rtpagiunmii.
Graphical differentiation  rpadiune
Tu(epeHIIIFOBaHHS.

Hatch  mwtpuxoBa niHis.
Hatching  mrpuxoBka.
Hazard winmmBwit pakrop.
Heel pivot ’sTa.

Helix  cmipais.

High  HaiiBuma Touka, MakCUMyM, BUCOKO, CHITBHO,

IHTEHCHBHO.
High speed shaft  mBuakicuuii Bam.
High-quality BucokosikicHuii.
Higher  Bumuii.
Higher pair  Bumia mapa.
Hinge (cun. hinge pivot) HIapHIp.
Hinge axis Bick mapHipa.

Idle mode  pexxuM X070CTOTO XOY.

Image  oOpas, kapTuHa.

Imaginary ysiBHuii.

Imbalance (cun. unbalance) HeBpiBHOBaXEHICTb.

Imbalance resultant of a rotor  ronoBHwuit BekTOp

nucOanaHCcy poTopa.
Impact ynaap.
Impossible (cun. inadmissible; intolerable)
HEIPUITYCTUMUM.
Improve  BIOCKOHAJIOBATH, IOKPAIIyBaTH.
In compliance with  3rizHo 3.
In inverse proportion  0GepHEHO POIOPIIHHO.
In the general case (way) (cun. generally) B
3araJbHOMY BUIIAJIKY.
In the line of B370BX, Yy HANPAMKY.
In the range B mexax.
In theory (cun. theoretically) teoperuuno.
Inadmissible (cun. intolerable, impossible)
HENPUILYCTUMUI.
Incorrect (cun. irregular, mis-, violent, wrong)
HEIPaBWIbHUU.
Increment  mpupicr.
Inertia  inepuist; cuma iHepii.
Inequality  HepiBHiCTb.
Infinite  Heckinuennwuii, Oe3MexHMN
The infinite (cun. infinity) HeckiH4YeHHICTB,
0e3MeXHICTh, OE3MEXHHUI NPOCTIp.
Infinitesimal displacement  enemenTaphe
TepeMilIeHHS.
Inhomogeneity  HeomHOpinHICTB.
Initial mouarkoBwii, momepeaHiii.
Initial link  mouarkosa manKa.
Initial state Buximawmii cray.
Input  BxigHi xaHi.
Input link  BxinmHa naHKa.
Insertion BKJIIOUEHHSI, BBEIICHHS.

Graphical plotting
Grapho-analytical method
rpad0aHANTITHIHUH METO].
Ground (cuwn. fixed link, housing, rack) crosk, ocHosa.
Guideline pexomenmartisi, 3araabHuUI Kypc, HAIPSMOK.
Gyrating mass  obeprambHa Maca.
Gyration obepranHs, 06epTaTbHUIT PYX.

rpadigHa moOymoBa.

Hinged-lever mechanisms  mapuipHO-BaxinpHuit

MeXaHI3M.
Holonomic constraint  romoHoMHa B’s13b.
Housing (cun. ground, fixed link, frame) KOpIIyC,

CTaHWHa, pama, CTOSIK.

Huge possibilities BEJIMYE3HI MOKIIUBOCTI.

Hyperbolic(al) gearing  rimep6onoinxa 3y6uacta
nepezava.

Hyperstatic system (cuxn. redundant system, statically
indeterminate system) craTu4HO HEBH3HAYyBaHA
cucTeMa.

Hypotenuse rimoreny3a.

Inside cepeauua; BHYTpIlIHIN; BCepeIHHI.

Inside envelope BuyTpiiHs 06BiaHa (JTiHis).

Instantaneous MUTTEBHUI, MOMEHTAILHHHI, OTHOYACHUIA.

Instantaneous axis MHUTTEBA BiCh 00epTaHHS.

Instantaneous centre of rotation  mMuTTeBHIl IEHTP

obOepTaHHS.

Instantaneous screw axiS  MUTTEBa TBUHTOBA BiCh.

Integrated form  inrterpansHa dopma.

Interaction  B3aemopis.

Intermediate mpomixHwii.

Internal  BHyTpimHii

Internal-combustion engine (cux. combustion engine)
JIBUTYH BHYTPILIHBOTI'O 3rOPaHHSI.

Internal toothing  BHyTpimHe 3aueruieHHS!.

Interpenetration B3a€MOITPOHUKHEHHS.

Interrelation B3aemo3asexHiCTh, B3a€MO3B’A30K.

Intersect mepeTHHATHUCH.

Intersection  miHis mepeTuHy.

Intolerable (cun. inadmissible, impossible

HENPUITYCTUMUM.
Invention BuHaxiz.
Inverse obepHeHMIl; 3BOPOTHHIA; IEPEBEPHYTHH;
IIPOTUIIEKHUM.
Inverse motion 00OepHEHHI PyX.
Inverse proportion obepHeHa mporopitis, ooepHeHa

MPONOPLIHHICTb.

Inverse-square-law  obGepHeHO mpomopLiitHuUHA
KBaJIpary.

Inversely oriented 00epHEHO OpieHTOBAHUH
(HanpaBieHHH).

Involute gearing €BOJIbBEHTHA 3y0UacTa nepenaya.

Irrational number ippalioHaJbHe YUCIIO.

Irregular (cun. incorrect, mis-, violent, wrong)
HETPaBUIbHUIA.

Irregularity  HepiBHOMIpHICTB.

Irregularity ratio Koe(DILiEHT HEPIBHOMIPHOCTI.

Isoline i3omimist.
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Joint  o0'eqHaHMii, COTBHUIN; TOYKA CIIONTYUYECHHS, CTHK;
3'€JHYBAaTH, CIIOJIyYaTH; IPUIIACOBYBATH (YACTHHH).
Joint solution  cymicHwuiT po3B’s30K.

Kinematic kinemarnuumii.
Kinematic chain (cun. kinematics)
JAHIIFOT
Kinematic diagram  kinemaTu4Ha Jiarpama.
Kinematic pair  kinematu4Ha mapa.
Kinematic scheme KiHEeMaTH4YHa CXeMa.
Kinematics kinemaruka.

