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Purpose. To develop sequences of actions and conduct a kinematic study of a complex planar mechanism of the
third-class with three leading links by the graph-analytical method to determine the actual values of the angular ve-
locities of individual and linear velocities of all points coinciding with the centres of the kinematic pairs of the
mechanism.

Methodology. The kinematic study of the twelve-link mechanism was carried out using the course provisions of
the theory of mechanisms and machines about the theory of the structural scheme of mechanical systems and the
kinematic analysis of lever mechanisms by the graph-analytical method. Graphic constructions were made in the
automated design and drawing system Autocad, which allowed us to bring the accuracy of graphic constructions to the
generally accepted level of engineering calculations.

Findings. Using the principles of the theory of mechanisms structure of higher course classes of the theory of
mechanisms and machines, a mechanism with three degrees of mobility was considered in the form of three mecha-
nisms, in which the influence of the movement of one leading link with predetermined kinematic parameters on the
movement of the mechanism links was successively investigated, for which systems of kinematic equations were com-
piled with their subsequent solution in the form of graphic constructions. The calculation of the actual angular ve-
locities of those links was obtained, absolute the movement of which is caused by their kinematic attachment to the
stationary riser of the mechanism. Calculation of the linear velocities of the points that coincide with the geometric
centres of the rotational kinematic pairs of the driven links of the mechanism of the third-class with three leading
cranks was performed.

Originality. A plan was developed, and a sequence of actions was implemented, which made it possible to perform
kinematic studies and determine the linear velocities of the points that coincide with the geometric centres of the
rotational kinematic pairs of links of a complex twelve-link mechanism of the third-class with three leading links us-
ing the graph-analytical method. A sequence of studies specially developed for such a planar mechanism with three
cranks made it possible to determine the actual values of the angular velocities of the links, the absolute movement of
which is determined by their kinematic connection to the stationary body. This made it possible to compile systems
of vector kinematic equations to determine the linear velocities of the points of the mechanism of the third-class with
three leading links and solve them graphically.

Practical value. The numerical values of the kinematic parameters were obtained and compared with the param-
eters of the same mechanism, which were calculated using the method of mathematical modelling in the Mathcad
software environment. The coincidence of the results of the research performed by two different methods with 95 per
cent probability was confirmed, which is a simultaneous confirmation of the credibility of the results obtained by such
methods of analysis. Expert research of complex mechanical systems using the graph-analytical method is recom-
mended if engineering calculations are obtained using mathematical modelling technologies.

Keywords: third-class mechanism, kinematic analysis, graph-analytical method, kinematic study

Introduction. The basis of a technological machine,
according to the definition of the theory of mechanisms
and machines, is a mechanism (set of mechanisms), the
main function of which is to transform the predetermined
movement of the leading link or several links, the move-
ment of which is known, into the necessary movement of
the points where the working bodies are located, which
ensure the execution of the technological operation. In-
novations in technological operations require their provi-
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sion to create the movement of the working bodies of the
machine with geometrically complex trajectories and the
necessary laws of motion, taking into account the tech-
nological speeds at which they are performed in a short
period of time. For successful use in high-speed techno-
logical equipment, the mechanisms must have high reli-
ability, durability, and the ability to withstand long and
significant loads. These requirements are fully met by
mechanisms with rigid links that are kinematically inter-
connected by lower-class kinematic pairs.

Complex lever mechanisms of the highest class, in
contrast to the lower ones, in fact, can theoretically pro-
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vide any necessary movement of the machine’s working
organs according to the geometric parameters and laws
of motion. In order to ensure specific requirements re-
garding the laws of movement of the working links of the
mechanism, for example, such as the movement with
stops of certain links for the time required to perform a
technological operation for the cycle of movement of
the main shaft, additional driving links are structurally
introduced into the mechanisms, which leads to an in-
crease in the degree of mobility of the mechanism to
two, three or more units.

The basis of complex high-class lever mechanisms is
structural groups of links of the third and higher classes,
which are formed by a certain number of links connect-
ed by kinematic pairs and structurally (for the specific
case of a high-class mechanism) cannot be divided into
simpler structural formations according to the theory of
the structural schemes of mechanisms of the theory of
mechanisms and machines course.

The improvement of the existing and the design of
new technological machines based on mechanisms are
possible on the condition that their structural [1], kine-
matic [2], dynamic [3] research has been carried out in
advance and taking into account the specifics of those
industries where they are used, for example, in the auto-
motive industry [4], mining [5] or in other spheres [6].

Literature review. Kinematic studies of mechanical
systems are divided into two main types of problems:
analysis and synthesis problems. Analysis problems are
characterised by the fact that the research on kinematic
parameters of the driven links is carried out according to
the previously known parameters of the leading links of
the mechanism, such tasks are also called “direct kine-
matics” [7]. Research in the “reverse” direction requires
establishing the relationship between the kinematic pa-
rameters of the leading and driven links in the form of
equations and their systems and solving them under the
conditions of given technological and functional pa-
rameters, which, of course, prompts the solution of syn-
thesis problems, for example, in the early stages of car-
rying out the structural arrangement of the mechanism
[8] or after the kinematic calculations have been per-
formed [9].

