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INTRODUCTION 

 

Theory of machines and mechanisms together with theoretical mechanics, 

strength of materials and machine parts  is one of the basic general engineering 

subjects ensuring the necessary theoretical training of mechanical engineers.  

Theory of machines and mechanisms is a study of general methods of 

investigating the properties of machines and mechanisms and their schemes 

design. 

Analysis of mechanism consists in the study of its structural, kinematic 

and dynamic properties; the synthesis of the mechanism lies in designing a 

scheme of a new mechanism according to its properties. 

 

 

 

 

І. GENERAL INSTRUCTIONS 

 

Course project in Theory of Machines and Mechanisms (TMM) is 

practical application of received theoretical knowledge, the first independent 

work of students on complex designing and research of interconnected 

mechanisms, which are components of machines and devices. 

The course project (work) covers the main parts of the course. In the 

course of its implementation students develop skills in the design of hinge-rod, 

cam, gear and other mechanisms. The project introduces the methodology for 

choosing and evaluating various schemes and key parameters of mechanisms 

alongside with their kinematic, dynamic and force calculations. 

 

 

 

ІІ. VOLUME AND CONTENT OF THE COURSE PROJECT 

 

The course project consists of two sheets (course paper of one sheet) of 

A1 format (594 mm × 841 mm), and a calculation and explanatory note in the 

volume of 20 ... 25 pages of A4 format. 

The course project (work) is carried out in such order: 

Sheet 1. Structural and kinematic analysis of the mechanism. 

Sheet 2. Force analysis of the mechanism. 

The course work is done on one sheet of A1 format (594 mm ×841 mm). 

Calculation and explanatory note will be 15 ... 20 pages of A4 format. 
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Sheet 1. Structural and kinematic analysis of mechanism 

 

1.1. Do structural analysis of a given scheme of the mechanism. 

1.2. Determine the extreme positions of the driven link, to which the force of 

the production resistance PRF . is applied. Determine the working and idle 

motion of the mechanism. 

1.3. Having taken one of the extreme positions of the mechanism for zero (the 

beginning of the working course), draw n positions (the number of 

positions is given by the instructor). 

1.5. Draw the velocity and acceleration plans for two chosen positions of the 

mechanism (working and idle motion). 

1.6. Determine the angular velocities and angular accelerations of all links of 

the mechanism for two positions and show their directions on the 

kinematic scheme of the mechanism. 

By the method of diagrams, study the kinematics of link point (draw the 

diagrams of  rote, speeds and accelerations), to which the force of 

production resistance is applied. 

1.7. Compare the numerical values of velocities and accelerations obtained by 

the method of plans and the method of kinematic diagrams, taking as a 

basis the plans of speed and acceleration. Relative error should not exceed 

5%. 

1.8. Calculation results tabulate in the drawing. 

 

 

Sheet 2. Force analysis of mechanism 

 

2.1. Determine the forces of weight, the forces of inertia, and the moments of 

inertia forces of all links for one position of the mechanism (working 

motion). 

2.2. By the method of plans of forces, make the force calculation of the 

mechanism for one position (working motion). 

2.3. Determine the reactions in all kinematic pairs of the mechanism. Tabulate 

the values of reactions in the drawing. 

2.4. Determine the balancing force balF  from the plan of forces. 

2.5. By Zhukovsky «Firm lever» method, determine the balancing force for one 

position (working motion), taking into account the forces of weight, inertia 

and production resistance. 

2.6.  Compare the values of the balancing forces obtained by the method of the 

plans and Zhukovsky method. Relative error should not exceed 5 %. 
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IІІ. REQUIREMENTS FOR EXECUTING 

OF COURSE WORKS (PROJECTS) 

 

Course work (explanatory note, henceforth EN) are executed in one copy 

in accordance with the requirements of DSTU 3008: 2015 «Information and 

documentation. Reports in the field of science and technology. Structure 

and rules of execution». The language of the note is English or Ukrainian, the 

style is academic, clear, without spelling and syntax mistakes, the sequence is 

logical. 

The text of the note should be written on one side of sheets of white paper 

of A4 format (297 mm × 210 mm) with the frame and main inscription (angular 

stamp, forms 2 and 2a) according to GOST 2.104-2006. The text of the note is 

placed with the following dimensions of the magins: from the left side – not 

less than 25 mm, from the right – not less than 15 mm, at the top – not less than 

25 mm, from below – not less than 25 mm. The distance from the frame (corner 

stamp) of form 2 or 2a to the text of the text at the beginning and the end of the 

lines (left and right) should be not less than 5 mm, from the top of the frame – 

10 mm, below the corner stamp – 10 mm. 