Labeling mechanism wmexaHni3m MapkyBaHHSI.
Laborious tpymomicTkwii.
Labouriousness TpymomicTKicTb.
Law 3axoH.
Law of motion  3akon pyxy.
Lay off sBigkmamatu (Bimpizok).
Layer mmap, HamapyBaHHS.
Leave out  BukiIrOYaTH, HE OpaTH IO YBarH.
Leftmost position KpaiHe J1iBe MOJIOKEHHSI.
Leg (side)  cropoHa (TpUKyTHHUKA).
Lever Baxinb; pyKOsTKA, IUIEYE BAXKEIIS.
Leverage CUCTEMa BaXXEJiB, BAXKUIbHUH MEXaHI3M.
Liable wmoxnuBuii, iimoBipHUii.
Limit rpanuns, Mexa; rpaHUYHHUN PO3MIp, TOMYCK;
iHTEepBaJI 3HA4eHb; OOMEXKYBaTH.
Limit(ing) point rpaHUYHA TOYKA.

Limit state  rpaHu4HUii cTaH.
Limit(ing) value rpaHUYHE 3HAUYCHHSI.
Limitation o6GmexeHHs.

Line minis, pucka, mTpHx; COOCIO Jii; HAIPSIM.
Line dotted (cun. dot line, dotted line)
ITyHKTHPHA JIiHIS.
Line of action of a force  minis xii crm.
Linear mniniitHuii, BATATHYTHII B JIiHITO.

MYHKTHD,

Magnetic drive enexTpoMarHiTHHIA IPUBOI.
Magnitude BenuuuHa, po3Mip.
Magnitude of vector aGcontoTHa BenM4YHHA

KIHEMaTUYHHI

J

Justify o6rpyHTyBartu.
Jamming 3akJIMHIOBaHHS.

K

Kinetic  kinetuuynuii.
Kinetic energy  kiHeTH4Ha eHepris.
Kinetic friction  Teptst koB3aHHs.
Kinetostatics KiHETOCTaTHKA.
Knife-edge bearing  HoxoBa omopa.
Knob  pyuka, MaxoBHYOK.

L

Linear depentanizer miniiiHa 3aJI€XKHICTb.
Linear displacement  niniiine nepemiieHHs.
Linear function miniiina ¢pyHKIGis.

Linear law  miniitHuit 3aK0H.

Linear velocity  miniiiHa HIBUAKICTS.

JIaHKa, KyJiica; 3B’ sI3yBaTH, 3’ €IHyBAaTH,
smukatu (together, t0), 3uirumsta (Tx. link up).
Input link BXiJ[HA JaHKAa.
Output link  BuximHa naHka.
Linkage (cun. leverage, link mechanism)

MEXaHi3M.
Linking ckmaganHs.
Load HaBaHTa)XXeHHsI, BAHTAXK.
Loading  HaBaHTa)XyBaHHS, HABAHTAXXEHICTb.
Loading diagram (cun. design model)
PO3paxyHKOBa CXeMa.
Loading condition XapaKkTep HaBaHTAXKECHHS.
Locus (cun. locus of points, point curve)  reomerpuune
MicClie TOYOK.
Longitudinal force 0ChOBa CHIIA.
Lopsided naxunenuil, nepeKomieHui.
Lose contact (with)  BimpuBaTHCH.
Lower pair  Hux4a napa.
Lowering 3HWXEHHS, 3MEHIIICHHSI.
Lumped mass 3ocepemkena maca.

Link

BaXKIJIbHHI

Maximum possible MaKCHMAaIIbHO
MoxuBHid. Measure Mipa, OIMHHUIIL BUMIDY,
MacIiTad, Mipuino, KpUTepiii; AiMbHUK (Mam.);

BEKTOpa MIpSATH, BUMIPIOBATH, BIAMIPSTH; MaTH pO3MipH.
Magnitude of vector magnitude  monyns BekTopa. Measurement  Bu3HAa4YEHHS pO3MIpY, BUMiPIOBaHHSI.
Machine mamuna; mignaBatu MexaHiuHiit 06poOIIi; Mean level cepenniii piBeHs.

00poOIIATH Ha BEPCTATI.
Machine aggregate  wmamuHHMI arperar.
Machine running control  perymaroBanus xoay
MallluHU.
Manufacturable (cun. practically feasible)
TEXHOJIOT1YHHH.

Matched  BigmoBimHMiA, Y3roIKEHHIA.

Mechanism wmexaHi3m, anapat, KOHCTPYKLisi, IPUCTPIii;
TeXHiKa (BUKOHAHHS).
Actuating mechanism (cun. actuator)
BUKOHABYUI MEXaHi3M.

Beam-and-crank mechanism KPHMBOLIKITHO-
MaTYHHUH MeXaHi3M.
Calculating-solving mechanisms  po3paxyHKoBo-

BUpINIAJIbHI MEXaHI3MH.
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Cam mechanism (cun. cam box, cam gear)
KyJIau4KOBHUH MEXaHi3M.

Crank mechanism kpuBOLIHMITHH# MeXaHi3M.

Crank-and-rod mechanism kpuBommmHO-
IATYHHUH MEXaHi3M.

Crank-and-slider mechanism
MIOB3YHKOBHH MEXaHi3M.

Crank-rocker mechanism (cun. crank-guide,
quick-return link mechanism, crank-and-slot
mechanism) KPHUBOLIHMITHO-KYJTICHUH
MEXaHi3M.

Differential mechanism (gear) JuQepeHIran
(mexn.), madepeHIiaTbEHAN MEXaHI3M.

Equivalent mechanism 3aMiHHHI MEXaHi3M.

Geared linkage mechanism  3y6uacTo-BaxinpHui
MEXaHi3M.

Geneva cross mechanism (cur. maltese-cross

KPHUBOIINUITHO-

mechanism)  MmanbTifCbKMII MEXaHi3M.
Hinged-lever mechanisms  mapsipHo-BaxinbHIMIA
MEXaHi3M.

Link mechanism (cun. leverage, linkage)
BaXIUTbHHUI MEXaHI3M.

Packing mechanism  mexaHi3m makyBaHHSI.

Planar mechanism TUIOCKUI MEXaHi3M

Planetary mechanism mnaHerapHuii MexaHi3m.

Plotting mechanism  rpagono6ynoBuuii
MeXaHi3M.

Primary (elementary) mechanism mouaTkoBumii
MeXaHi3M.

