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Abstract. Problem statement. Mobile robots have awoken a large interest between scientists
and designers in the last few years. One of the prospective drives of such robots is based on
pneumatically operated system with no use of electric, heat, magnetic or other types of energy.
Purpose. The main purpose of this research consists in substantiation of structure and parameters of
pneumatic system of mobile robot with orthogonal walking drive. Methodology. The research is
carried out using the basic laws and principles of mechanics, pneumatics and automation. The
numerical experiment is conducted in MathCAD software and computer simulation of the robot’s
motion is performed using SolidWorks software. Findings (results) and originality (novelty). The
improved structure of the mobile robot with orthogonal walking drive is proposed. The
pneumatically operated system ensuring the robot’s motion is substantiated. Practical value. The
proposed design of walking robot can be used while designing industrial (production) prototypes of
mobile robotic systems for performing various activities in the environments that are not suitable for
using electric power. Scopes of further investigations. While carrying out further investigations, it is
necessary to ensure the possibility of changing motion direction of mobile robot by means of
pneumatic drive. In addition, it is expedient to design the devices for changing motion speed of the
robot and the height of lifting of its feet.

Keywords: mobile robot, walking drive, pneumatic system, simulation, timing diagram,
numerical modelling, motion speed, control system.

Introduction

Modern mobile robots are of the products that have significant export potential, which can cover
(compensate) the expenses related with their designing and manufacturing, and realize a profit due to their
selling abroad. Therefore, in many developed countries, companies with advanced information and
production technologies aspire to develop industrial prototypes of competitive mobile robots for various
purposes, in particular, for performing military, technological and exploratory operations.

Problem Statement

One of the major problems arising while carrying out the research and designing of mobile robots
consists in choosing the correct type of drive. Nowadays, most robots use wheeled or caterpillar drive
powered by electricity. In some cases (e. g., in some gaseous of fluid mediums), the use of electricity is
prohibited. On the other hand, the use of wheeled or caterpillar drives in various agricultural machines is
harmful for the fertile soil surface. That is why mobile technological machines based on walking drives are
of significant interest among researchers, designers and consumers all over the world.
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Review of Modern Information Sources on the Subject of the Paper

Nowadays, the problems of designing, manufacturing, and operation of mobile robotic systems are
widely investigated by scientists all over the world [1]-[11]. Most of them deal with drives powered by
electricity [1]-[10], whereas, in the present paper, the pneumatically operated robot will be considered.
The general structure of the considered robot is similar to the ones presented in [5]-[10]. The main
difference between the proposed design and the designs presented in [5]-[10] consist in the use of
pneumatic drive and corresponding control system, whereas the kinematic diagrams of the robots are
almost the same. For the first time, the basic structure of the proposed robot, as well as its operation
conditions, were presented at the 14™ International Symposium of Ukrainian Mechanical Engineers in Lviv
[11]. This paper presents more detailed results of investigations related with control and operation of the
pneumatically operated mobile robot with orthogonal walking drive.

Objectives and Problems of Research

The main purpose of the paper consists in substantiation of structure and control system of the eight-
leg mobile robotic system with pneumatic drive and orthogonal walking movers. In order to reach the
mentioned goal it is necessary to solve the following problems: to propose the improved design of the
robot; to analyse the process of the robot’s motion (cyclic walking); to substantiate the timing diagram
(cyclogram) of operation of pneumatic cylinders and to develop the control system of pneumatic drive; to
derive the laws of motion of the robot’s members; to simulate the robot’s motion using the derived
analytical expressions and with a help of its solid-state model designed in SolidWorks software.