When writing text using a computer (word processing software 

compatible with Word for Windows version 7.0 or later), the general 

formatting recommendations must be followed: 

– main font, including headings, – Times New Roman, 14 points, normal 

(without bold, italic, and underscore), only black color, alignment in width; 

– the main line spacing is 1.5 (without the use of any intervals before and 

after paragraphs and spaces of lines in the text); 

– in multi-line names of items (sub-items), inscriptions under figures and 

table headings, within them inter-line space is 1,0; 

– for inscriptions under figures and computer software 12 point font size 

and one line spacing are possible; 

– within tables the line spacing is 1,0, font at any size (but not less than 7 

points); 

– within figures (illustrations) the line spacing is 1,0, font at any size (but 

not less than 7 points); 

– paragraph space is the same throughout the text («new line») – 1,25 mm 

(five symbols). 

Errors and graphic inaccuracies can be corrected by pasting, scratching or 

painting with white paint, followed by making corrected text. 

Not more than two corrections per page are allowed. 

Damaged, untidy pages of text documents, incompletely deleted traces of 

the previous text are not allowed. 
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ІV. CONTENT OF CALCULATION  

AND EXPLANATORY NOTE 

 

 

Calculation part has to include: 

1. Sheet 1. Structural and kinematic analysis of mechanism  
 

1.1. Structural analysis of the mechanism. 

1.2. Determination of the mechanism’s positions. 

1.3. Drawing the velocity diagrams for two given positions of the mechanism. 

1.4. Determination of angular velocity of links. 

1.5. Drawing the acceleration diagrams for two given positions of the 

mechanism. 

1.6. Determination of angular accelerations of the mechanism links. 

1.7. Drawing kinematic diagrams.  

1.8. Matching the results. 

 

 

 

2. Sheet 2. Force analysis of mechanism 
 

2.1. Determination of links weight forces. 

2.2. Determination of inertia forces of the links. 

2.3. Determination the inertia moments of links. 

2.4. Determination of moments of inertia forces of links. 
2.5. Reduction of forces moments of links inertia forces to inertia forces 
2.6. Force calculation of group 4-5. 

2.7. Force calculation of group 2-3. 

2.8. Force calculation of the driving link. Determination of balancing force. 

2.9. Determining the values of reactions. 

2.10. Determination of balancing force by M.Ye. Zhukovsky method. 

2.11. Matching the results. 
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V. EXAMPLE OF CARRYING OUT THE COURSE PROJECT (WORK) 

 

SHEET 1  

STRUCTURAL AND KINEMATIC ANALYSIS OF MECHANISM 

 

1.1. Structural analysis of the mechanism 

For a given mechanism (Figure 1a), we study the principle of its work, 

determine the types of movement of each link and their relative motion. 

Indicate the links of the mechanism with numbers, driving link of the 

mechanism is indicated with number 1 (Figure 1a). 

 

Figure 1 – Kinematic and structural scheme of the mechanism
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Figure 2 – Plans of speeds and accelerations for one of the mechanism positions 
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By the Chebyshev formula determine the degree of mobility of the mechanism 
 

4523 ppnW −−= , (1) 
 

where n  – number of movable links (Figure 1b); 

     5p  – number of fifth class kinematic pairs (Figure 1b); 

     4p  – number of fourth class kinematic pairs. 

For the given mechanism: 
 

5=n ; 75 =p ; 04 =p .  
 

Then  
 

107253 =−−=W .  
 

Structure chart of the mechanism is drawn on Figure 1b.  

The mechanism consists of 2 groups of Assura II classes and an initial 

mechanism of the I class. In general, the mechanism belongs to the second 

class. 

 

1.2. Determination of the mechanism’s positions 

The kinematic scheme of the mechanism is performed for n positions (the 

number of positions of the crank is given by a course project supervisor). The 

extreme left position  of  the  driven link  is taken as a  zero  position  (slider 5, 

point E, Figure 1a). To study the mechanism, we take one position from the 

working stroke of the mechanism, and the second – from idle. 

The scale of kinematic diagram of mechanism l , m/mm, is determined 

as relation of the link length in meters OAl  to the length  of the interval  OA  in 

millimeters that indicates this link on the drawing: 
 

OA

lOA
l = . (2) 

 

 

1.3. Drawing the velocity diagrams 

The angular velocity of the crank, s-1, is determined by the formula: 
 

30

1
1

n
=


 ,  (3) 

 

where 1n  – frequency of the crank rotation (driving link), RPM, given to 

design tasks. 
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The velocity of point A, m/s, of the crank is determined by the formula: 

 

OAA lV = 1 . (4) 
 

Choose the scale of the velocity diagrams, V , 
mm

sm
, by formula: 

 

pa

VA
V = , (5) 

 

where ра  – interval of the velocity diagram, mm, that corresponds the 

velocity vector of point A.  