Perfecting and modernisation of existing technolog-
ical equipment are carried out on the basis of solving
analysis problems. In the work [10], an eight-link hinged
mechanism was investigated, the design of the machine
for processing parts was analysed in the SolidWorks au-
tomated design system, and the result of increasing the
reliability of the machine during operation was obtained
while increasing its productivity.

In the work [11], using Mathcad software, the au-
thors performed a kinematic analysis of a complex pla-
nar mechanism used in technological equipment, in
which a stoppage of the working body is observed in the
time period according to the requirements. Based on the
results of the analysis, the reason for the incomplete
technological stop of the working link was established,
and recommendations were given to eliminate the iden-
tified defect in the mechanism’s design.

The kinematic analysis of a complex planar eight-
link mechanism is the subject of work [12], in which the
authors present a mathematical model that allows divid-
ing one velocity matrix and one acceleration matrix into

two matrices of different orders, which simplifies the
process of their solving.

In the work [13], the tasks of analysing a number of
complex multi-link planar mechanisms were performed
using SolidWorks software. The analysis of seven-link
spatial mechanisms without redundant links made it
possible to design a machine drive configuration in a
machine for machining parts that ensures the rotation of
the drive shaft with its simultaneous reciprocating mo-
tion [14].

In the work [15], the kinematic synthesis of a six-link
hinged mechanism with one translational kinematic
pair was carried out, the mechanism for shaping the
cross-section of the conveyor belt of the minimum pos-
sible overall dimensions with the smallest possible driv-
ing force was designed, and recommendations for their
implementation were given.

The simultaneous problem-solving of analysis and
synthesis of a complex planar articulated lever mecha-
nism of the fourth class as the basis of a double-jaw
crushing machine was presented in the work [16]. Ac-
cording to the required technological parameters, the
authors of the paper developed a design of the machine
mechanism with complex jaw movement using Autocad
computer-aided design and drawing systems, analytical
calculations of the fourth-class flat lever mechanism and
determination of its rational geometric parameters were
performed using mathematical modelling in the
Mathcad software environment.

Particular attention is paid to mechanisms with sev-
eral leading links in the articles. Mechanisms with two
leading links or parallel hinged chain mechanisms [17]
are used in works known as parallel works for precise
positioning and alignment. In this work, the kinematic
analysis of such mechanisms is performed using geo-
metric and analytical methods, the results of which are
rechecked to confirm the obtained results. The advan-
tage of the method is that it can be extended to mecha-
nisms with a larger number of leading links. Another
work [ 18] presents a kinematic analysis of a fourth-class
mechanism, which was performed by mathematical
modelling of the kinematic scheme and mechanism pa-
rameters in the MathCad program and by the graph-
analytical method to verify the obtained results. The ki-
nematic analysis of mechanisms with two leading links
for a parking robot was carried out in the work [19]. On
the basis of multiple kinematic performance indicators,
the search for the optimal combination of structural pa-
rameters of the robot mechanism in the permissible area
was performed in order to solve the problem of optimis-
ing energy saving.

The works [20, 21] consider the problems of kine-
matic analysis of mechanisms with three leading and
other driven links.

Unsolved aspects of the problem. According to the
theory of the structural schemes of planar mechanisms
of the course of the theory of mechanisms and ma-
chines, complex mechanisms of the highest class with
one leading link structurally consist of one initial mech-
anism (a set of a leading link and a fixed link connected
by one kinematic pair) and structural formations of links
whose class is three or more. Accordingly, mechanisms
of a higher class with two, three or more leading links in
their structure have two, three or more initial mecha-
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nisms. The class of the mechanism is determined by the
maximum class of structural groups of links formed by
the driven links of the mechanism. For mechanisms
with a structural group of links of the third class and one
complex link (base link), there are developed methods
of kinematic research that allow them to be carried out
in a graph-analytical manner. A different situation is ex-
perienced when performing similar studies for mecha-
nisms with two or more leading links of the third class
with two or more complex links in the structure or of the
fourth and higher class if such research is actually pos-
sible for certain mechanisms: in each case of such me-
chanical systems, it is necessary to develop a plan for
their investigation in a graphical manner so as to take
into account their individual structural features.

The relevance of conducting kinematic research of
mechanisms of the third and higher classes in a graph-
analytical way using Autocad computer-aided design
and drawing systems is confirmed by the accuracy of the
results obtained in this way, which can be compared
with the accuracy of the results of similar studies using
mathematical modelling, for example, in the Mathcad
software environment, and therefore the results of
graph-analytical studies can be used to perform verifica-
tion calculations.

The purpose of the article.To develop a research plan
and conduct a kinematic analysis of the third-class pla-
nar mechanism with three leading links using the graph-
analytical method by means of the Autocad computer-
aided design and drawing system to determine the ac-
tual values of the angular velocities of individual links of
the mechanism and the linear velocities of all points
coinciding with the centres of the kinematic pairs of the
mechanism. To obtain numerical values of kinematic
parameters and perform their comparative analysis with
similar parameters of the same mechanism, which were
calculated using the method of mathematical modelling
in the Mathcad software environment.