Push-up mechanism  mexani3m mojaaui.
Ratchet mechanism  xpanoBwuii MexaHi3m.
Wedge-bar mechanism xiuHOBHIF MeXaHi3M.
Medium  cepeauna; cepeHe YUCIIO; CEPENOBHIIE; 3aCi0,
cnoci0, nuIsiX; cepeaHii, MPOMIXKHUIA.
Mentioned Bxkazauwii.

Nonholonomic constraint HETOJIOHOMHA B’SI3b.

Nonreleasing constraint HE3BUIBHIOBAHA B’SI3b.

No-load conditions (cun. idling)  pexwum xomoctoro
X01y.

Non-uniform  HepiBHOMipHHMIA.

Obliquely (cun. aslant)  moxwuo.
Obliquity  maxwu.
Obsolescence  mopanbHe CTapiHHS.
On/to/from the right (of)  cnpasa.
Opening BIZIKDUBAHHSI.
Operating condition  ymoBu ekcmtyaTartii.
Operating mode  poGouwnii pexum.
Operating speed  po6oua MBHIAKICTE, YaCTOTA
obepranns (ex.).
Operational integrity po6oTo3aaTHICTS.
Optimal  ontumanpHuil.
Optimal choice onTUManbHUN BUOIp (100ip).

Method wmerox; crioci6, cucrema, MOPSIOK.

Method of co-ordinates transformation merox
MePETBOPEHHS KOOPINHAT.

Microasperity MikpoHEpiBHICTS.

Minimal  wHafimenmmit
Minimal boundary

Minimization Minimi3amis.

Mismatch He 30iraTucs.

Mode crocio.

Moderator ~ mopaeparop.

Modulus aGcomoTHe 3HaYEHHS, aOCOIIOTHA
BEJIMYUHA.

Moment momeHT (criir), MOMEHT (TIPOMIXKOK Jacy),
MHUTb.

Motion  pyx, xix (MaImHu), IPUBOIANUTH B PYX.

Motion distance BEJINYMHA TIEPEMIIIICHHS.
Motion equation  piBHSHHS pyXYy.

Motion freedom (cun. axis)  cTymiHb pyXJIUBOCTI.
Motion link  cripsmoByroua.

Motion path TPAEKTOPIsS PYXY.

Motion transmission nepemaua pyxy.
Transportation motion  mepeHoCHHMI pyX.

Moveable connection pyxome 3’egHaHHS.

Moveable link  pyxoma nanka.

Multiple  6araropa3oBwuii; 6araToKpaTHHIA; YUCICHHUIA;
CKJIaJHUH, CKIIAICHUHN; KpaTHUH (mam.), KpaTHE
quciIo (mam.).

Multiply  36inbiryBatu(csi); MHOXUTU (Mam.).
Multiply by  nomuoXxwuTH Ha.

Multiple gearing 6araroctyminuacra 3y64acTa
nepegaya.

Multitude 6e3miu.

Mutual B3a€EMHUIA.

Mutually balanced

MiHiMaJbHA TPaHUIIA.

B3a€MHO 3PiBHOBaKEHUH.

Normal acceleration HopMabHE IPUCKOPEHHS.
Normal line (cun. normal, perpendicular) HOPMAJTb.
Nuclear power station aTomHa eleKTPOCTAHIIsL.
Numbers arrays  macuB duce.

Number of revolutions mBuaKicTs 06epTaHHS.

Ordinate OpIMHATA.
Oscillation (cun. vibration)
Out of (cun. beyond, outside)
Out-of-balance condition HEBPIBHOBAKCHHI CTaH.
Out-of-tolerance  HeToYHHIA; 1032 HOMYCKOM.
Outermost  HaliBignancHIMINA.

Output mTPOAYKTHUBHICTS.

Output link Buxinna nanka.

Outside 30BHImIHS cTOpOHA (YacTHHA, TOBEPXHS);
30BHIIIHIN; CTOPOHHIH, 1[0 3HAXOAUTHCS 30BHI; 11034,
3a MEXKaMH, 32 MEXi; KPiM, 38 BUHITKOM

Overweight wnammmkosa Bara.

BiOpaIlisi, KOJHBaHHS.
3a, 30BHI, BUIIIE, 1103a.
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Packing mechanism  mexaHi3M makyBaHHSI.

Pair mapa (IBa OHAKOBHX TIPEIMETH).

Pair of compasses [UPKYJIb.

Pair-wise interaction mnomnapHa B3aeMOIisl.

Pairing element  eneMeHT KiHEMaTHYHOT MAPH.

Parallel napaneabHUH.

Parallel motion moctynaneHui pyX.

Parallel motion link  moctynasnsHO pyxoMma iaHKa.

Parallel-plane movement TUTOCKO-TIApaICIIbHUM PyX.

Part neranp, yactuna; 4acTkoBO (cun. partly);

BiJJTITISITHCE, Bil €THYBaTHUCH.

Particle wmarepiansHa TouKa.

Pass pyxarucs Briepen; IPOXOIUTH; EPETHHATH;
NEePEXOIUTH; IIEPEBUIIYBATH, BHXOIUTH 32 MEXKI;
BUTPHUMATH, IPOITH (BUIIPOOYBaHHS) ; BIIIOBIAATH
(BUMOram); 3HUKATH; IPUITHHATHUCS.

Passing mpoxomkeHHs; MOOKHUIN, BUIIAJKOBUH.

Passive constraint HaCUBHA B’S3b.

Peculiarity ocobnuBicTb, crienudidHiCTb.

Pedal nepans; HaTHCKaTH Ha menami.

Permanent connection (cun. fixed joint) Hepyxome
3’ € THAHHS.

Permissible mo3Bonenwuii, mpunycrumuii

Permit nosBoxsTH, faBaTH NO3BLI; HAJABATH
MOXKJIUBICTB; TOITYCKATH.

Persistence cramictb, iHEpIHHICTD.

Phonograph naregoH.

Pickup head  romoBka 3ByKo3HiMaua.

Pickup stylus  roska 3Byko3HiMaua

Piecewise kycouHoO-IiHIHHHIA.

Pilot analysis  minmotHwmii (nepeauiii) aHami3.

Pin joint  mapuipHe 3’€AHAHHS, IIAPHIP.