The length of the vector pa  should be not less than 100 ... 150 mm. From 

the pole p  draw the velocity vector of the point A  perpendicular to the crank 

OA (Figure 2a).  

The velocity of a point B  is determined from the vector equations: 

 







+=

+=

.

;

BCCB

BAAB

VVV

VVV
  

 

A relative velocity vector BAV  is drawn perpendicular to the link AB  

from the point а. The velocity of point С is zero and on velocity diagram it 

coincides with the pole  р. The velocity vector BCV  directs perpendicularly to 

the links BC  from the point С (the intervals ab  and bc  on the velocity 

diagram, see Figure 2а). At the crossing of these segments we obtain point b. 

Velocity of point D is determined by the similarity theorem  
 

CB

CD

pb

рd
= ,  

 

hence 
 

CB

CD
pbрd = ,  

 

where рd , рb  – intervals in mm from velocity diagrams; 

          CD , CB  – intervals in mm from kinematic diagram. 
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Velocity of point E  determine from the vector equations:  
 







+=

+=

.

;

EXXE

EDDE

VVV

VVV
  

 

The vector of relative velocity EDV  is drawn perpendicularly to the  link 

ED  from the point d. The velocity of the directs xx −  is zero, 0=XV , 

coincides with the pole р. The velocity vector EXV  we plot parallel to the 

directs xx −  from the pole р. At the intersection of vectors EDV  and EXV  we 

obtain point e. The velocity of the point Е is the vector of ре (see Figure 2a). 

The velocity of the links’ points of the masses centers 1S , 2S , 3S , 4S  and 

point D  are determined by the method of geometric similarity.  

The velocity diagram is shown on figure 2а. 

The values of absolute and relative velocity of the mechanism points, m/s, 

are determined by formula:  
 

VVii lV = , (6) 
 

where Vil  – interval of the velocity diagram in mm that corresponds velocity 

to be found; 

     V  – scale of the velocity diagram. 

Value of the velocities of all points of the mechanism is put in a table on 

sheet 1 (graphic part of the project or work, Appendix A). 

 

 

1.4. Determination of angular velocity of links 

The angular velocities of the mechanism links s-1 are determined by the 

formula 
 

link

relat

l

V
= , (7) 

 

where relatV  – relative velocity of the mechanism links points, m/s; 

 linkl  – length of the mechanism links, m. 

For the given mechanism: 
 

BA

BA

l

V
=2 ; 

BC

BC

l

V
=3 ; 

ED

ED

l

V
=4 .  
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Directions of angular velocities vectors depend on directions of relative 

linear velocities vectors. 

On the kinematic diagram of the mechanism (see Figure 1a and sheet 1, 

Appendix A), indicate the direction of the angular velocities. 

 

 

 

1.5. Drawing the acceleration diagrams 

Acceleration of the crank point A  (leading link), m/s2, is determined by 

the formula: 
 

OA
n
AA laa == 2

1 . (8) 
 

The scale of acceleration a , 
mm

sm 2

, is determined by formula:  

 

a

aA
a


 = , (9) 

 

where a  – a interval of the acceleration diagram corresponding to the 

acceleration of the point A ,   мм200...100a  (Figure 2b). 

On the acceleration diagram, plot the section a  that corresponds to 

acceleration Aa . Direct the acceleration vector Aa  to the center of rotation 

(center of the crank) (see Figure 2b). 

Acceleration of point B  is determined from vector equations:  
 








++=

++=

.

;





BC
n
DCCB

BA
n
BAAB

aaaa

aaaa
  

 

Acceleration 0=Ca . The values of normal components n
BAa  and n

DCa  of 

and accelerations are determined by the formulas: 
 

BA

BAn
BA

l

V
a

2

= ;  
BC

n
BCn

BC
l

V
a = .  

 

Determine the values of the segments 
п
ВАa  and 

n
BСa , mm, 

corresponding to the normal components of accelerations: 
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a

п
ВАn

BA
a

a


= ;  
a

n
BСn

BС
a

a


= .  

  

Vector of a normal component acceleration n
ВАa  is plotted on the 

acceleration diagram from the point а, parallel to the link АВ and is directed to 

the center of rotation, i.e. from p. В to p. А (see Figure 2b).  

Vector of normal acceleration n
ВСa  is plotted on the plan of acceleration 

from the pole, point р, parallel to the link ВС and directed to the center of 

rotation, that is, from p. В to p. С (see Figure 2b). 