Methods. The article presents a kinematic analysis of
a complex planar mechanism of the third class with
three leading links, which was performed using the pro-
visions of the course on the theory of mechanisms and
machines on the theory of the structural scheme of me-
chanical systems and the kinematic analysis of lever
mechanisms by the graph-analytical method. The
mechanism with three degrees of mobility was presented
in the form of three mechanisms, in which the influence
of the movement of one leading link with predetermined
kinematic parameters on the movement of other driven
links of the mechanism was successively investigated,
which allowed compiling systems of vector equations
with their subsequent solution in the form of graphic
constructions. The calculation of the actual angular ve-
locities of those links whose absolute motion is due to
their kinematic connection to a fixed riser of the mecha-
nism was obtained, and the linear velocities of the points
coinciding with the geometric centres of the rotational
kinematic pairs of driven links of the third-class mecha-
nism with three driving cranks were calculated. The
graphical constructions were made using a computer-
aided design and drawing Autocad, which allowed the
accuracy of graphical constructions and research results
to be brought to the generally accepted level of engineer-
ing calculations.

Presentation of the main material and scientific re-
sults. The planar mechanism of the third class (Fig. 1)
[11] consists of three leading cranks from 7 to 3, which
on the one hand, are connected to the fixed body of the
mechanism (link @), and on the other hand, are con-
nected to the structural group of links of the third class
of the fourth order (links 4 to 9) and other driven links
10 and 11, which form the structural group of links of
the second class. In the mechanism, links from 4 to §
and /0 have planar parallel motion, links from /to 3, 9
and /1 have rotational motion. Mechanisms of the first
class (sets of links 0, I; 0, 2 and 0, 3) together with
structural groups of links of the third and second class-
es and fifteen rotary kinematic pairs of the fifth class
form a mechanism of the third class with three degrees
of motion relative to the fixed body. The presence of
three leading links in the structure of the mechanism
causes that in the group of links directly attached to
them there are five links with complex planar motion.
Under the condition of the study, the kinematic pa-
rameters of three points from A, to 4; coinciding with
the centres of the kinematic pairs by which the leading
cranks are connected to the three driven connecting
rods of the structural group of links of the third class
are given. The task of studying such a mechanism is
complicated by the fact that three connecting rods from
4to 6 are connected by kinematic pairs to the other two
connecting rods 7, & which are made in the form of
complex links, kinematically connected to each other
and have no connection to the fixed body of the mech-
anism. For the points that coincide with the centres of
the kinematic pairs of the structural group of links of
the third class, it is not possible to draw up kinematic
equations and solve them graphically. The kinematic
analysis of a complex planar mechanism by the graph-
analytical method is based on the fact that the determi-
nation of the kinematic parameter of a point coinciding
with the centre of a kinematic pair formed by two con-
necting rods should take into account the fact that the
parameters of the other two points belonging to two
different connecting rods are known, which is not ob-
served in our case. So, for example, for point B, which
coincides with the kinematic pair that is formed by
connecting rods 4 and 7, in the system of kinematic
vector equations, the kinematic parameters of points

Fig. 1. Kinematic diagram of the third-class mechanism
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Ay, C or D are used. If the kinematic parameters of
point A, are calculated on the condition that it belongs
to the leading crank 7/, then it is impossible to calculate
the parameters of point C or D — the kinematic param-
eters of links & and 9 are unknown. A similar situation
is observed when trying to draw up and solve the vector
equations for points £ and F. It is also impossible to
determine the position of the “special points” of the
Assur group [1], which are used in the method of kine-
matic research, which is given in the literature for the
investigation of third-class mechanisms, the presence
of six links from 4 to 9 in the structural group of the
third class, two of which are complex (links 7, &) does
not allow one to do it.

For the kinematic analysis of a third-class mecha-
nism with three leading links, we develop a research se-
quence that is individually characteristic of its structure.
If crank 7 is chosen as the leading link with the leading
links 2 and 3 conditionally stopped, we will have a kine-
matic diagram of the mechanism in which points 4, and
Aj are fixed, which will allow us to find out how the an-
gular velocity o, of crank / affects the values of the ab-
solute angular velocities g and ®,; of the rocker arms 9
and /7 of the mechanism. We repeat the same for the
case when crank 2 is the leading link (if o, = w; =0, s™")
and for link 3 (if ®, = ©, = 0, s™!) and determine the an-
gular velocities of links 9 and /1. Algebraically, we add
the values of the respective angular velocities ®q, ®;, of
links 9, /1 and obtain the actual angular velocities of
these links for the mechanism under research. The real
values of the angular velocities of links 9 and 7/ deter-
mined in this way will allow us to perform a kinematic
analysis of the third-class mechanism with three leading
links in a graph-analytical way.

The study started in the case when crank / was the
only leading link in the mechanism. The set parameters
for the kinematic analysis of such third-class mechanism
are the angular velocity of leading link 7 (m, = const, s,
the other leading links 2, 3 are conditionally fixed: ®, =
=m;=0, s and the scale of lengths (K/, m/mm) of the
kinematic scheme of the mechanism (Fig. 1). Provided
that there is one leading crank 1, the mechanism remains
structurally a third-class mechanism with a degree of
mobility of one relative to the fixed body.