Piston mnopuieHs.

Piston stroke xix nopuiss.

Pivot  mrapHip, nandga; Touka onopu; To4ka 00epTaHHS;
CTepXKEeHb; BiCh; KDYTHTHCS, 00epTaTHCs; HaliBaTH Ha
CTEpI)KEHb.

Pivot(al) point Touka [Bicsk] mOBOPOTY.

Plane mromumHa; mpoekirist; piBeHsb (PO3BUTKY, 3HAHB
TOIIO); KPHUJIO (JTiTaKa); IIACKHUH, TUIOCKUIA;
TJTOIIUHHUI.

Plane of changing  mromwuHa KOpekirii.

Plane pinion carenir.

Planer crpyransHuii Bepcrart.

Planetary gearing (cun. planetary gear mechanism)

TUIaHETapHUH 3yOUacTHUi MeXaHi3M.

Plotting machine rpado0yaiBHUK.

Plotting mechanism  rpadono0ynoBHuil MexaHi3M.

Point  Touka; MoMeHT (dacy); Kparka (B JeCSITKOBHX
nIpo0ax); MOiIKa MKau; MeTa, HaMip; BiCTPS,
TOCTPHI KiHEIlb; KiIHYHK; HAKOHEYHUK.

Point curve (cun. locus, locus of points)

TEOMETPUYHE MiCIIe TOYOK;

Point of force application  Touka npuknangaHHs
CHITHL.

Point of inflection Touka meperuny.

Point of attack Touka npuxnagaHHs.

Point of tangency (cux. contact point, tangent
point)  Touka JOTHKY.

P

Pole momoc; momocHwMI.
Pole of acceleration diagram
MPUCKOPEHb.
Pole of inertia monroc inepuiii.
Pole of velocity diagram  momtoc miany
IIBHUJIKOCTEM.
to be poles apart
MPOTHIICKHUM.
Polished  BixmomipoBamwii.
Position momoxenHs; 3Buuaiite (IpaBIIbHE) MiCIIE;
CTaBUTHU; PO3TAIIOBYBATH.
Leftmost position kpaiiHe JiBe MOTOKEHHSL.
Position of extremum TOYKA EKCTPEMYMY.
Position of load application Touka npukiaganHs
HABAHTAKCHHSI.
Position vector (cun. radius-vector) paniyc-
BEKTOD.
Rightmost position  kpaiite npaBe MOIOKEHHS.
Position function of a mechanism ¢ysukiist nonoxeHus
MeXaHi3MYy.
Positional relationship B3aemHe po3ranryBanHsI.
Positive  mo3uTuBHUH, peanbHUii, TOUHHIN; 10JATHHIMA
(mam.); npumycoBuii (po pyx).
Positive closing npumycoBe 3aMHUKaHHS.
Power transmission  mexanivyHa nepeaava

TMIOJTIOC TIaHy

OyTH niamMeTpanbHO

Precision TouHicTh, 4iTKICTh, aKYPATHICTh; TOUHHIA.
Precision instrument  Tounwuii npunaz.

Prescribed 3amawnwmii (3aKoH).

Pressure  THCK; CTHCKaHHS; IPECYBaHHS.

Specific pressure (cun. unit pressure) MTUTOMHUI
THUCK.
Pressure distribution  posmoain Trcky

Prevalent (cun. widespread) po3mnoBCIOIKEHHIA.

Prevailing (cun. widespread) mupoko
pOSHOBC}OZ[)KGHHfI.

Primary (elementary) mechanism mouaTkoBwmii
MEXaHi3M.

Primitive mpumiTHBHHIA.
Principal romoBHwuii, OCHOBHHIL.
Principal central axis of inertia
LIEHTpaJIbHA BiCh 1HEPIIii.
Principle mpuHIwm, npaBuio, 3aK0H; MEPIIONPHYHHA,;
MIPUYNHA, JHUKEPEIIO.
The principle of virtual displacements
MOJKIIUBHX IIEPEMIIICHB.
Procedure mpouenypa, MeToaHKA.
Process TexHOJOTIYHHIT IpOIIEC.
Processing  06po6nsiHHs; 06pobKa faHuX (Komn.).
Processing equipment TtexHosoriude o0Ja HAHHS.
Product  mpoamykuis, mpoaykr, BUpi0; 100yToK (Mmam.);
pe3yJIbTaT, HACTIIOK.
Product of inertia BiJILIEHTPOBUI MOMEHT 1HEPIIi.
Proportion cmiBBigHOIIEHHS, TPOMOPIIisL.
Proportional  mpomopuiitauii.
Push-pull  mBorakTHwuii.
Push HatuckaTy; THCK, HATUCKAHHSI.
Pusher mrosxau.
Push-up mechanism

TOJIOBHA

IIPUHIUIT

MeXaHi3M mmojayi.
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Quotient velocity ratio uactunHe nepenatHe
BIJHOIIIEHHS.

Quantitative assessment  kinbKicHa oLiHKa.

Quantity  xineKicTb; BenmuuuHa (Mam.).
Quantity of rotations per second

00epTiB 3a CEKyH/Y.

Quick mBHIKHIA; MIBUIKO, CKOPO.

Quick-return link mechanism
MEXaHi3M.

KIJIBKICTB

Rack (cun. fixed link, ground)
cxemi).

Radius (cun. spoke)  mmmms.

Radius-vector (cun. position vector)

Radius of curvature  pagaiyc KpuBHHH.

Radius of gyration paniyc iHepii.

Random JIOBUIBHUH.

Range inTepBai; kiacudikyBaTH; KOJMBATHCS B IEBHUX
Mexax.

Ratchet mechanism

Rate

CTOsIK (Y CTPYKTYpHiit

paniyc-BeKTop.

XparnoBUi MEXaHI3M.
BIJINIOBITHA YaCTUHA; MTPOIOPIIis; KOC]Illie€HT;

CTYIIiHbB; BIJICOTOK; YaCTKa; BU3HAYATH;

BCTaHOBJIFOBATH.

Ratio  BigHOMmICHHS, MPOMOPIIist; KOSDII[iEHT;
CHiBBiTHOIIICHHST; TIEPEATHE YUCIIO.

Ratio of side dimensions  cniBBigHOIIEHHS PO3MipiB
CTOpiH.

