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Abstract. Problem statementMobile robots are currently of significant interesmong
researchers and designers all over the world. Gntheo prospective drives of such robots is
equipped by a pneumatically operated orthogonatensys The processes of development and
improvement of orthogonal walking robots are siigaifitly constrained because of the lack of an
open-access comprehensive scientific and theoré&tisaework for calculating and designing of the
energy-efficient and environmental-friendly pneuimatalking drives.Purpose.The main purpose
of this research consists in the kinematic analysistion modelling and pneumatic system
simulation of the mobile robot with an orthogonahlking drive. Methodology.The research is
carried out using the basic laws and principlesanafchanics, pneumatics and automation. The
numerical modelling of the robot motion is conductin MathCad software. The computer
simulation of the robot kinematics is performedngsiSolidWorks software. The operational
characteristics of the robot's pneumatic system iakestigated in Festo FluidSim software.
Findings (results) and originality (noveltyJThe improved design of the mobile robot equippgd
the orthogonal walking drive and turning mechani@nthoroughly investigated. The motion
equations of the orthogonal walking drive are dedi@nd the graphical dependencies describing
the trajectories (paths) of the robot’'s feet andybare constructedlhe pneumatically operated
system ensuring the robot rectilinear and curvdmi®comotion is substantiateBractical value.
The proposed design of the walking robot can beal wgkile developing industrial (production)
prototypes of mobile robotic systems intended fnfgrming various activities in the environments
that are not suitable for using electric powscopes of further investigationd/hile carrying out
further investigations, it is expedient to desiga tlevices for changing the robot locomotion speed
and controlling the lifting height of its feet.

Keywords: pneumatic drive, walking robot, orthogonal syst&mematic analysis, turning
mechanism, curvilinear locomotion, trajectory.

Introduction

The walking (stepping) method is primarily usecetwmble the locomotion of various transport and
technological machines in the arbitrary naturalditons and on a rough terrain. This is especidig/case
when the use of wheeled or tracked drives is indigme or impossible. The walking machines can be
effectively used for military purposes, scientifiesearch, in forestry, horticulture and agricultufrée
involvement of the walking (stepping) machines uste expedient during the introduction of prospesxti
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soil-saving and environmental-friendly technologieggriculture, because the walking (stepping)hoeét
of locomotion provides a discrete impact of supipgrtelements on the ecologically vulnerable soil
surface, while the wheeled or tracked vehiclestereantinuous tracks destroying the fertile sojkles.

Problem Statement

The locomotion of large and heavy transport antrtetogical machines involves the need to ensure
the stability of the machine’s body position whil@oving, the specified locomotion speed,
manoeuvrability and passability. The first two wslte vey important because of the significant powe
losses that take place during periodic lifting-loiwg and accelerating-decelerating of the machibeiy
while walking. These losses can be controlled ey kmematics of the walking (stepping) mechanisms
used in the drives of the supporting elements. l@nather hand, in the case of increasing the machin
mass, the problems of eliminating the dynamic leadsted upon the elements of the walking drivelevhi
performing the locomotion become more and more nirg&herefore, the problems of modelling
(simulation) and analysis of the motion conditiofishe walking machines, as well as the substantiadf
design parameters and operational characteridtit®iv drives are currently relevant.

Review of Modern Information Sources on the Subjecbf the Paper

Mobile robotic systems are currently of significamterest among researchers and designers all over
the world. The numerous scientific and educatiopablications are widely available. The general
information about the most widespread designs asalseof implementation of mobile robots is presgnte
in [1]. Basic theories, methods and algorithms usedtudying mobile robotic systems are considened
[2]. The problems dealing with the dynamics andte@rof robotic systems are analyzed in [3]. Mokt o
existent educational publications are dedicatedh® robotic systems equipped by a wheeled or a
caterpillar drive, whereas the problems of develepnof the walking robots are not thoroughly anetlz

The paper [4] is dedicated to the kinematic analgsithe orthogonal robot with four degrees of
freedom. In [5], there are considered the algorgttwhcontrolling the orthogonal robot motion depegd
on the signals obtained from the spatial orientatigstem. The problems of synthesizing the optimas
of the orthogonal robot locomotion aimed at redgdime power consumption are investigated in [6f Th
investigations dedicated to the implemented metlgiles of performing the in-pipe locomotion of
various mobile robots driven by different actuat{idC motors, servo motors, pneumatic and hydraulic
systems) are presented in [7]. Most of the consitigrublications deal with mobile robots that are
equipped with electric drives while the problemsdefelopment of the pneumatically driven orthogonal
walking (stepping) robots are not thoroughly inigestied.