Structural Peculiarities of the Proposed Mobile Robotic System

One of the simplest designs of mobile robotic systems with orthogonal walking drive is presented in
Fig. 1. The robot consists of two movable platforms 1 and 2, which are allowed to move about the frame
(body) 10 along two horizontal roller guides 11 and 12, respectively. The straight-line cyclic motion of the
platforms 1 and 2 is ensured with a help of two pneumatic cylinders 3 and 4, respectively. Such a structure
of the horizontal drive of platforms ensures the increase of the robot’s step length (i. e., the increase of its
displacement during one operation cycle of the driving pneumatic system). On each of four edges of the
load-carrying platforms 1 and 2, there are vertically fixed four synchronized pneumatic cylinders 5 and 6,
respectively. The total number of vertically operating pneumatic cylinders is eight, and the cylinders of
each pair operate synchronously. The supports 7 and 8 are rigidly fixed to the rods (pins) of the pneumatic
cylinders 5 and 6. The supports act upon the supporting surface with a help of the corresponding feet. In
order to ensure the relative motion of the platforms, the supporting feet of one platform are placed at a
greater distance from each other. At the same time, the width of the other platform is smaller. This allows
the motion of one platform between the supports of the other one.

The cyclic straight-line motion of the robotic system can be explained in the following way. The
supporting feet 7 of one platform are in contact with supporting surface. In such a state, the rods (pins) of
corresponding pneumatic cylinders 5 are maximally extended. The rods (pins) of vertical pneumatic
cylinders 6 of the other platform are retracted, i. e. the feet 8 are lifted above the supporting surface. At the
same time, the rods (pins) of the pneumatic cylinders 3 and 4 of horizontal displacement of the platforms 1
and 2 begin retracting and provide the motion of the platform 2 with the frame 9 to the left relative to the
platform 1. When this motion is finished, the feet 8 of the platform 2 go down till the moment of contact
with the supporting surface. The rods (pins) of the pneumatic cylinders 3 and 4 of horizontal displacement
remain at rest. When the feet 8 touch the supporting surface, the feet 7 begin lifting, and the rods (pins) of
the pneumatic cylinders 3 and 4 of the platforms’ horizontal displacement begin retracting. This provide
the motion of the platform 1 to the left relative to the platform 2. Then the walking cycle is analogously
repeated with the platform 1.

At the following stages of the investigation it is necessary to analyse the process of cyclic walking of
the mobile robot, to substantiate the timing diagram (cyclogram) of operation of pneumatic cylinders and
to develop the control system of pneumatic drive.
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4

Fig. 1. Mobile robotic system with pneumatic drive and straight-line walking motion of load-carrying platforms

Analysis of Process of Cyclic Walking of Mobile Robot

Let us consider the basic motion cycles of mobile robotic system with orthogonal walking drive. The
first cycle (Fig. 2, a) begins at the moment when the feet of one platform are in contact with supporting
surface. At the same time, the feet of the other platform begin going down, and pneumatic cylinders of
platforms’ horizontal displacement are operating providing the motion of the inner platform to the left
relative to the outer platform.

The second cycle of the walking process (Fig. 2, b) begins at the moment when the feet of the
second platform reach the lowest endpoint. At the same time, there begins the lifting of the feet of the first
platform, which has been supporting the robot’s body during the first cycle. The first platform begins
moving relative to the second (supporting) platform due to the operation of the pneumatic cylinders of
platforms’ horizontal displacement.

The third cycle of the walking process (Fig. 2, c) begins at the moment when the feet of the first
platform reach the highest endpoint, and the pneumatic cylinders of the platforms’ horizontal displacement
move the movable platform maximally to the left relative to the supporting (immovable) platform. At the
same time, there begins the lowering of the feet of the first platform till the moment of their contact with
the supporting surface.

The fourth cycle of the walking process (Fig. 2, d) begins at the moment when the feet of the first
platform reach the lowest endpoint (i.e. when they are in contact with the supporting surface). Herewith,
there is no motion of one platform relative to another one, and the feet of the second platform begin lifting
from the lowest endpoint to the highest one.

After the fourth cycle, the system turns to the initial (starting) position (Fig. 2, e), and the walking
cycles repeat: the end positions of the rods (pins) of the pneumatic cylinders in the fourth cycle correspond
to the initial positions of the rods (pins) in the first walking cycle.
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e
Fig. 2. Graphical interpretation of the main motion cycles of mobile robotic system with orthogonal walking drive
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Formation of Timing Diagram of Operation of Pneumatic Cylinders

On the basis of the previously considered motion process of the mobile (walking) robot (Fig. 2), let
us form timing diagram (cyclogram) of operation of its pneumatic drive. The pneumatic drive consists of
four systems of pneumatic cylinders. Two systems consist of four synchronized pneumatic cylinders and
are used for lifting/lowering of supporting feet. The other two systems are used for horizontal displacement
of two movable platforms.