Using the property of complex planar mechanisms
with one leading link to change class, under the condi-
tion that another link is selected as a possible moving
link of the initial mechanism [18]. We conventionally
select link 6 as the moving link of the initial mechanism.
Taking into account the fact that links 2 and 3 are con-
ditionally fixed, the mechanism structurally takes the
form of a second-class mechanism with a sequentially
parallel connection of four structural groups of second-
class links, which include the following links in pairs: 5,
87,9, 1,4and 10, 11.

We choose an optional scale and begin the graphical
construction of the velocity plan (Fig. 2), setting the di-
rection of rotation of link 6, for example, against the
clockwise direction.

Vector ﬁ on the velocity plan is chosen to be of
arbitrary length and is plotted in the perpendicular di-
rection to the segment A;F. Further construction of
the velocity plan is performed in the following se-
quence:

1A2E

18D

Fig. 2. Velocity plan for a mechanism with a leading
crank I (o, = const, 0, =w;=0, s

1. We build the velocity vector of point £ (Fe),
the position of point “e” is found on the velocity plan
from the graphical solution of the system of vector

equations

where I7F, VA: are vectors of absolute velocities points F

and A,; VE;F LEF, VE;AZ L E; A, are the correspond-
ing vectors of relative velocities.
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2. Velocity vector VC of point C (E’) on the plan is
determined by solving a system of vector equations

|

where VF, VE are vectors of absolute velocities points F
and E; Veop LCF, Vip LCE are the corresponding
vectors of relative velocities.

3. We build the velocity vector of point D (Pd),
the position of point “d” is found on the velocity plan
from the graphical solution of the system of vector
equations

1
)

F C;F
b

CE

i
i

A a

+
ET

Vy=Ve+Vpe
Vb =Vo, *Vbyo,
where VC, 170 are vectors of absolute velocities points

C and O VD;C 1 D;C, 17,);04 1 D;0, are the corre-
sponding vectors of relative velocities.

4. Velocity vector VB of point B (ﬁ) on the plan is
determined by solving a system of vector equations

8=VptVsep
bl
B =VctVpc

|
1
1

|
Il
|

<
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where VD, VC are vectors of absolute velocities points D
and C; Vg, L B;D, Vp L B;C are the corresponding
vectors of relative velocities.

5. We build the velocity vector of point .§ (ﬁ) by
solving a system of vector equations

|

where VD, 1704 are vectors of absolute velocities points

D and Oy Vs, LS;D, Vg, 18;0, are the corre-
sponding vectors of relative velocities.
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;D
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>
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o, V5.0,

6. Velocity vector I7N of point N (E) on the plan is
determined by solving a system of vector equations

|

stVns
o, VN,

where 175, 1705 are vectors of absolute velocities points §
and Os; Vy.s LN;S, Vy., L N;O;s are the correspond-
ing vectors of relative velocities.

7. We build the velocity vector of point M (Fr:z) by
solving a system of vector equations

|

where VN, 1705 are vectors of absolute velocities points
Nand Os; Vy.y LM;N, V.o L M;0s are the corre-
sponding vectors of relative velocities.

8. We build the velocity vector of point 4, (Pa,),

the position of point “a,” can be found on the velocity
plan from the graphical solution of the system of vector

equations
4 =Ve+Vys
b
A 0, + A0,

where 173, 1701 are vectors of absolute velocities points B

and O; VAI; s LA;B, VA. .0, 1 430, are the correspond-
ing vectors of relative velocities.
9. We determine the velocity of point 4;, m/s

l
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‘lzl
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|

|
|

N M;N

1
1

b
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+
o, TV mo,

1
1

4
I}
I}

V, =l =100-0.012=12,

where the angular velocity of the crank 7 o, = +100, s7;
lo4 —link length O,4;, m.
m/ S

10. Scale of the speed plan, m (for the case when
®, =100 = const, ®, =0, ®; =0, s
V12
VP 1546

=0.078,

where Pa1 =15.46 mm — the length of the part on the
velocity plan.

11. We calculate the angular velocities of the links 9
and /1, s

v, Pd-K, 13.0-0.078

0y =L = = = -22.50;
loo  lop 0.045
o _Vvo, _PnK, 12.12.0.078 . 19
1= = = =1/.17,
o, Ivo, 0.055

where /g, lyo, arelink lengths 0,0, NOs, m; Pd, Pn —
the length of the parts on the velocity plan, mm.

The “~” sign for the values of the angular velocities of
the links indicates that the direction of the angular velocity
of'the link coincides with the direction of clockwise move-
ment, the “+” sign indicates that the direction of the angu-
lar velocity of the link is against the clockwise direction.

We investigate the effect of the movement of crank 2
on the kinematic parameters of the driven links of the
mechanism. Links 7, 3 are considered to be condition-
ally fixed (o, = const, ™', ®; = 03 = 0, s). We condi-
tionally choose link 4 as the moving link of the initial
mechanism. Taking into account that links / and 3 are
conditionally fixed, the mechanism structurally takes
the form of a second-class mechanism with a sequen-
tially parallel connection of four structural groups of
second-class links, which include the following links in
pairs: 7, 9; 10, 11and 6, §; 2, 5.