Vectors of tangent components of acceleration 
BAa  and  

BCa  are 

drawn perpendicular from the end of the vectors n
BAa , n

BCa . 

Acceleration of point В will be obtained at the intersection of the vectors 


BAa , 

BCa . 

Acceleration of p. D is determined from the similarity theorem (see 

Figures 1a and 2b):  
 

CB

СD

b

d
=




,  

 

hence 
 

b
CB

СD
d  = ,  

 

where СD , CB  – sections of the kinematic diagram (length of the mechanism 

links); 

    b , d  – sections of the accelerations diagram, mm. 

Acceleration of the point E  is determined from the vector equations: 
 








+=

++=

,

;

r
EXXE

ED
n
EDDE

aaa

aaaa 

  

 

where r
ЕХa  – relative component of acceleration of p. Е in relation to 

directing xx − . 

       0=Хa  – absolute acceleration of shears. 

Acceleration vector 
r
ЕХa  on the acceleration diagram is directed parallel 

to xx − . 
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The value of the normal component of acceleration n
CDa  and its section is 

determined the same way as for p. B : 
 

ED

EDn
ED

l

V
a

2

= ;  
a

n
EDn

ED
a

a


= .  

 

Acceleration of the links mass centers (Figure 1a) of points 1S , 2S , 3S , 

4S  is determined by the method of geometric similarity.  

The acceleration diagram for one of the positions of the mechanism is 

shown in Figure 2b. 

Values of accelerations of each point of the mechanism iа , m/s2, are 

determined from the acceleration diagram by the formula:  
 

aaii la = , (10) 
 

where ail  – section of the acceleration diagram in mm, corresponding 

acceleration to be determined; 

     a  – scale of accelerations diagram. 

The results of calculations of accelerations of all points and tangent 

components are entered in the table in the drawing (Sheet 1, Appendix A). 

 

 

1.6. Determination of the angular accelerations 

Angular accelerations of  the mechanism links, 1/s2, are determined by 

formula: 
 

link

relat

l

a
 = , (11) 

 

where 
relata  – tangent component of accelerations; 

     linkl  – link length. 

For the given mechanism: 
 

01 = ;    
BA

BA

l

a
 =2 ;    

BC

BC

l

a
 =3 ;    

ED

ED

l

a
 =4 .  

 

The direction of angular accelerations vectors depends on the directions 

of the vectors of tangent acceleration components. 

On the kinematic diagram of the mechanism, we indicate the directions of 

the angular accelerations (see Figure 1a, sheet 1,  Аppendix A).  
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1.7. Drawing kinematic diagrams 

Kinematic diagrams (graphs) are used to determine the speed and 

acceleration of one of the points of the mechanism (point E ) for the full turn of 

the crank. 

Draw a graph of driven link displacement ),(tSS EE =  (Figure 3a) to 

which the force of the production resistance BOF  is applied. 

Sections ,11 −  ,22 −  33 −  and others (see Figure 3a) show the 

displacement of slider E from the edge (zero) point.  

Having joined points 3210 −−−  and others we get the graph of point E 

displacement (see Figure 3а). 

 

 

 
 

Figure 3 – Graph of displacement of p. E  

 and drawing the diagram of velocity 
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Diagram of velocity of p. E  is drawn in such sequence: 

а) use the graph of displacements of point E : )(tSS EE =  drawn on a  

     scale ;lS  =  

b) join points ;10 −  ;21 −  32 − etc. with straight lines; 

c) plot  the pole 1ОH  (take 30…50 mm); 

d) from the pole 1H  draw a straight line 11KH  parallel to the straight line 

10 ; from point 1K  draw a horizontal straight line 11 K  to the middle 

of the interval 01; similarly, by drawing a straight line 21KH  parallel 

to 21   find point 2   in the middle of the interval 1-2; 

e) having connected  points 0, ,1   ,2   3   etc. with a smooth curve we get 

a velocity chart )(tVV EE = . 

Similarly, we draw the acceleration diagram of point E  having 

graphically differentiated the velocity diagram. 

The scales of the kinematic diagrams are determined by the formulas: 

– time scale, 
mm

s
; 

 

t
t

Ln 
=

1

60
 ,  

 

where 1n  – crank revolutions per minute; 

      tL  – length of the segment in mm, which indicates time; 

 

– velocity scale, 
mm

sm
; 

 

1OHt

S
V 
=



 ,  

 

where 1OH  – pole distance in mm, (take 50...30  mm); 

 

– acceleration scale, 
mm

sm 2

; 

 

2OHt

V
a


=



 ,  

 

where 2OH  – pole distance in mm, (take 50...30 mm). 
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Velocity of p. Е for any position of the mechanismis determined using the 

speed diagram (see Figure 4b). The velocity is determined by the formula: 

 

VЕV −= 11 ,  

 

where −11  – section of the velocity diagram for the 1-st position in mm 

(see Figure 3).  