Rational number pamionansue guco.

Ray mnpominb, HamiBIpsiMa.

Reaction (cun. reacting force)
POTHAIT).

Reaction time (cun. response time) crana yacy.

Reasonable pamioHabHuii, KOPEKTHUH, TPUAHATHHIL.

Rectangle  mpsmokyTHHK.

Rectilinear (cuwn. rectilineal) mpsmoniniiiauii.

Rectilinear generator npsmoniniiina TBipHa.

Reduced inertia moment 3BEJICHUIT MOMEHT iHEpIIil.

Reduced (equivalent) mass  3BeneHa maca.

Reduced forces 3Bexena cuna.

Reduction of masses  3BexeuHs mac.

Reduction of forces  3Bemenmst cu.

Reduction ratio (cux. transmission ratio)

nepeiaTHe YKCIIo.

Refem line  ninis Bigmiky.

Reference frame (cun. reference system)
BIJUTIKY.

Redundant constraint  3aiiBa B’s13b.

Redundant system (cun. hyperstatic system, statically
indeterminate system) craTMYHO HEBH3HAUYBaHa
cucrema.

Relation BiJIHOIIIEHHS; 3AJIE3KHICTh; 3B'SI30K.

Relationship  cmiBBigHOIIEHHS, 3aJI€XKHICT.

Relative displacement  BigHOCHE 3MmileHHS.

Relative motion BimHOCHWUIA pyX.

Relaxation penakcartis.

Reliability (cun. durability)

peaxiiist (cuia

cucreMa

HaIilHICTD.

Q

Quickly mBuako.
Quality  sKicTh; BIACTUBICTH; OCOOIHUBICTh; XapaKTepHa
puca.
Quality coefficient  moxasHuK SKOCTI.
Quality metrics MOKa3HUKH SKOCTI.
Quality rating orinka sSKOCTI.

KPUBOILIUITHO-KYJTiCHUH

R

Repetition  6aratopa3oBicTh; MOBTOPEHHSI.

Represent  300pakaTu; BTiJIFOBaTH, YOCOOTIOBATH,
SIBIIATH cO00¥0.

Reproduction BIZITBOPECHHSI.

Reset ckumatu (0Oeptn).

Resistance force  cuna omopy.

Resistance to rolling  tepTst koueHHs1.

Response time (cun. reaction time) crana yacy, gac
CIpaLOBaHHI.

Responsibility BIJITIOBIAIbHICTb.

Rest (upon)  omuparucs (Ha).

Resultant piBHOiliHa, TOIOBHHIT BEKTOP.

Resultant vector  rosioBHUit BEKTOD.

Return moBepHeHHS.

Reversal peBepcyBanHs, 3MiHa HalPsIMKY Ha
MPOTUJIEKHUH.

Reversibility  BractuBicTh 06epHEHOCTI.

Reversing movement 3miHa HanmpsIMKy pyXy.

Right-angled triangle npsiMOoKyTHUIT TPHKYTHHK.

Rightmost position KpaifHe TIpaBe TOJIOKEHHS.

Rigid body a6conrotHo TBepe Tito.

Rigidity  »opcTkicTs.

Rigidly bound sxopcTtko 3B’si3aHui.

Ring «kinkie, 06i.

Rocker xopomucio, 6anaHcup, NIATYH, XUTHUH BaXiJib,
Kyica.

Rocker-and-crank mechanism KPHBOIIHITHO-
KOPOMHUCJIOBUIT MEXaHi3M.

Rocker-and-slider mechanism KOPOMHCIIOBO-

MTOB3YHKOBHUI MEXaHi3M.
CTep:KeHb, OpyC; IITOK, TATA.
obepTaHHsI; XUTaHHsI; BaJI, 0apabaH, IWITiHID;
BaJbIli; KpyTUTH(CS); obepTaTu(cs);
nepexkouyBatr(cs); HoBepTaTH(Cs); MPOKAaTyBaTH;
BaJIBIFOBATH, TUTIOIIUTH (METaI)

Roller ponuk.

Rolling friction  Tepts koueHHs.

Rolling mill MIPOKAaTHUH CTaH.

Rotary overburden excavator — poTopHHii eKCKaBaTop.

Rotary (rotor) machine POTOpHA MaIlIMHA.

Rotating sense HanpsMok 00epTaHHS.

Rotation  oGepraHHs; nepioJUYHe HOBTOPEHHS;

YepryBaHHS.

Rotation angle xyr moBopory.

Rotational axis  Bick oGepranHs.

Rotor porop.

Rod
Roll
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Routine problem THUIIOBA 33/1a4a.

Run 6ir; npo06ir (J1okoMOTHBa, BaroHa), Bipi3oK LHUIAXY,
MPOTiH (3aJi3HUIL ); TIOJIT, IEPEIIT, peiic, BiICTaHb,
SIKY TIPOJIITAE JIITAK; XiJl, poOoTa, Jis (MAIIUHY,
JIBUTYHA); TPUBAIOYNH, HETIEPEPBHHUIA; OIrTH,
KPYTUTHCh, 00EPTATUCH; NIPAIIOBATH,
(hyHKIIOHYBaTH; PyXaTH, IEPEeMilIaTH.

Saltatory variation

Scale  wmacmTab.

Scale factor  macmtaGHuit KoedilieHT.

Scaling magnitude MacuTabHe 3HAYCHHS.

Scoop excavator KOBIIOBHIA SKCKaBaTOP.

Screw-nut gear mepenaua rBHHT-Taika.

Section  mepepi3; BiAPi30K; CErMEHT, YaCTUHA; Taparpad;
PO3ILT KHUTH; AUTUTH HA YaCTHHHU.

Self-feeder mexaHi3M KHBIICHHS.

Separation BimmgineHus.

Sequence TOCTIIOBHICTE; IOPSIOK, PSII; HACTIIOK,
pe3yibTar.

Sequential  moctigOBHHMiA.

Series cepist, psa, rpymna, DOCTIIOBHE 3’ €JHAHHSL.

Series coupling (cun. series connection) mociimoBHe
3’ € THAHHSL.

Set-point  3amanwmii.

Several kinbka; KOKHHINA, OKpEMHI; CBill, BIaCHHH,

IHAMBITyaTbHAN.