On the velocity plan (Fig. 3), the vector Pb we
choose an arbitrary length and place it perpendicular to
the segment A,. The direction of rotation of link 4 is set
arbitrarily, for example, in the clockwise direction.

We continue to build the velocity plan in the follow-
ing sequence:

1. We build the velocity vector of point D (Pd), the
position of point “d” can be found on the velocity plan
from the graphical solution of the system of vector equa-

tions

where Vi, , Vy, are vectors of absolute velocities points

Band Oy; VD;B 1 D;B and, VD;Q 1 D;0, are the corre-
sponding vectors of relative velocities.

!

B ;B

, o))

!

o o

ﬂlbl

+
o, ¥V by,

1EF \| ICE

Fig. 3. Velocity plan for a mechanism with a leading
crank 2 (0, =const, o, =03 =0, s7")
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2. Velocity vector VC of point C (E) on the plan is
determined by solving a system of vector equations

{VC =V +Ves )

Ve=Vy+Vep
where VB, 17,) are vectors of absolute velocities points B
and D; Vg LGB, Vi, LC;D are the corresponding
vectors of relative velocities.

3. We build the velocity vector of point § (F.S:), the
position of point “s” can be found on the velocity plan
from the graphical solution of the system of vector equa-

tions
{ s

where V), V,, are vectors of absolute velocities points

D and Oy Vs;p 1S;D, VS;Q, 1850, are the corre-
sponding vectors of relative velocities.

|

1l
Vt

v 3)

$:0,

1

‘qul

+
+

[
Il
VJ

4. Velocity vector VN of point “N” (E) on the plan
is determined by solving a system of vector equations

|

where VS, V are vectors of absolute velocities points .S

and Os; VN s J_N S, VN .0, L N;0;5 are the correspond-
ing vectors of relative velocities.

5. We build the velocity vector of point M (Fl%) by
solving a system of vector equations

|

where VN, 17 are vectors of absolute velocities points

N and Os; VM v LM;N, VMO L M;0s are the corre-
sponding vectors of relative velocities.

Il
o

S

; 4

+
+

‘lzl

2

1]
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N TV mN
o, Y Vuo,

1]
Ti

) (&)

1

g

1l
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6. Velocity vector VF of point F (Pf ) on the plan is
determined by solving a system of vector equations

|

where VC, VA3 are vectors of absolute velocities points
C and 4y, Vpc LFC, Vi, LF;A; are the corre-
sponding vectors of relative velocities.

7. We build the velocity vector of point £ (Fe) by
solving a system of vector equations

{VVVF

;C

b

NI
Il
Vt

Il
VJ
‘l s '

+
+

Fi Ay

Ve=V.+V,

where I7F, VC are vectors of absolute velocities points F
and C; Vp.p LESF, Vi LE;C are the corresponding
vectors of relative velocities.

8. Velocity vector VAZ of point 4, (Pa,) on the plan
is determined by solving a system of vector equations

|
Il
Vt

1

Il
VJ

2

A + 2E
P +V

where VE, 1702 are vectors of absolute velocities points £
and Oy; V., LAjE, V,, 140, are the corre-
sponding vectors of relative velocities.
9. We determine the velocity of point 4,, m/s
VA2 =, '102/12 =200-0.007 =1.4,

where the angular velocity of the crank 2 @, =200, s™';
lO2 4, — link length 0,4,, m

m/s
10. Scale of the speed plan, ﬁ (for the case when

®,=200=const,®; =0, w3=0,s7)
V
=t 1A g0,
P 12564

2

where Paz =125.64, mm is the length of the part on the
velocity plan.

11. We calculate the angular velocities of the links 9
and 71,57

o _Vp _Pd-Ky _580-0011_
loo  lop 0.045

o Vwo, _Pn-K, _5.3:0.011 _ 106,
o, Ixo, 0.055

where y p, Iyo, are lengths of links O,D, NOs, m; Pd,
Pn — lengths of parts on the velocity plan, mm.

We investigate the effect of the movement of crank 3
on the kinematic parameters of the driven links of the
mechanism. Links /, 2 are considered to be condition-
ally fixed (w; = const, o, = 0, =0, s™'). We conditionally
choose link 4 as the moving link of the initial mecha-
nism. Taking into account that links 7 and 2 are condi-
tionally fixed, the mechanism structurally takes the
form of a second-class mechanism with a sequentially
parallel connection of four structural groups of second-
class links, which include the following links in pairs: 7,
9; 10, 11and 5, &; 3, 6.

On the velocity plan (Fig. 4), the vector Pb, we
choose an arbitrary length and place it perpendicular to
the segment A4, B. The direction of rotation of link 4is set
arbitrarily, for example, in the clockwise direction. It
should be noted that in this case, the sequence of the
research coincides with the sequence of constructing the
velocity plan for the case when the influence of the
movement of the second crank on the parameters of the
movement of the driven links of the mechanism was
studied, so the construction of the plan we perform ac-
cording to the systems of vector equations from (1) to (5)
and on the research items from 1 to 5 (for ®, = const,
0, =0;=0,s7).