The first cycle of operation of pneumatic drive should provide the following operations (Fig. 3):
a) “delay” (“stoppage”) of vertical pneumatic cylinders of the robot’s active platform (this means that one
platform is immovably staying on the supporting surface); b) motion of the rods (pins) of the horizontal
pneumatic cylinders of the active and passive platforms (the rods (pins) of both cylinders perform reverse
run or are in back stroke); c¢) going down (forward stroke, direct run) of the rods of the vertical cylinders of
the passive platform (which does not act upon the supporting surface).

The second cycle of operation of pneumatic drive should provide the following operations (Fig. 3):
a) “delay” (“stoppage”) of vertical pneumatic cylinders of the robot’s platform, which became active after
the first cycle (this means that the second platform is immovably staying on the supporting surface);
b) lifting (reverse run, back stroke) of the rods of the vertical pneumatic cylinders of the other platform,
which became passive after the first cycle (which acted upon the supporting surface in the first cycle);
c) motion of the rods of the horizontal pneumatic cylinders of the active and passive platforms in the
opposite direction (the rods of both cylinders perform direct run or are in forward stroke).

The third cycle of operation of pneumatic drive should provide the following operations (Fig. 3):
a) “delay” (“stoppage”) of vertical pneumatic cylinders of the robot’s platform, which became active after
the first cycle and remained active during the second cycle (this means that the second platform is
immovably staying on the supporting surface); b) lowering (forward stroke, direct run) of the rods of the
vertical pneumatic cylinders of the platform, which became passive after the first cycle and remained
passive at the second cycle (this platform did not act upon the supporting surface in the second cycle);
c) “delay” (“stoppage”) of the rods of the horizontal pneumatic cylinders of the active and passive
platforms (because the passive platform have already moved relative to the active one at the distance that is
equal to the length of one step).

1. Pneumatic cylinder
of horizontal motion of
the first platform

2. Pneumatic cvlinder
of vertical motion of
the first platform

3. Pneumatic cylinder
of horizontal motion of
the second platform

4. Pneumatic cylinder
of vertical motion of
the second platform

1-st cycle 2-nd cycle 3-rd cycle 4-th cycle

Fig. 3. Timing diagram of operation of the robot’s pneumatic system
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The fourth cycle of operation of pneumatic drive should provide the following operations (Fig. 3):
a) “delay” (“stoppage”) of vertical pneumatic cylinders of the robot’s platform, which became active after
the third cycle (this means that the first platform is immovably staying on the supporting surface); b) lifting
(reverse run, back stroke) of the rods of the vertical pneumatic cylinders of the second platform, which
became passive after the third cycle (this platform do not act upon the supporting surface in the fourth
cycle); ¢) “delay” (“stoppage™) of the rods of the horizontal pneumatic cylinders of the active and passive
platforms (because the passive platform has already moved relative to the active one at the distance that is
equal to the length of one step).

Constructing a Pneumatic Circuit of the Robot’s Drive

On the basis of the considered timing diagram of operation of pneumatic cylinders of mobile robot
(Fig. 3), let us construct the corresponding pneumatic circuit of the robot’s drive (Fig. 4). The principal
pneumatic circuit consists of the following components: four double-acting (two-way) cylinders providing
direct and reverse run (11, />, /I3, [s); four two-position four-linear pneumatic control distribution valves
(P2, Ps, P4, Ps), eight two-position four-linear pneumatic distribution valves with end-sensors (Ps, P7, Ps,
Py, Pio, P11, P2, Pi3), four logical adding (summing) elements (/1, I, [3, 1), starting distribution valve
(“Start” button, P;), and eight regulating (pilot) air-flow constrictor with check (non-return) valves for
providing the possibility of changing the intensity of air-consumption.