This paper continues the authors’ research on pieeation of mobile robots with pneumatically-
driven walking mechanisms. These investigationseHaeen initiated in [8], where the general desifjn o
the robot was proposed and its operational chaisiits were considered. The paper [9] extends the
obtained results to modelling and simulation of tebot motion. In [10], there was performed the
structural and kinematic analysis of the pantogitgple manipulator with three degrees of freedonduse
for conducting the prescribed technological opereti The paper [11] was dedicated to improvement of
the design parameters of the pneumatically-drivgmogonal robot able to perform rectilinear locoiont
(Fig. 1). All the considered papers became thesbfasithe current research dealing with the curegir
locomotion of the developed mobile robotic systatditonally equipped with the turning mechanism.

Objectives and Problems of Research

The main purpose of the paper consists in develapofehe improved design of the pneumatically-
driven orthogonal walking robot able to performtboéctilinear and curvilinear locomotion. The méagsks
set in this research are following: constructing ithproved pneumatic system of the robot’s drivexjuvihg
the mathematical expressions describing the lawsotibn of the robot's members; performing the nuocaé
modelling of the robot locomotion in MathCad softesasimulation of the robot locomotion in SolidWerk
software; simulating the operation of the robot®pmatic system in Festo FluidSim software.
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Pneumatic Circuit of the Robot’s Drive

The general design (Fig. 1) and operational pectdia of the four-degree-of-freedom double-
legged robot with pneumatic drive and turning medctra are thoroughly analyzed in [11]. In particular
the previous authors’ paper [11] presents the ingmlodesign of the pneumatically-driven orthogonal
walking robot equipped with turning mechanism, gses$ its rectilinear and curvilinear locomotion,
considers the corresponding timing diagrams of atp@r of the pneumatic cylinders under the condgio
of rectilinear and curvilinear motion. The prespaper continues the investigations initiated in.[11

Fig. 1.Improved design of laboratory-scale mobile rodg®2 — movable platforms; 3 — feet;
4,5, 6, 15 — pneumatic cylinders; 7, 8, 9 — guigesding rods); 10 — linear bearings; 11 — aiteieer;
12 — pneumatic cylinder fixator; 13 — turning ptath; 14 — cylindrical hinge; 16 — guide fixator

The pneumatic circuit describing the control systi#operation of the robot’s pneumatic cylinders
during its curvilinear motion has been developefd.ij (Fig. 2a). The principal pneumatic diagram consists
of four double-acting (two-way) cylinders providimirect and reverse runfd, 72, 13, A4) [12]; four
two-paosition four-line pneumatic control distriboati valves P1, P4, P7, P11), six two-position four-line
pneumatic distribution valves with end-sensarg, (P3, P5, P6, P8, P9), two logical adding (summing)
elementsfl, 12), starting distribution valv€10 (“Start” button for starting the rectilinear riast), starting
distribution valveP12 (“Start-2" button for starting the turning presg and eight regulating (pilot) air-
flow constrictors with check (non-return) valves fivoviding the possibility of changing the integsbf
air-consumption to the corresponding cylinders,(f@ changing the motion speeds of their pistoasj.

After pushing the “Start” button, while the “St&t-button is not pushed, the compressed air is
supplied from the pneumatic system and switchesdimérol distribution valve’11, as a result of which
the rod of the pneumatic cylindg#, which is responsible for turning the robot, iied in the extended
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position. This position of a rod of the turning pneatic cylinder provides rectilinear motion of ttubot.
That is, when the “Start-2” button is not pushéeéré takes place the stepping cyclogram (timingrdia)
shown in Fig. 2b. After pushing the “Start” button, the air flowsrough the ports (passages) of the
distribution valveP10 if the piston of the cylindef3 is located in the left end position. The air fiofkom
the air-supply system to the control distributicdvesP4, P7 providing the reverse run (back stroke) of
the rods of the pneumatic cylindef® and the direct run (forward stroke) of the rodha cylinder/[3.
Taking into account the necessity to ensure thelsimeous operation of two pneumatic cylinders riyri
the first cycle, one logical adding (summing) elam& was used for registering the positions of the
corresponding piston-rods with tappets of the pragiorcylinders//2 and/3 during the stroke 1. The
output signal from the adding (summing) elem&hswitches the control distribution valv€& andP4.
This provides the direct run (forward stroke) o¢ thiston of the cylindeff2 and the reverse run (back
stroke) of the piston of the cylindg.