We continue to build the velocity plan in the follow-
ing sequence:

6. Velocity vector VE of point F (}%) on the plan is
determined by solving a system of vector equations
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Fig. 4. Velocity plan for a mechanism with a leading
crank 3 (o= const, o, = 0, =0, s7")

e

where VAZ , VC are vectors of absolute velocities points
Ay and C; Vi, LEA,, Vi LEC are the corre-
sponding vectors of relative velocities.

7. We build the velocity vector of point F (ﬁ) by
solving a system of vector equations

Vi =Ve+Vpe
Ve=Vp+Vpp

3

Il
‘lkl

|

+Viy
+Vie

where VC, VE are vectors of absolute velocities points C
and E; Vo L F;C, Vi L F;E are the corresponding
vectors of relative velocities.

8. Velocity vector VA3 of point 4; (Pa;) on the plan
is determined by solving a system of vector equations

) rt V
b
A3 + 3 ’03

where VF, 17 are vectors of absolute velocities points F

and Oj; VA LA F, VA .0, £ 43305 are the corre-
sponding vectors of relative velocities.
9. We determine the velocity of point 45, m/s

V, =051y, =300-0.007=2.1,

| |
I Il
VJ -t
VJ

where the angular velocity of the crank 3 w5 = +300, s™'

lo.4, — link length 0345, m

m
10. Scale of the speed plan, {n (for the case when

;=300 =const, ®; =0, w,=0,s7")
Vy 2.1
=—=——""=0.029, 6
P 71.84 ©)

a

where Pa3 =71.84 mm is the length of the part on the
velocity plan.

11. We calculate the angular velocities of the links 9
and 71, s™!

v, . .
o, = 20 Pd-Ky 5730029 4 o
lop  lop 0.045
Vi, . .
o Vo PrK, 530009 0,

o, v, 0.055

where gy p, Iyo, are lengths of links O,D, NOs, m; Pd,
Pn — lengths of parts on the velocity plan, mm.

The results of calculations of the angular velocities of
links 9and 17 are presented in Table 1.

We compare the results of the research with the calcu-
lations performed for this mechanism with the same initial
kinematic parameters using mathematical modelling in
the Mathcad software environment [11]. The error of the
calculated angular velocities Awg, Am,; is less than 5 %,
which simultaneously confirms the correctness of the re-
sults of the study obtained using two different methods:

Aw, =|m_— 100% _w.loo%zzg%;
®f" 16.90
Ao, o=t 13331280 10y 1
off
where o" =-16.90,s7"; o =12.80,s" are the results

of the angular velocities of links 9, 7/, which were ob-
tained using the analytical method of software modelling.

We conclude the study by constructing a velocity
plan of a third-class mechanism with three simultane-
ously moving leading links /—3 (Fig. 5) on a predeter-
mined scale for the given parameters of the movement
of the three leading links and the found values of the
absolute instantaneous angular velocities of rocker arms
9and 11. We calculate the absolute values of the linear
velocities of the points belonging to the links whose in-
stantaneous absolute motion is determined.

The results of the calculations are presented in Table 2.

We arbitrarily choose the scale value of the velocity
plan (6) and construct the vectors of absolute velocities
of points A4,, 4,, A;, D, S, N, M, respectively, by parts
Pa,, Pa,, Pas, Pd, Ps, Pn, Pm.

Table 1
Angular velocities of links 9and 71
parameters ®; =+100 = const, ®, =-200 = const, ®3 =+300 = const, ®; =+100,
value 0y =0;=0, 5! o =0;=0,s 0 =0,=0,s" ®, =200, m; = +300, s~
g, ! —22.50 1.42 3.69 -17.39
oy, s 17.19 ~1.06 ~2.80 13.33
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Fig. 5. Velocity plan of a third-class mechanism with
three leading links

We continue to build the velocity plan in the follow-
ing sequence:

1. We build the velocity vector of point B (Fb), the

position of point “d” can be found on the velocity plan
from the graphical solution of the system of vector
equations

where VAI’ VD are vectors of absolute velocities points
Ayand D; Vi, LAB, V., L B;D are the correspond-
ing vectors of relative velocities.

2. Velocity vector Vc of point C (}Z) on the plan is
determined by solving a system of vector equations

{Vc = I71) Ve

1

Ve=Vy+Vey

where VD, 173 are vectors of absolute velocities points D
and B; V., LC;D, Vip LC;B are the corresponding
vectors of relative velocities.

3. We build the velocity vector of point £ (;’;), the
position of point “e” can be found on the velocity plan
from the graphical solution of the system of vector equa-

tions
E
E

where VA;’ VC are vectors of absolute velocities points

A, and C; VE;Az 1 E;A4,, VE;C L E;C are the corre-
sponding vectors of relative velocities.

1

Il
AN

|

L+ VE; 4
el bl
+ VE;C

4. Velocity vector ¥, of point F (ITf) on the plan is
determined by solving a system of vector equations

&

where I7A3, VC are vectors of absolute velocities points

Ay and C; VF;A3 L F; A, VF;CJ_F;C are the corre-
sponding vectors of relative velocities.