 

 

 

1.8. Matching the results 

Relative errors of velocities and accelerations of point E  for the 

investigated positions obtained by diagrams methods are determined by the 

formulas: 

 

%100
−

=
plan

diagramsplan
V

V

VV
; (12) 

  

%100
−

=
plan

diagramsplan
a

a

aa
. (13) 

 

Relative error has not to exceed 5 %. 
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SHEET 2  

FORCE (KINETOSTATIC) ANALYSIS OF MECHANISM 

 

The force calculation of the mechanism is made to determine the 

reactions in kinematic pairs, as well as the balancing force. 

When solving problems of kinetostatic mechanisms the following forces 

are taken into account: 

– weight of each link  iG ;  

– inertia forces of each link іІNF . ;  

– the strength of the productive resistance PRF .  

The forces of friction in kinematic pairs are not taken into account. 

Force calculation is performed separately for each group of Assur. 

Calculation begins with the group which has been attached last in the  process 

of mechanism formation and ends with the calculation of the leading link. 

 

 

2.1. Determination of links weight forces 

The force of weight iG , N, of each link is determined by the formula: 

 

gmG ii = , (14) 

 

where  im  – mass of i -th link, kg; 

     g  – acceleration of gravity, 81,9=g  m/s2. 

Apply the links weight forces on kinematic model of the mechanism 

(Figure 4). 

 

 

 

2.2. Determination of inertia forces of the links 

Inertia forces of links іІNF . , N, are determined by the formula:  

 

siiіІN amF −=. , (15) 

 

where im  – mass of i -th link, kg; 

     sia  – acceleration of centre of mass of this link, m/s2. 

The direction of inertia the force іІNF .  is opposite to the direction of the 

acceleration vector (see Figure 2b, Figure 4). 
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Figure 4 – Mapping (schematization) of power factors 

   applied to the links of mechanism 
 

2.3. Determination the inertia moments of links 

Mass moments of links inertia siJ , 2mk g , in relation to the mass centre 

is determined by formula: 
 

2
iisi lmkJ = , (16) 

 

where im  – mass of i -th link, kg; 

       il  – length of i -th link, m; 

       k  – coefficient, which depends on the location of the center of 

masses. 

When placing the center of mass:  

– on the middle of the link length, 121=k ; 

– on a third of the link length, 175,0=k . 
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2.4. Determination of moments of inertia forces 

Moments of inertia forces, іІNМ . , N m, are determined by the formula: 

 

isiіІN JМ −=. , (17) 
 

where siJ  – moment of inertia of і-th link in relation to the mass centre, 
2mk g ; 

i  – vector of angular acceleration of the link (see Sheet 1). 

Direction of moment of inertia forces іІNМ . , is opposite to the direction 

of the vector of corresponding angular acceleration of the link (see Figure 4). 

 

2.5. Reduction of moments of inertia and inertia forces  

        to inertia forces 

At power calculation, it is convenient to reduce moments of inertia forces 

іІNМ .  and also of inertia forces ІNіF  to inertia forces. 

Bringing arms, mm, are determined by the formula: 
 

іІN

іІN
F

F

М
h

іІN
.

.
.
= , (18) 

 

where іІNМ .  – moment of inertia  force of і-th link, N m; 

           іІNF .  – inertia  force of і-th link, N. 

Bringing arms which are plotted on the kinematic diagram of the 

mechanism are translated into sections of the kinematic diagram scale, that is, 

into mm, (see Figure 4): 

l

F
F

іІN

іІN

h
h


.

.
= , (19) 

 

where l  – scale of kinematic diagram, m/mm. 

Reduction of moments of inertia forces to the inertia forces is carried out 

as follows: 

– determine the bringing arms by formulas (18) and (19); 

– the inertia force of іІNF .  of the і-th link is shifted from the center of mass 

to the distance 
іІNFh
.

 so that this force has created the moment of inertia  

relative to the center of mass іNІМ .  (Figures 4, 5). 

In the following force calculations of the Assur groups, the moments of 

inertia forces of the links are replaced by inertia forces of the links displaced 

from the centers of mass to the segments 
іІNFh
.

 (see Figures 4, 5). 
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2.6. Force calculation of group 4-5 

Separately draw the Assura group 4-5 with the forces applied to it: weight 

4G , inertia 4.ІNF  productive (useful) resistance PRF  (Figure 5). 