A,
P, b
11
millbdy
av a
P, o
P
=
] =
"Start-2"
1. Pneumatic cylinder
of vertical motion of
the first supporting foot
2. Pneumatic cylinder
of horizontal motion of
the movable platform
b

3. Pneumatic cylinder
of vertical motion of
the second supporting foot

4. Pneumatic cylinder
of turning the platforms

I-stcycle 2-nd cycle 3-rd cycle 4-th cycle
Fig. 2. Pneumatic circuit of the robot's driva)(and cyclogram (timing diagram) of its curvilineaotion ()

In order to start the stroke 3, it is necessaryetpister the end of performing the stroke 2. That i
why the logical adding (summing) elemdintis used in the pneumatic circuit. This elemenistegs the
end of the stroke 2 (the end positions of the pistals with tappets of the pneumatic cylind&rsand/[2)
due to adding (summing) the signals of the distiilbuvalves with end-sensors and Ps. The logical
adding (summing) elemeiit gives a command for performing the stroke 3 (tihectirun (forward stroke)
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of the piston of the cylindeff:) by means of changing the position of the condietribution valveP:.
When the piston-rod of the cylind&k reaches its end-position, the distribution vakgeyives a command
for performing the reverse run (back stroke) of thd of the cylindeyds by switching the distribution
valve P;. At the end of the fourth stroke, the full cycletbe pneumatic system operation is performed.
After this the following walking cycle is to be fermed.

In order to stop the operation of the pneumatitesygand the cyclic stepping process of the robot)
it is necessary to push the “Start” button (thetistg the distribution valvésg).

When the “Start-2" button (starting distributionlw@P12) is switched on (pushed), the compressed
air is supplied to the control distribution val&1, which controls the operation of the turning ymmatic
cylinder /4. At the same time, the control distribution vaR&eresponsible for operation of the pneumatic
cylinder /72 is supplied by the compressed air according & gsame cyclogram as for the control
distributor P11. The pneumatic cylindgf2 sets into horizontal motion the movable platfarifisus, due
to the use of a two-position five-line starting tdisution valve P12 it is possible to synchronize the
operation of the pneumatic cylindef2 and/[4, and to implement the specified process of thmtro
stepping with the possibility of changing the dtrew of its course motion (turning).

Simulating the Operation of the Robot’s Pneumatic $stem in Festo FluidSim Software

In order to substantiate the adequacy and operatipacity of the proposed principal pneumatic
circuit of the mobile robot (Fig. 2), the corresdorg simulation model of the pneumatic system was
implemented in applied software FESTO FluidSim Pm&tics (Fig. 3). The results of simulation
presented in the form of timing diagrams of the ymatic cylinders operation are shown in Fig. 3.
Analysing the obtained results, we can state thattiming diagram obtained by simulation in FESTO
FluidSim Pneumatics software satisfactorily coroegfs to the theoretical timing diagram (Fig. 2).

FESTO
FluidSIM®4
Version 4.2p/1.67 Pneumatics, 02/19/2010
Designation Quantity value 4 5 6 7 8 9 10 11 12 13
100 ™
Horizontal | posigon o N \—rf A\ N — N —f — N
displacement | & )\ Y [ ] 7 ) \ 7 )

b 7 W, ] W, 7 W, 7 7 W)

7 \ / V) Wi Vi Vi i Vi
displacement | Posin e —f — \—f T — T o —f N
et rom & 7 7 -, ] - 7 J 7 \

b 7 7 W) 7 7 W) 7 7 \
foot Vi V) v, V) Vi Vi Vi Vi Wi
Vertical 100

displacement | Position gg / \ / \ / \ \ / \ / \ / \ / \ /
of the 2-nd | mm & / \/ \/ \ \ \/ \/ \/ \/
20
. foot 7 \Vi W \Wj ¥ W V) U Y
D}sglaccr;m;t oo [ —— N NI N I N N N N
-l Sy Sy v v A A A
; 20
cylinder V) Vi ¥ W) ¥ 1] ]

Fig. 3. Results of simulation performed in FESTO Fluid$tmeumatics software
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Kinematic Diagram of the Robot’'s Mechanical System