1

Il
4 N

4

+Vp. 4
— b
Ve

o=V, +V,
{ B B , The results of calculations of the linear velocities of
5=Vp+Vip the points of the third-class mechanism with three lead-
Table 2
Linear velocities of points of the third-class mechanism
Designation of
angular velocity @1 @2 ®3 @9 ©9 ®n ®n
Angular velocity 100.00 200.00 300.00 17.39 17.39 13.33 13.33
values, s~!
Designation of link lo 4 lo,4, lo.a, lo,-p lo,_s lo_n lo—u
lengths '
Length values, m 0.012 0.007 0.007 0.045 0.040 0.055 0.035
Linear velocity ofa |V, = -ly 4 |Viy, =0y lo 4, |V =05 Lo 4 |V =09 lo_p |Vs=0g-lo_s|Vy =0 -lo_y | Vie =0y lo_y
point ' ‘
Velocity value, m/s 1.20 1.40 2.10 0.78 0.70 0.73 0.48
Table 3
Linear velocities of points of the third-class mechanism with three leading links
Designation of a part of the velocity plan Pb Pc Pe Pr
Value of the velocity plan part, mm 144.5 214.0 104.0 278.5
Linear velocity of a point Vy= Pb- Ky Ve=Pc- Ky, Vg=Pe- K, Vi=Pf- Ky
Linear velocity value of the point, m/s 4.19 6.21 3.02 8.08
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ing links according to the velocity plan constructed on
the scale KV =0.029, (m/s)/mm are presented in Ta-
ble 3.

Conclusions. In this work, a plan was developed, and
a sequence of actions was implemented that allowed us
to perform kinematic studies and determine the linear
velocities of points coinciding with the geometric cen-
tres of rotating kinematic pairs and the absolute angular
velocities of individual links of the complex planar
mechanism of the third-class with three leading links by
the graph-analytical method using the Autocad com-
puter-aided design and drawing systems. The numerical
values of the kinematic parameters were obtained and
compared with the parameters of the same mechanism,
which were calculated using the method of mathemati-
cal modelling in the Mathcad software environment.
The coincidence of the results of research performed by
two different methods with a 95 per cent probability was
confirmed, which is a simultaneous confirmation of the
reliability of the results obtained by such methods of
analysis. If similar engineering calculations are obtained
using mathematical modelling technologies, then expert
studies of such complex mechanical systems of the high-
est class can be recommended to be carried out using the
graph-analytical method.
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Bu3HavyeHHs1 MBUIKOCTEH TOYOK MEXaHi3My
TPETHOro KJacy i3 TppboMa BeXyYMMH JAHKAMHU
rpa)0aHATITHIHAM METOAOM

C. O. Kowenv', B. M. Jlsopxcax', I. B. Kowenv*™,
M. I'. 3aaroboecokuii®, 1. B. [lanaciox!
1 — KuiBCbKMiT HaLiOHAJIBLHUI YHIBEPCUTET TEXHOJIOTIN Ta
nuzaitHy, M. KuiB, Ykpaina
2 — BinkpuTuii MixkHapOIHUIA YHIBEPCUTET PO3BUTKY JIIOAM-
HU «YKpaiHa», M. KuiB, Ykpaina
* ABTOp-KOpecnoHAeHT e-mail: a_koshel@ukr.net

Meta. Po3poOka mociigoBHOCTEH [iil i mpose-
IeHHS KiHEeMAaTUYHOTIO HOCTIIKCHHS CKJIaTHOTO
ILUTACKOT'0 MEeXaHi3My TPEThOTO KJIACy i3 TphOMa BEIy-
YUMU JIaHKaMu rpadoaHaJiTUdHUM METOIOM, BU-
3HAYEHHS NiCHUX BEJMYMH KYTOBUX IIBUIAKOCTEH
OKPEMUX JJAaHOK MeXaHi3My Ta JIIHIHHUX IBUIKOCTE
yCiX TOYOK, IO CIiBMNAagaloTh i3 LEeHTpaMu KiHema-
TUYHUX TTap MEXaHi3My.

Metomuka. KiHemaTuyHe QOCTiIXKEHHS ABaHAILIS-
TUJIAHKOBOTO MEXaHi3My BUKOHaHE 3 BUKOPHUCTAHHSIM
MOJ0XEeHb Kypcy Teopil MeXaHi3MiB i MalllMH IIPO TE€O-
pil0 CTPYKTYpHOI OyI1OBM MEXaHiYHMX CUCTEM i KiHe-
MaTUYHOTO aHaJi3y BaXiJIbHUX MeXaHi3MiB rpadoaHa-
JmiTHYHUM MeTomoM. ['padiuni moOymoBu 3po0JeHi
B CHCTEMi aBTOMaTH30BaHOTO IPOEKTYBAHHS Ta Kpec-
JIeHHs Autocad, 110 TO3BOJIWJIO TOYHICTh rpadidyHUX
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o0OyI0B BUBECTH Ha 3araIbHOIIPUITHATHIA PiBEHb ITPO-
BEIEHHS iHXXEHEePHUX PO3PAXYHKIB.