 

 
Figure 5 – Force calculation of the Assur group 4-5 

 

In the hinge D  there is a reaction force 34R  which is resolved into two 

components: normal пR34 , directed along the link 4 and tangential 
34R , directed 

perpendicular to link 4. 

Determine the tangential component of the reaction 
34R  using the static 

equation  
 

 = 0EM ;  03424.14 =+− EDRhFhG ІН
 ,  

 

hence 

ED

hGhF
R ІN 1424.

34
−

= , 

 

here 1h  – arm of weight force 4G  in relation to point  Е. 

           2h  – arm of inertia force 4.ІNF  in relation to point  Е. 
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If 
34R  is obtained with minus sign «–», then its direction has to be 

changed to the opposite. 

To draw a plan of forces choose a scale, F , N/mm, using the formula:  
 

PR

PR
F

F

F
= , (20) 

 

where PRF  – value of productive resistance force, N; 

   PRF  –  section of the force plan, mm, which shows the strength  

of the production resistance. It is recommended to take: 
 

)300...150(=PRF  mm.  
 

To determine the values and directions nR34  and 05R  draw the plan of 

forces. Start writing vector equation from force with unknown magnitude nR34  

applied to the link 4. Record all the known forces that belong to  Assur  group 

4-5. Finish drawing the plan of forces with the force of unknown 

magnitude 05R . 

 

00555.44.3434 =+++++++ RFGFGFRR PRІNІN
n  ,  

 

where nR34 , 05R  
– vectors of forces known only by the direction. 

Plan of forces of the of Assura 4-5 group (Figure 6) is drawn in the 

following sequence:  

– determine the sections of each known force in mm by the formula 

 

F

i
F

F
h

і 
=

.
;  

 

– taking point О as the coordinate origin (see Figure 6), plot the known 

values of forces in sections that coincide with their vectors 

– complete the force polygon at point Р (plan of forces, see Figure 6) by 

drawing the sections of forces unknown by value, but known by the direction 

till they cross. 

 From the plan of forces (see Figure 6) determine the reactions in the 

kinematic pairs 05R , пR34  and 34R . The reaction in the kinematic pair D is 

indicated 34R . This is the force of pressure of link 3 on link 4. 
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Figure 6 – Plan of forces of Assur group 4-5 

 

To determine the reaction 54R  in kinematic pair between 4 and 5 links, 

use the plan of forces (see Figure 6). 

Considering the equilibrium of one link, such as link 4, we can write: 

 

0544.43434 =++++ RFGRR ІN
n  ;  

 

hence, determine  54R . 

The values of reaction forces in N are determined by the formula: 

 

Fii RR = ,  

 

where iR  – the section of the plan of forces in mm corresponding to the 

force to be determined.  
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2.7. Force calculation of link 2-3 

Force calculation of the Assur group 2-3 (Figure 7) is performed similarly 

to the calculation of the Assur group 4-5. 

 
 

Figure 7 – Force calculation of the Assur group 2-3  

 

To links 2 and 3 apply: 

– weight forces 2G  and 3G ;  

– inertia forces 2.ІNF  and 3.ІNF ;  

– reaction force of link 4 onto link 3 – 43R .  
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The value of force 43R  is taken from the calculation of Assur group 4-5, 

this force is 34R . The direction of the force reaction 43R  is opposite to the 

direction 34R . 

In kinematic pairs А and С there appear reaction forces 12R  (hinge А), 

03R  (hinge С). The reaction forces 12R  and 03R  are decomposed into two 

components:  

– normal пR12 , пR03  (directed along links 2 and 3); 

– tangent 
12R , 

03R  (directed perpendicular to links 2 and 3). 

Components of the reactions 
12R  and 

03R  are determined from 

equilibrium equations:  

 

0,0 2212.12 =+−= hGhFABRМ INB


; 

 

0,0 53.4433303 =−−+= hFhRhGCBRМ INB


. 

 

 

Plan of forces of Assur group 2-3 is similar to the plan of forces of Assur 

group 4-5. 

The components of reactions forces пR12  and пR03  are determined from the 

plan of forces using the equations of forces balance of Assur group 2-3: 

 

003034333.22.1212 =++++++++ n
ІNІN

n RRRGFGFRR  ,  

 

where пR12 , пR03  – vectors of forces, known only by the direction. 

The value of the reaction 23R  is determined similarly to the reaction 45R .  

 

 

2.8. Force calculation of the driving link 

Draw the driving link OA (Figure 8), apply:  

– weight force 1G ;  

– inertia forces 1.INF  directed along link 1;  

– reaction force 21R  (taken from the Assur plan of forces 2-3);  

– balancing force plbalF . , applied at point А, perpendicular to link ОА.  