The proposed pneumatic circuit ensures the operation of the pneumatic cylinders in accordance with
the prescribed program (timing diagram, Fig. 3). After pushing the “Start” button, the air flows through the
ports (passages) of the distribution valve P, if the piston of the cylinder /[4 is located in the left end
position. The air flows from the air-supply system to the control distribution valves P, Ps, Ps providing the
reverse run (back stroke) of the rods of the pneumatic cylinders /{1, /5 and the direct run (forward stroke)
of the rod of the cylinder /4. Taking into account the necessity to ensure the simultaneous operation of
three pneumatic cylinders during the stroke 1, two logical adding (summing) elements /i, /> were used for
registering the positions of the corresponding piston-rods with tappets during the stroke 1. The output
signal from 7, switch the distribution valves P, P3, P4. This provides the direct run (forward stroke) of the
pistons of the cylinders /Ji, /3 and the reverse run (back stroke) of the piston of the cylinder //.

A A,

Fig. 4. Principal pneumatic circuit of the robot’s drive

In order to start the stroke 3, it is necessary to register the end of performing the stroke 2. That is
why the logical adding (summing) elements /3, /4 are used in the pneumatic circuit. These elements register
the end of the stroke 2 and give a command for performing the stroke 3 (the direct run (forward stroke) of
the piston of the cylinder /). When the piston-rod of the cylinder /[» reaches its end-position, the
distribution valve Py gives the command for performing the reverse run (back stroke) of the rod of the
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cylinder /{4 by switching the distribution valve Ps. At the end of the fourth stroke, the full cycle of the
pneumatic system operation is performed. After this the following walking cycle is to be performed.

Deriving the laws of motion of the robot’s members

On the basis of the constructed timing diagram of the mobile robot walking process (Fig. 3), let us
derive the equations of motion of the robot’s members. Let us make the following assumptions: 1) the
duration T of each cycle (stroke) of the robot’s walking process is equal (unchanged); 2) the speed V' of
motion of each piston-rod of all pneumatic cylinders in the forward and back stroke (direct and reverse
run) is equal (for the pneumatic cylinders of the platforms’ horizontal motion V) =X =x,; for the
pneumatic cylinders of the feet vertical motion V,, = j; =y, ); 3) the speed of motion of the rod of each
pneumatic cylinder during one stroke is constant (¥}, = const , V, = const).

Taking into account the assumptions made, in accordance with the proposed timing diagram of the
robot’s pneumatic system operation (Fig. 3), let us derive the laws of motion of the load-carrying frame
(body) and of the supporting feet (x;, x, are the related horizontal displacements of the movable
platforms with respect to the load-carrying frame (body) of the robot; y;, y, are the related vertical
displacements of the supporting feet with respect to the corresponding platforms):

Xp -t, 0<t<T (1-st stroke); V,-t,0<t<T;

X -T+xy-(t=T), T<t<2-T (2-nd stroke); V, - T+V-(t-T), T<t<2-T;

rame (1) = (% + %) T,2-T<t<3-T (3-rd stroke); - 2-V,-T,2-T<t<3-T;

(3 +3y)-T,3-T<t<4-T (4-th stroke). 2-V,-T,3-T<t<4.T.
0,0<t<T; 0,0<¢<T;
(5c1+)'c2)-(t—T),T§t§2-T; 2-V2-(t—T),TSt£2-T;

xfootl(t)z (% + %) T,2-T<t<3-T; - 2-V,-T,2-T<t<3-T;
(% +%)-T,3-T<t<4-T. 2.V, -T,3-T<t<4-T.
(% +%)-1, 0<t<T; 2.V, 1, 0<t<T;
(X +%)- T, T<t<2-T; 2.V, -T,T<t<2-T;
joor2 (1) = ()'c1+)'c2)-T,2-T$tS3-T;: 2.V,-T,2-T<t<3-T; (1)
(x1+x2)-T,3~T£tS4-T. 2-V,-T,3-T<t<4.-T.
~Vmins 05t LT; ~Vimin> 05T
~Vimin + 01 -(t=T), T<t<2-T; “Vmin +Ve - (t-T), T<t<2-T;
Y foort (1) = {_ylmin+yl'T_:| T <t<3 T |:_y1min+Ve'T_:| Y T<1<3.T:
= -(t=2-T) | ’ V- (t-2-T) | ’
~Vimin> 3T <t<4-T. ~Vimin> 3T <t<4-T.
~Vomin ¥ 31 T =1 -1, 0<t<T; ~Vomin + Ve TV, -1, 0<t<T;
~Yomin, L St<2-T; —Vomin> L St<2-T;
Ypoor2 (1) = Vymins 2-T<t<3-T; vy, 2 T<t<3-T;