Pe3yabTaTu. 13 BUKOPUCTAHHSIM MOJIOXKEHb TEOPil
OyoOoBM MeXaHi3MiB BUILIMX KJaciB Kypcy Teopii Mexa-
Hi3MiB i MaIlIMH, MEXaHi3M i3 TpboMa CTYTIEHSIMHU PYX0O-
MOCTi OyJIO pO3TJISTHYTO Y BUTJISIII TPhOX MEXaHi3MiB,
B SIKMX MOCJIIOBHO AOCJIIXYBaBCSl BIUIUB PyXy OJIHI€ET
BeIy4yol JIJAHKM 3 Harlepela 3aJaHUMU KiHeMaTUIHUMU
mapamMeTpaMyd Ha pyX JaHOK MeXaHi3My, IS SIKUX
CKJIaJaay CUCTEeMU KiHeMaTUYHUX PiBHSIHb i3 TTOAab-
IIUM iX pO3B’SI3yBaHHSM y BUMNISAAL TpadiuyHUX MOOY-
10B. OTpUMaHO PO3PaXYHOK MiMCHUX KyTOBUX IITBHI-
KOCTel TUX JIAHOK, aOCOJIIOTHUI PyX SIKMX 0OyMOBJIe-
HUI iX KIHEMaTUIHUM TIPUETHAHHSIM 10 HEPYXOMOTO
CTOsIKa MeXaHi3My. BUKOHaHO po3paxyHOK JiHiHUX
IIBUIKOCTE TOUOK, IO CHiBMagaloTh i3 reoMeTpuu-
HUMM LIEHTpaMU 00epTaTbHUX KiHEMaTUYHMX T1ap Be-
JIEHUX JJAHOK MeXaHi3My TPEThOTO KJIACy i3 TpbOMa Be-
IYyIMMU KPUBOIITUATIAMU.

HaykoBa HoBu3Ha. Po3po0JieHo 111aH i peaiizoBaHa
MOCJIiIOBHICTD [ili, sIKa 103BOJIWJIa BUKOHATU KiHEMa-
TUYHI JOCIIIKEHHS 11 BU3HAYMTH JIIHINHI IMIBUIKOCTI
TOYOK, IO CITiBIAMaIOTh i3 TCOMETPUIHNMU LIEHTPAMU
00epTaTbHNX KiHEMAaTMYHUX I1ap JIAHOK CKJIAJHOTO
IBaHAMIATIUIAHKOBOTO MEXaHi3My TPEeThOro KJjiacy i3
TpbOMa BenydyuMu JaHKamu. CreniaJbHO po3podseHa
JUJIS1 TAKOTO TJIACKOTO MEXaHi3My i3 TpbOMa KPUBOIIM -

TTaMU TTOCJTiOBHICTB JIOCTIIKeHb JO3BOJIMJIA BUBHAUM -
T AifiCHI 3HAYEHHS KyTOBUX LIBUIKOCTEH JJaHOK, a0-
COJIIOTHUI PyX SIKUX OOYMOBJIEHUI X KiHEMAaTUYHUM
MPUENHAHHSAM 10 HepyxoMoro Kopmycy. Lle no3Boau-
JIO CKJIACTU CHUCTEMM BEKTOPHMX KiHEMAaTUYHMX PiB-
HSIHb [UISI BU3HAYEHHS JIIHIMHUX IIBUAKOCTEH TOYOK
MEXaHi3My TPEeTbOro KJjacy i3 TpboMa BeIy4MMU JIaH-
KaMU Ta pO3B’g3aTH iX y TpadiyHMii c11ocio.

IIpakruuna 3HaunMicTs. OTpUMaHi YUCENbHI 3HA-
YeHHS KiHeMaTUYHUX ITapaMeTPiB i BAKOHAHO iX TTOpiB-
HSIBHUI aHaNi3 i3 mapaMeTpaMuy LbOTO X MEXaHi3My,
10 Oy/IM po3paxoBaHi 3a TOMOMOIOI0 METOLY MaTeMa-
TUYHOTO MOJIEJIOBAHHSI y TPOTPAMHOMY CEpEeIOBUIIL
Mathcad. ITinTBepmxeHo 30ir pe3yabTaTiB 1OCTiIKEHb,
sIKi BUKOHaHi ABOMa Pi3HUMM METOIaMM, i3 95-Tu Bif-
COTKOBOIO HMOBIPHICTIO, III0 € OAHOYACHUM MiITBEP-
JKEHHSIM TOCTOBIPHOCTI pe3y/bTaTiB, OTPUMAaHUX Ta-
KMMH METOIaMU aHali3y. PeKoMeHI0BaHO MPOBOIUTHU
€KCIIePTHI IOCiIXKEHHSI CKJIQAHUX MEXaHIYHUX CUCTEM
3a JOITOMOTOIO Tpac0aHaTITUIHOTO METOIY, SKIIO iH-
JKEHEPHI po3paxyHKHU OTPUMaHi 3 BAKOPUCTAHHSIM TEX-
HOJIOTilf MATEeMaTUYHOTO MOJIETIOBAHHSI.

KmouoBi cioBa: wmexaumizm  mpemwvoeo  Kaacy,
KiHemMamuunuil  anHaniz, epagoanarimuyHuii  Memoo,
KiHemMamuute 00CAIOMNCeHH s
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