Balancing force, plbalF . , is determined from the equation: 

 

0;0 21121. =−−= hGhROAFM plbalO ,  
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where 1h  – arm of the reaction force 21R  in relation to point О; 

      2h  – arm of weight force G  in relation to point О. 
 

 
 

Figure 8 –Force calculation of driving link 
 

Reaction in the kinematic pair O is determined from the plan of forces 

(Figure 8b), using the vector equation of equilibrium: 
 

001.211.1 =++++ RFRFG plbalІN .  
 

Using this, find the value and direction of the reaction force 01R .  
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2.9. Determination of balancing force by M.Ye. Zhukovsky  

«Firm lever» method  

To determine the balancing force zbalF . , using  M.Ye. Zhukovsky «firm 

lever» method draw the velocity diagram turned by 90  (Figure 9) to which we 

apply:  

– gravity force іG  at points іS ;  

– inertia force iINF .  at points іK ; 

– force  of  productive  resistance  PRF  at the point of its application, 

point е; 

– balancing force zbalF .  at the point а perpendicular to ра. 

Formulate equations of equilibrium of the moments relative to the pole р 

(see Figure 9). 

 

−++−−= 44332211.;0 hGhGhGhGраFM zbalр  

0555.84.73.62. =−++−− hFhFhFhFhF PRININININ . 

 

Using this, determine the value zbalF .  (Sheet 2, Appendix B). 

 

 

 

2.10. Matching the results 

Match the values of balance forces obtained by the method of force 

calculation of force plans and M.Ye. Zhukovsky method of «Firm lever». 

Relative error is determined by the formula: 

 

%100
.

...


−
=

zbal

plbalzbal
F

F

FF
. (21) 

 

Error has not to exceed 5 %. 
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Figure 9 – M.Y. Zhukovsky’s «Firm lever»  
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Task 1 

 

 

 

 
 

 

Output 

data 

Version  

1 2 3 4 5 

a , mm 700 750 800 850 900 

b , mm 70 80 90 100 110 

AOL
1

, 

mm 
200 210 250 270 300 

ВOL
2

, 

mm 
350 400 450 500 550 

ABL , mm 800 850 850 900 1000 

BCL , mm 850 1000 1100 1200 1300 

1n , RPM 100 95 90 80 70 

1m , kg 15 20 24 28 32 

2m , kg 50 60 65 70 80 

3m , kg 30 40 50 60 70 

4m , kg 80 100 110 120 130 

5m , kg 80 90 100 110 120 

PRF , kN 9,0 9,5 9,7 9,8 9,4 
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Task 2 

 

 
 

 

Output 

data 

Version 

1 2 3 4 5 

a , mm 500 550 570 600 520 

AOL
1

, 

mm 
200 25 220 280 230 

АСL , mm 750 780 800 950 920 

ВDL , mm 650 680 700 820 750 

1n , RPM 95 85 75 65 70 

1m , kg 18 19 21 24 20 

2m , kg 70 72 60 55 65 

3m , kg 18 20 30 35 28 

4m , kg 35 45 40 60 45 

5m , kg 32 40 34 20 24 

PRF , kN 5,2 6,2 5,5 6,0 5,4 
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Task 3 

 

 

 
 

 

Output data Version 

1 2 3 4 5 

AOL
1

, mm 200 180 160 150 140 

ABL , mm  500 480 450 440 400 

1n , RPM 120 130 140 150 160 

1m , kg 9 10 11 12 13 

42 тm = , kg 40 42 38 44 45 

53 тm = , kg 10 9 8 11 12 

PRF , kN 6,0 5,5 4,8 6,2 5,2 
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Task 4 

 
 

Output 

data 

Version  

1 2 3 4 5 

a , mm 300 400 450 550 600 

b , mm 400 500 600 700 750 

AOL
1

, mm 200 220 250 270 300 

АBL , mm 500 600 700 800 900 

СOL
2

, mm 450 550 650 700 850 

СDL , mm 600 700 800 900 1000 

1n , RPM 95 85 110 75 80 

1m , kg 25 27 30 35 40 

2m , kg 60 63 70 68 75 

3m , kg 55 60 70 67 75 

4m , kg 40 45 50 55 60 

5m , kg 100 90 105 110 120 

PRF , kN 9,0 9,5 9,1 9,8 9,9 
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Task 5 

 
 
 