~Vomin + V2 (t=3-T),3-T<t<4-T. |=yypin +Vy-(t=-3-T),3-T<t<4-T.
In the formulas (1), the following notations were used: ¥y in»> Y2min are the maximal extensions of
the rods of vertical pneumatic cylinders of the supporting feet (i.e. the lowest positions of the supporting

feet on the vertical axis); X fame > X foorl » X foor2s Y foorls Y foor2 are the coordinates of the corresponding
members of the robot’s mechanical system.
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Numerical Modelling of the Robot’s Motion in MathCAD Software

Using the derived equations of motion of the considered mobile robot, let us simulate the
displacements of its members in MathCAD software. Firstly, let us specify the input parameters of
modelling: 1) nominal speed of the piston-rods of the pneumatic cylinders of horizontal motion of movable
platforms 7}, =0.395 m/s; 2) nominal speed of the piston-rods of the pneumatic cylinders of vertical
motion of the supporting feet ¥, =0.075 m/s; 3) duration of one walking cycle (stroke) 7=2s;
4) maximal extension of the piston-rods of the pneumatic cylinders of vertical motion of the supporting
feet yimin = Y2min =0.15 m.

Taking into account the specified above parameters of the pneumatic system of the mobile robot, the
time dependencies of vertical and horizontal coordinates of the supporting feet of the walking mechanism
and the motion trajectories (paths) of the supporting feet are presented in Fig. 5 for the first three steps.

‘lfmr’_’, m .l'far‘;‘rrI y

J\VAVAVAVAV
VVV VY

10 20 I, s

| N\ /[ /
| 7
/7

0 10 20 I, s

[

Yfootl, Mt
0

—0.03 / /-

-01 L

0 1 2 3 4 Xfootl, m
c
Fig. 5. Time dependencies of changing the coordinates of the robot’s supporting feet (a, b) and the motion trajectory
(path) of the supporting foot (c)
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Based on the obtained results we can conclude: 1) the proposed timing diagram of the pneumatic
system operation (Fig. 3) is accurately described by the derived equations of the robot’s members motion
(1); 2) at each moment of time, the supporting feet of at least one platform are in contact with the
supporting surface; 3) the supporting feet of different platforms are not at the same walking phase during
the whole walking process; 4) the step length during one cycle of the pneumatic system operation (8 s)
equals 1.58 m. Therefore, the average speed of the robot’s motion is 0.2 m/s or 0.7 km/h; 5) the maximal
height of the supporting feet lifting (i.e. the maximal height of the obstacle that can be overcome by the
robot) is equal to the maximal extension of the corresponding pneumatic cylinder — 0.15 m.

Simulation of the Robot’s Motion in SolidWorks Software

In order to substantiate the adequacy of the proposed theoretical models and of the results of
numerical modelling of the mobile robotic system motion, let us perform the virtual experiment
(simulation). First, the solid-state model of the eight-feet orthogonal walking robot was designed in
SolidWorks software (Fig. 1, Fig. 6). For carrying out the engineering analysis of different mechanical
system, the SolidWorks Motion environment was used. It allows modelling (simulating) the motion of
program-controlled mechanisms (in this case — the robot’s walking mechanism).
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Fig. 6. SolidWorks software window, in which the simulation of the robot’s motion has been carried out

Specifying the same input simulation parameters as for the numerical modelling, the motion of the
mobile robot’s solid-state model is simulated in SolidWorks Motion software. The main results of
computer (virtual) experiments (time dependencies of changing the coordinates of the supporting feet) are
presented in Fig. 7. The trajectories (paths) of the feet motion are plotted in Fig. 6.