HECHPUSITIUBUH.
BaJL

CTpUOKOITO 1IOHA 3MiHA.

Severe

Shaft

Shaded 3amrrpuxoBanuii.

Similar noniGHuUM, agexBaTHUIA.

Similarity momi6HicTs.

Similarity theorem TeopeMa mpo MoAiOHICTb.

Simultaneously  ogHouacHo.

Single gearing oaHOCTymiHUYacTa 3y0uacTa mepegaya.

Single-throw crankshaft  omHOKOMiHHMIT KOSTIHYACTHIA
BaJl.

Sinusoid  cunycoina.

Skew mepeKoInyBaTiuch, HAaXUIIATHCH, TIEPEXPEITYBATHCE
(po oci)

Skill maiicTepHicTh, yMiHHS; BIPaBHICTb.

Slide gauge (cun. trammel)  enincorpad,
IITaHTCHIMUPKYIIb.
Slider (cun. crosshead, cylinder piston, sliding block)
IIOB3YH.
Slider-crank mechanism KPHUBOIIHITHO-

MTOB3YHKOBHUI MEXaHi3M.
Sliding  koB3aHHS, MTPOKOB3yBaHHSL.
Sliding block (cun. crosshead, cylinder piston, slider)
MOB3YH.
Sliding friction  TepTs KOB3aHHSL.
Sliding pair  moctynansHa mapa.
Slideway cnpsimoBytoua (BepcTata).
Slight displacement MaJie epeMillleHHs.
Slope ratio (cun. slope) TaHreHc Kyra Haxwiy.
Smooth curve riaaka KpuBa.

Run down 3ynuHATUCS (TIPO MAIINHY).
Run-up myck.
Run-up of engine
JIBUTYHA.
Run-up time gac posrony.
Running XiJ, pobounii Xig, pobounii craH (MaluHK);
HeTIepepBHUH, MTOCTiTOBHHHA

30UIBIICHHS KITBKOCTI 00epTiB

Smoothed (cun. stepless) TUIABHUH.

Sound reproduction  BiATBOpEHHS 3BYKY.

Spatial force system  mpocTopoBa cucTeMa CHIL

Specific cneniansHuii, 0COOIMBHUI, KOHKPETHHI;
MIEBHUH, TOYHUH; XapaKTepHUI; TUTOMUH.

Specific pressure (cun. unit pressure)  MUTOMHUIN THCK.

Specific weight ryctuna (marepiany).

Specifically 30KpeMa.

Speed of rotation 4acToTa 00epTaHHS.
Sphere  codepa.

Spheric  chepuunmii.

Spring npyxuHa, pecopa; MpyXHICTh, €ACTHYHICTB;
BIJICKIK, BUIIPSIMJICHHS.
Spiral spring cmipanbha npyxuHa.

Spoke (cun. radius)  mmwIs.
Stable equilibrium CTiiiKa piBHOBara.
Standard crangapTHuil.

Standing axis  BepTuKaibHA BiCh.

Start  moumHaTH; OpaTHCs (32 MIOCH); TyCKAaTH
(MammHYy); yCK B XiJl; pyIIaHHS 3 MICIIA.
Start (cun. run)  po306ir, po3riH (MalIMHY,

arperary).
Starter craprep.
Static(al) craruunwmii, cranioHapHU, HEPYXOMHIA.

Statically indeterminate system (cun. hyperstatic

system, redundant system)
HEBH3HAYYyBaHa CHCTEMA.

Statics  craruka.

Stationary Hepyxomwuii.
Stationary state Hepyxomuii cTaH.

Steady speed  mocTiiiHa NIBUAKICTS.

Steady regime (cun. steady run, steady state mode)

YCTAJICHUH PEXKUM.

Stepless (cun. smoothed)

0e3cTymiHYacTHi.

Stipulated  ¢ikcoBanuii, 00YMOBICHUIA.

Stop 3ynunsTH(Cs); NpUnUHATH(CS); 3aKiHYyBaTH(Cs);
3YIMHKA, 3aTPUMKA, IPUITUHEHHST; KiHellb; 1ay3a,
nepepsa; 0OMEXXHHUK, CTOTIOP.

Stop (cun. running-out)  BuOIr (MammHy,
arperary).

Store  Hakomu4yBatu.

Structure crpykrypa; OynoBa; OyniBis, criopy/a.

Structure chart  cTpykTypHa cxema.
Structural group (cun. Assur group, structure
group)  CTpyKTypHa rpyma, rpyma Accypa.
Structure synthesis ctpykrypHuii cunTes.
Successive values mociigoBHI 3HAYEHHS.

CTaTU4YHO

IUIABHUH,
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Summand mozaHOK.

Sun gear COHSYHE KOJIECO.
Superpose  cymimaTy, HaKJIagaTH.
Superposed  cymimmeHuii.

Support reaction OTIOpHA PEaKIIis.
Support point  Touka omopu.
Surface moBepxHs; 0OPOGIIATH OBEPXHIO, TOKPUBATH
noBepxHto (With - ynm-HeOyab.).
Surface abrasion abpasuBHHit 3HOC TOBEPXHi.
Surface bed moBepxHeBwuit wap.
Surface capacity mnoBepxHeBa MilHICTb.

Take arun posraHsTHC.
Tangent  moTH4HA; TaHT€HC; JOTHYHUH
Tangent to curve moTmyHa 1O KPHUBOI.
Tangent point (cux. point of tangency, contact
point)  Touka JOTHKY.
Tangential acceleration  rtanreHmiagbHE MPUCKOPCHHSL.
Tearing (cun. attrition, deterioration, wear, wear-out)
3HOC, 3HOIIIYBaHHSL.
Teflon ¢ropornacr, Teduion.
Tend to infinity npsmyBaTH 10 HECKIHYEHHOCTI.
Tilt angle xyr Haxwuiy.
Tilted wHaxuneHuii.
Time derivative mnoxigna 1o 4acy.
To decompose a force  poskiacTu cuiy.
To meetina point  mepeTHHATUCH B TOUIII.
To prove a theorem goBecTu Teopemy.
Tool  iHCcTpyM™MEHT.
Tooth gear 3y0uacra nepenaua.
Tooth profile (cun. tooth form)
Toothed  3yGuactuii.
Toothing 3auemeHHs.
Top speed rpaHUYHA HIBUAKICTb.
Touch nporukaruce.
Total acceleration MOBHE [TPUCKOPEHHS.
Total work cymapha po6ora.

npodise 3yOrs.