In order to perform further modelling of the rolmobtion, let us construct the kinematic diagram of
its mechanical system (Fig. 4). The supporting feeand 2 can move along the guidgsand C,
respectively. The guides are modelled as prisnsditiers allowing the translational motion and riesitrg
the rotation of the guiding rods. The guides atacaied to the corresponding movable platforms 34and
The generalized coordinates describing the vertization of the supporting feet are denoted as bheta
y, and y,, which express the laws of motion of the rodshef torresponding vertical pneumatic cylinders
(Fig. 1). The platforms 3 and 4 can translationafigve with respect to each other along the horaont
guideO, which is modelled as a prismatic slider attacieedne of the movable platforms. The generalized
coordinate describing the relative translationatiaroof the platforms is denoted ag, which expresses
the law of motion of the rod of the correspondirggizontal pneumatic cylinder (Fig. 1). The cylirzhi
hinge 4 allows the turning of the movable platforms 3 @ndith respect to each other. The generalized
coordinate describing the relative angular positibthe platforms is denoted &s.

The walking mechanism is characterized by four eegiof freedom, which can be clearly described
by the corresponding generalizeg, y;, Y, and ¢,. To perform further kinematic analysis let us adop

the Cartesian (rectangular) coordinate systelye with its center (origin) located at slider(Fig. 4).

Fig. 4. Kinematic diagram of the walking robot’'s

Y, mechanical system

Laws of Motion of the Robot’s Members

On the basis of the constructed timing diagramhefrhobile robot walking process (Fig. 2), let us
derive the equations of motion of the robot's memab&et us make the following assumptions: 1) the
durationT of each cycle (stroke) of the robot’s walking mss is equal (unchanged); 2) the speedf
motion of each piston-rod of all pneumatic cylirglén the forward and back stroke (direct and reers
run) is equal (for the pneumatic cylinders of thatforms’ horizontal motionV,, = % =x,; for the

pneumatic cylinders of the feet vertical motigp= ¥ = ¥,); 3) the speed of motion of the rod of each
pneumatic cylinder during one stroke is constafit£ const, V,, = const); 4) the angular speed of turning
of one movable platform with respect to another dmeng one stroke is constarb € ¢, = const).

Taking into account the assumptions made, in aecme with the proposed timing diagram of the
robot’s pneumatic system operation (Fig. 2), ledasve the laws of motion of the load-carryingnfiea
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(body) and of the supporting feet during one stéh simultaneous turning of the robot’s platforrset us
assume thatq is the horizontal displacement of the movablefptats with respect to one anotheg;,

y, are the related vertical displacements of the sdjpg feet with respect to the corresponding méwab
platforms; ¢, is the angle of turning of one movable platfornthwiespect to another one). The equations

describing the robot’s members motion are following
0,0<t<T;

% [{t-T)eos(¢, [{t—T)) - OCOsi{¢, [ t- T)) , T< & 2T,
ooz (1) = % [T [eos(9, [T) - OCCsin(¢, O0T) , ZTT< & ZIT; )
%, [T [eos(¢, (o) = OCCsin(¢, O0T) , _T< & 4T.
0,0<t<T;
V, [t-T) Eos(w{t-T)) - OCOsifw{ t- T)) , T< & 2T ;
) V, [T [tos(wLT) = OCIEN (w(T), 20T < t< 3(T;
V, T [os( L) — OCLsin(w) , 3T< & 4IT.
x [, 0<t<T; V, @ 0<t<T,;
v (1) = ):cl[T,TstSZEF; _ VT, Tt 200,
x T, 200< t< 307; |V OT, 207< & 30T,
% [T, 30T < t< 400T. |V, T, 30T < t< 4LT.

“Yimin, 0STST; ~ Y, 0SS T;
Vi W HE-T), TS t< 20T |- Yt Y =), = E20T
Yoma(1) Vi + T = Y {(t-200T), 20T< < 30T, |-y, + VO VI £ 20T, 20F € 31
~Yimin: SLT < t< ALT. = Ymin » ST S 1< AT,
“Youin t VT = 4L Ot T, “Vorin TV, M=V [k 0< t< T, @
~Yomins TS t< 20T ~ Yo, TS t€ 2007
Voo (1) = ~Yymins 200 < t< 30T, “)-y,., 20T < t< 30T
~Vomin + ¥, [{t=30T), 30T< t< 40T, |-y, +V, [{t—30T), 30T< t< 40T
OC, 0<t<T;