Analysing the presented graphical dependencies (Figs. 6, 7) and comparing them with the results of
analytical investigations (Fig. 5), we can state about their satisfactory coincidence. This substantiates the
adequacy of the derived mathematical expressions for describing the motion of mobile robotic system with
orthogonal walking drive. Some imperceptible differences can be substantiated by some delay in the
operation of pneumatic cylinders and by non-zero initial positions of the supporting feet of the walking
mechanism. This take place due to the specific peculiarities of simulation process in SolidWorks software.
Nevertheless, the average motion speed of the mobile robot equals 0.2 m/s, the maximal height of the
supporting foot lifting equals 0.15 m, and the walking character (Figs. 6, 7) are identical to the ones
obtained by numerical modelling (Fig. 5).
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Fig. 7. Time dependencies of changing the coordinates of the robot’s supporting feet obtained by the results of the
robot’s motion simulation in SolidWorks software

Simulating the Operation of the Robot’s Pneumatic System in FESTO FluidSim Software

In order to substantiate the adequacy and operation capacity of the proposed principal pneumatic
circuit of the mobile robot (Fig. 4), the corresponding simulation model of the pneumatic system was
implemented in applied software FESTO FluidSim Pneumatics (Fig. 8). The results of simulation
presented in the form of timing diagrams of the pneumatic cylinders operation are shown in Fig. 8.
Analysing the obtained results, we can state that the timing diagram obtained by simulation in FESTO
FluidSim Pneumatics software satisfactorily corresponds to the theoretical timing diagram (Fig. 3).

Conclusions

In this paper, the structure of the mobile robotic system with orthogonal walking drive and
pneumatic actuation is proposed (see Fig. 1). The robot is equipped by two platforms and eight feet. The
basic peculiarities of its operation are considered, and the process of the cyclic walking is described
(Fig. 2). Based on results of performed analysis of the walking process, the timing diagram of operation of
the actuating pneumatic cylinders was constructed (Fig. 3) and the corresponding pneumatic circuit was
developed (Fig. 4). The laws of motion of the main robot’s members, which provide its programmable
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cyclic walking motion in accordance with the substantiated timing diagram of the pneumatic cylinders
operation, were derived.

Based on the obtained analytical dependencies, the numerical modelling of the mobile robot’s
supporting feet was performed in MathCAD software. Under the prescribed input parameters: nominal
speed of the piston-rods of the pneumatic cylinders of the platforms’ horizontal motion 7}, =0.395 m/s;

nominal speed of the piston-rods of the pneumatic cylinders of the supporting feet vertical motion
V,, =0.075 m/s ; duration of the one stroke of the walking process 7' =2 s; maximal extension of the piston-

rod of the pneumatic cylinder of the supporting feet vertical motion y;in = Vomin =0,15 m, it was

established that: 1) the proposed timing diagram of the pneumatic system operation (Fig. 3) is accurately
described by the derived equations of the robot’s members motion (1); 2) at each moment of time, the
supporting feet of at least one platform are in contact with the supporting surface; 3) the supporting feet of
different platforms are not at the same walking phase during the whole walking process; 4) the step length
during one cycle of the pneumatic system operation (8 s) equals 1.58 m. Therefore, the average speed of
the robot’s motion is 0.2 m/s or 0.7 km/h; 5) the maximal height of the supporting feet lifting (i.e. the
maximal height of the obstacle that can be overcome by the robot) is equal to the maximal extension of the
corresponding pneumatic cylinder — 0.15 m.

The solid-state model of the robot was designed in SolidWorks software (Fig. 6). Its motion was
simulated and the results of virtual experiment (Fig. 7) were compared with the ones of numerical
modelling (Fig. 5). The conclusions about their satisfactory coincidence were substantiated. The simulation
model of the robot’s pneumatic system was implemented in applied software FESTO FluidSim Pneumatics
(Fig. 8), and the obtained timing diagram satisfactorily corresponded to the theoretical one (Fig. 3).
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Fig. 8. FESTO FluidSim Pneumatics software window, in which the simulation of the pneumatic circuit operation has

been carried out
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