Unclosed kinematic chain ~ He3amxHeHuii
KiHEeMaTHYHUH JIAHIIOT.
Unbalance (cun. imbalance) HeBpiBHOBa)XEHICTb.
Uniform  oxHoMaHiTHHI; OXHOPIMHUIN; TOCTIHHUH,
CTaJIUH.
Uniform acceleration  piBHOMipHE NpHCKOPEHHS,
PIBHOMIPHO NMPHUCKOPEHUH PyX.
Uniform motion piBHOMipHHI pyX.
Uniform rotation piBaOMipHE 06epTaHHs.
Uniformly accelerated motion PiBHOTIPHCKOPEHUI

pyx.

Validation mnepeBipka TOCTOBIpHOCTI (IIPaBHIBHOCTI).
Variable 3wmiHHuii, 3MiHHA BeJIHMYUHA.
Vector  BeKTOp; BEKTOPHHIA

Vector equation BekTopHE piBHAHHS

Vector polygon BEKTOPHHUI MHOTOKYTHHK.
Vector form BekTOpHA (hopMma.

Velocity  mBuakicTs.

Surface condition
TTOBEPXHi.
Surface deterioration  3HOC OBEpXHi.

Swage mTammyBajgbHHIL MOJIOT.

Swing kosmBaTH(cs), roinatu(cs); XuraTr(cs);
TOWIaHHSI, XUTAHHS, KOJHUBAHHS, aMILTITY1a
KOJIMBaHb.

Swinging roiimaHHs, XUTaHHS, KOJUBAHHSI, HOBOPOTHHUIA.
Swing link  xuTHUIT Baxisb.

Swinging arm XuTHUI Baxijb, KyJica.

Swinging movement  3BOpOTHO-00epTaNbHUI PYX.

YUCTOTA TIOBEPXHI, SAKICThH

Trammel  emincorpad, MTaHTeHIUPKYITb; 3aBaKATH
TEPEIIKOKATH, YTPYAHIOBATH.

Transfer function of a mechanism
MeXaHi3My

Transient regime  HeycTaneHuit pexuMm.

Transmission ratio (cun. reduction ratio)

MepeaaTHe YUCIIO.

Transportation motion  mepeHocHuit pyx.

Trapezoids (cun. trapezium) Tparerist.

Traverse speed  MIBUAKICTH MEPEMIlIICHHS.

nepenaTHa QYHKIIS

Trigonometric transformation  Tpuronomerpudne
MEPETBOPEHHSI.

Triple arm group (cun. triad)  TpunosinkoBa rpymna
(Tpiana).

Truck body hoist migifoMHIK Ky30Ba BaHTaXiBKH.

Turbine Ttyp6ina.

Turbine wheel po6oue komeco TypOiHm.

Turn  xpyruru(cs); mosepratu(cs), odepratu(cs); odept
(xoueca); MOBOPOT; 3MiHA HANIPSMY.

Turning pair (cun. hinge) obepranbHa mapa.

Turning speed uacrorta obepTaHHSL.

Twin crank  cmapeHuii KpUBOIIHIIL.

Two-mass system ZIBOMAcoBa CHUCTEMA.

Two-stroke internal combustion engine  aBoTakTHHMI
JBUT'YH BHYTPIIIHBOTO 3rOPaHHSL.

Unique oxHO3HAYHUIA; OTHO3HAYHO BH3HAYYBAHHUIM
(mam.); yHiKaTBHUIA.

Uniquely defined (cun. unique)
BU3HAUyBaHUM.

Unit arperar, cexisi; By30JI; €JI€MEHT; OAUHHMIIS; LIije;
OJIMHUIISI BUMIPIOBaHHSI.

Unit pressure (cun. specific pressure)

Unlocking  po3mukaHHs.

Unreliable wenaniitamii.

Usage BHKOpPHCTAaHHS, KOPHCTYBAHHS.

OJHO3HA4YHO

MMUTOMHI THCK.

\

Velocity analogues ananor mBHIKOCTI.
Velocity diagram  miaH mBHAKOCTEH.
Vertex angle Kyt mpu BepIIHHi.
Vertex of triangle  BepiunHa TPUKYTHHKA.

Vibration  BiGpariisi, KOTHUBaHHSL.
Vice versa  HaBIAaKW, POTHIIEKHO.
Visualization = HaoumicTh; Bizyaiizaris.
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Walking beam pyxoma tpaBepca.
Wear (cun. wear-out, attrition, deterioration, tearing)
3HOC, 3HOIIIYBaHHSI.

Wedge-bar mechanism  kiMHOBHiT MeXaHi3M.

Wheelwork 3ybuacTuii MexaHi3M (3y0dacTa
nepemaya).

Width mmpuna.

Working costs  ekcruryaTariiiiti BUTpaTH.

wW

Work of driving force
Work of resistance forces
Worm (cun. worm screw)
T'BUHT.
Worm shaft  geps’stanmit Bas, Bat nrHexa.
Worm toothing 4eps’suHe 3auerieHHSA
Worm-gear (cun. worm drive, worm gear set, worm
gearing) d4eps’stuHa mepenava.

po0oTa pyLIIHHUX CHIL
pobora cui omopy.
4epB’SK, ITHEK, YepB’ TIHAH
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ABSTRACT IN UKRAINIAN