Output 

data 

Version  

1 2 3 4 5 

a , mm 600 650 700 750 800 

b , mm 400 450 500 550 600 

AOL
1

, mm 150 170 190 220 250 

АBL , mm to accept 

ВOL
2

, mm 300 320 350 370 400 

ВСL , mm 450 500 550 600 650 

1n , RPM 100 110 90 95 80 

1m , kg 11,0 10,5 10,0 8,0 12,0 

2m , kg 40 45 50 50 60 

3m , kg 20 22 24 20 30 

4m , kg 35 40 45 50 55 

5m , kg 60 70 80 90 100 

PRF , kN 8,6 9,2 9,6 9,2 9,6 
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Task 6 
 

 

 

Output 

data 

Version  

1 2 3 4 5 

a , mm to accept 

b , mm to accept 

с , mm 200 220 240 260 280 

 AOL
1

, mm 140 160 180 230 250 

АBL , mm 380 400 420 450 480 

СDL , mm 400 420 460 500 520 

 BOL
2

, mm  600 620 680 700 680 

1n , RPM 70 80 90 100 110 

1m , kg 12 14 16 18 20 

2m , kg 30 35 40 45 50 

3m , kg 65 70 70 75 75 

4m , kg 35 40 45 45 50 

5m , kg 20 24 28 30 35 

PRF , kN 6,0 6,2 6,4 6,6 6,8 
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Task 7 
 

 

 

Output 

data 

Version  

1 2 3 4 5 

a , mm to accept 

b , mm 200 220 240 260 300 

с , mm 150 160 180 200 220 

 AOL
1

, mm 180 200 160 190 210 

АBL , mm 600 650 700 680 720 

 BOL
2

, mm 500 520 540 580 620 

BDL , mm 450 480 500 500 480 

1n , RPM 60 50 55 60 55 

1m , kg 8 10 12 14 16 

2m , kg 42 44 44 42 40 

3m , kg 30 32 32 36 36 

4m , kg 37 30 35 38 38 

5m , kg 20 25 30 35 40 

PRF , kN 6,5 6,7 6,9 7,1 7,3 
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Task 8 

 
 

Output 

data 

Version  

1 2 3 4 5 

a , mm to accept 

b , mm 300 280 320 340 260 

 AOL
1

, mm 180 190 200 210 220 

АСL , mm 550 580 600 520 550 

 СOL
2

, mm 600 620 640 680 700 

BDL , mm 600 580 620 610 600 

c , mm 450 480 500 500 550 

1n , RPM 60 65 70 75 80 

1m , kg 20 22 25 27 30 

2m , kg 45 47 50 48 52 

3m , kg 60 62 55 58 60 

4m , kg 50 52 54 56 58 

5m , kg 15 18 21 25 30 

PRF , kN 6,4 6,6 6,8 7,0 7,2 
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Task 9 

 
 

Output data Version 

1 2 3 4 5 

a , mm 900 950 1000 1050 1100 

AOL
1

, mm  140 150 180 200 220 

АBL , mm 550 600 750 800 900 

BDBС LL = , 

mm 
500 600 750 750 800 

1n , RPM 100 90 80 70 60 

1m , kg 10 12 14 16 18 

2m , kg 30 35 40 45 50 

3m , kg 15 18 21 24 27 

64 mm = , kg 40 50 60 60 60 

75 mm = , kg 12 16 20 24 28 

PRF , kN 6,0 6,5 7,0 7,5 8,0 
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Task 10 

 
 

Output 

data 

Version  

1 2 3 4 5 

a , mm 440 500 600 700 800 

b , mm 700 750 800 900 1000 

 AOL
1

, mm 150 180 210 240 270 

АBL , mm 780 870 960 1080 1140 

 СOL
2

, mm 400 450 550 650 750 

СDL , mm 300 400 45 500 500 

1n , RPM 100 110 110 90 80 

1m , kg 20 25 28 32 35 

2m , kg 80 100 120 140 160 

3m , kg 40 50 55 60 65 

4m , kg 35 38 42 45 50 

5m , kg 10 15 20 25 28 

PRF , kN 4,0 4,5 5,0 5,5 6,0 
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Task 11 

 

 

 
 

 

Output data Version 

1 2 3 4 5 

a , mm 160 180 200 230 250 

b , mm  200 220 240 280 320 

c , mm 500 550 600 650 700 

AOL
1

, mm 100 120 140 160 180 

ABL , mm 300 350 400 450 500 

AOL
2

, mm 200 220 240 260 280 

COL
2

, mm 400 44 480 520 560 

1n , RPM 110 100 90 80 70 

1m , kg 10 12 14 16 18 

2m , kg 24 28 32 36 40 

3m , kg 28 31 34 37 40 

4m , kg 20 20 20 20 20 

5m , kg 0 0 0 0 0 

PRF , kN 6,0 6,6 7,2 7,8 8,4 
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APPENDIX A 
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APPENDIX B 
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