Buxnanenuii B migpy4HHKY Kypc Teopli MEXaHi3MiB 1 MalluH NpU3HAYCHHMA
s cTyneHTiB criemianbHocTl 131 “Tlpuknanna mMexanika” criemiamsanii ““/{uHamika
1 minHicTs MammH” Ta “IHdopmariifHi cucTeMu Ta TEXHOJOTIT B aBiaOyayBaHHI™.
daxiBui 1mi€i ramy3i 3aiiMaloTh cHenudidHe Micle cepel  1HKEeHepiB-MEeXaHIKIB,
OCKUJIbKH iX TMojajibiia mpodeciiiHa JisIbHICTh Ma€ OyTH TOB’s3aHa 13 MPOBEICHHIM
CKJIQJIHUX PO3pPaxXyHKIB MIIHICHOI HAJIMHOCTI Ta JOBIOBIYHOCTI MaIllWH, CIOPY.
Ta 1X €JIEMEHTIBI3 3aJJaHOI0 TOYHICTIO Ta 3 ypaXyBaHHSIM YHCJICHHHX TEXHOJIOTTYHHX
Ta eKCIUTyaTallMHUX  (akTopiB. 3HAYHUN 0OCAT  CHEMIAJIbHUX  JIUCIUIUIIH
TEOPETUYHOTO CHPSIMYyBaHHs, Iepea0adyeHuX HaBYaJIbHUM IUIAHOM CIeliaii3ailii,
3HAYHOIO MIpPOI0 HAOMUKAETHCS JO MEXAHIKO-MAaTEMaTUYHUX KYpCIB KIACHYHHUX
YVHIBEPCUTETIB. 3 IHIIOTO OOKYy I1HXEHEpHE CHpPSIMYBAaHHS MIATOTOBKM MaMOyTHIX
CHEIIATICTIB y raidy3l IUHAMIKY 1 MIIHOCTI MallluH MOTpeOye IPYHTOBHOIO BUBYCHHS
3arajbHOTH)XCHEPHUX JTUCIHUILIIH, 30KpeMa 1 Teopii MeXaH13MiB 1 MaIllUH, JJIs1 HAOYTTS
3HaHb, yMIHb Ta HAaBUYOK Yy TMPOBEACHHI aHaji3y HAaBaHTAXXEHOCTI pPEATbHUX
KOHCTPYKIIi{, BIUIMBY PI3HOMAHITHUX JAMHAMIYHUX (DAaKTOPIB, MOB’S3aHUX 13 PyXOM
TBEpAUX T Yy CKJIaAl MallMH 1 MEXaHi3MiB, Ta TMOOYyJOBH aJCKBaTHUX
PO3PaxXyHKOBHX CXEM.

Yactuna 1 migpyyHuKka TMPUCBAYEHA PO3TISAY MNPUHIUIIB Kiacudikaiii
Ta aHaJII3y MEXaHi13MiB 1 MalliMH. BoHa MICTUTH BCTYII 1 CIM PO3/LITIB.

VY po3mim 1 BHCBITIIIOIOTHCS OCHOBHI 3a/iadi JUCIUINIIHHA, iCTOPHYHA IOBIIKA,
il MicIe Ta poJib cepe/l IHIIUX 3arajJlbHOIHXKEHEPHUX JTUCITUILTIH.

Po3nin 2 npucBsiyeHU BUCBITICHHIO OCHOBHMX MOHSITh, TEPMiHIB Ta O3HAYCHb,
CTPYKTYPH MEXaHi3MIB 1 MAIllUH, TPUHITUIIB iX KIacugikarii.

Y  HacTymHUX po3Ailax BUKIAQJEHI OCHOBHI METOAM  KIHEMATUYHOIO
1 JIUHAMIYHOTO aHali3y MEXaHI3MIB 1 MaliuH, IX CHJIOBOTO PpO3pPaxyHKY.
be3 oBonOMiHHA 3aralbHUMH METOJAMHU aHaji3y MEXaHi3MIB, MaIllWH, TPHUIAIiB,
NpaBUWIBHOCTI iX BHOOpPY TMpU pO3B’A3aHHI KOHKPETHUX 1HXKEHEPHUX 3ajady,

0e3 po3yMiHHS 3arajbHUX MPUHIUIIB peani3alii pyXy, B3a€MO/1i €JIEeMEHTIB y CKIaAi
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MEXaHIYHUX CHUCTEM, II0 BU3HAYAIOTh iX KIHEMAaTH4HI Ta AWHAMIYHI XapaKTePUCTHKH,
HEMOJKJIUBA MOOYI0BA JOCTOBIPHUX PO3PAXYHKOBHUX CXE€M 00’ €KTIB JOCTIIKCHHS IS
MOAANBIIOI OIMIHKM iX MIIHICHOI HAJIHHOCTI Ta pecypcy. B miapydyHUKY HIIHPOKO
IpEJICTaBJICHI SIK aHAJIITH4YHI, TaK 1 TpadoaHaTITHYHI METOAM IOCHIKeHHs. JlaeThcs
MOPIBHSUIBHUIM aHaAII3 MOXJIMBOCTEH PI3HUX METOJIB, iX IlepeBar Ta HEOJIKIB,
aKIICHTYEThCS yBara Ha palioHaJIbHOMY BHOOpI THX YW IHIIUX METOJIB JOCIIIKEHHS
3aJIe)KHO BiJI MOCTABJICHOI 3a/1a4yl Ta HEOOX1AHOI TOYHOCTI MPOBEICHHS PO3PAXYHKIB.
Takox poO3rasgaloTbCcs MHUTAHHS PETYJIIOBaHHS pPyXy MallldH 1 MEXaHi3MIB,
iX ypiBHOBaXYBaHHSA SK Ha CTajil MPOEKTYBaHHS, TaK 1 MICIAsS BUTOTOBJICHHS,
JUTs1 3a0€3MeYeHHs] HAHONTUMAIBHIIINX JUHAMIYHUX XapaKTEPUCTHK.

Teopetnunuii  marepiaql  CympOBOJKYETbCS — TMPUKIATAMU  PO3B’sS3aHHS
MPaKTUYHUX 3aJ1a4 JJIsl PI3HUX THUIIIB MEXaHi3MIB. Y KiHIII KOXKHOTO PO3JILTY HaBEACHO
3alMUTaHHS
JUTSI CAaMOTIEPEBIPKH CTYACHTaMU 3HaHb B MPOIIEC] BUBUCHHS IUCIUILIIHU.

Jpyry 4acTuHy MmiapydYHHKa OyJe TPHUCBIYCHO BUCBITICHHIO MUTaHb CHUHTE3Y
MEXaHI13MIB 3 HIDKUYMMU 1 BUIIUMHU KIHEMaTUYHUMU TapaMH, X CUIIOBOTO PO3PaxXyHKY
3 ypaxyBaHHSM TepTs B KIHEMAaTUYHUX I[apax, 3HOCOCTIMKOCTI Ta BIOPO3aXHCTY

B TIPOIIEC] EKCIUTyaTallii.
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