% [{t-T)sin(¢, [{t-T))+ OClrod¢, [ t- T)) , T< & ZIT;
Zue (1) = % (T (3in(¢, () + OClog ¢, (0T) , ZTT< & IIT; )
%, [T &in(¢, OOT) + OCrog ¢, OT) , 3AT< & 4IT.
OC,0<t<T,
|V dt-T) Bin(w{t-T))+ OCodw{ t- T)) , T< & 20T
|V, T Bin(wrT) + OCtodw) , Z1T< & 3IT;
V, 0 Bin(wLT) + OCto{wl) , TT< & 4IT.
-AB, 0<t<T;
—-AB, T< t< 20T,
Zenna (1) = -AB, 2(T < t< 3[T;
—AB, 3T < t< 41T,
where yimin, Yomin are the maximal extensions of the rods of vertiaéumatic cylinders of the
supporting feet (i.e. the lowest positions of thporting feet on the vertical axiS¥oon » Xfoot2+ Yiootl s
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Yfoot2+ Zfootlr Zfootz are the coordinates of the corresponding membgrheo robot's mechanical
system;OC is the smallest distance between the axes ofittgesO andC; AB is the smallest distance
between the axes of the hingeandB.

Numerical Modelling of the Robot Rectilinear Locomdion in MathCad Software

Using the derived equations (1) of motion of thexsidered mobile robot, let us simulate the
displacements of its members during its rectilifeaomotion (; =w=0) in MathCAD software. Firstly,

let us specify the input parameters of modellingn@minal speed of the piston-rods of the pneumatic
cylinders of horizontal motion of the movable ptaths and of vertical motion of the supporting feet
Vi, =V, =0.08 m/s; 2) duration of one walking cycle (strok&)=2 s; 3) maximal extension of the piston-

rods of the vertical and horizontal pneumatic a#irs y; min = Y2 min = X1max=0-08 m.

Taking into account the specified above parametietise pneumatic system of the mobile robot, the
time dependencies of vertical and horizontal cowtdis of the supporting feet of the walking mecbani
and the motion trajectories (paths) of the suppgrteet are presented in Fig. 5 for the first thstps.

A AN A
AW AAN AW —

JAVARVARVARVARVARY
VIV VIV

- 0.08
0 2 4 6 8 10 L s
Xfoot2, m Xfootl, M

A /

J A b
| /

0.08 /
0.04

JYofootl, m Yfootl,

0 2 4 6 8 10 Ls
JYfoetl, m
—002 / / /
— 0.04] C
—0.06
—0.08
0 0.04 0.08 0.12 0.16 02 Xfootl, 1

Fig. 5. Time dependencies of changing the coordinatelsenfdbot’'s supporting feed,(b) and the motion trajectory
(path) of the supporting foot)
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Numerical Modelling of the Robot Turning Process
Let us adopt the same input parameters prescribesea The maximal angle of turning one
platform with respect to another one is limitedtbg robot’s design parameters and is eqygh, =30°.
This turn must be performed during the first wagkeycle, i.e. during the time peridd=1s. The angular
velocity of the turning process is considered t@destant and equal to:
_ Tmax _ MBO°
- TO8C 1180
Prescribing the lengtftOC=0.1 m (Fig. 4), based on the equations (1) let us sitautlihe robot

turning process during the first three steps. Tdwulis of simulation are presented in the formimit
dependencies of the coordinates of the robot's émuiter during the first 12 s (Fig. &, and of the
trajectory of the foot indicating the specific pw@itof the foot contact with the supporting surfé€ig. 6b).

=0.523 rad/-.

0.15 T
-
0.1 [ <
0.05
xXft), m
. "l ey
0 a
—0.03 \\
-01
—0.13
1] 2 4 L s i 3 10 12
0.03
=i
= .--""A\
2 o= N
g
g'—l}.l}i
=
w_
= 0.06/ b
L
o
5009 /
B5-012
(]
[

¢

-013
)D.l 0.11 0.12 0.13 0.14 0.13
Coordinate z of the supporting foot, m

Fig. 6. Time dependencies of changing the coordinatelseofdbot’s supporting foot) and the motion trajectory
(path) of the supporting foob) during the first three steps

Simulation of the Robot Locomotion in SolidWorks Sétware

In order to analyze the correctness of the propdisedretical models and the results of numerical
modelling of the robot motion, let us carry out tietual experiment (computer simulation) using the
robot’s solid model designed in SolidWorks softwéFég. 7 a). Adopting the same input parameters
prescribed above for numerical modelling, the rabotion has been simulated using SolidWorks Motion
software. The results of computer simulation aesented in the form of time dependencies of changin
the supporting feet coordinates during the robcitilreear locomotion (Fig. D).
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Conclusions

The paper considers the improved design of the rpagoally-driven orthogonal walking robot
equipped with turning mechanism (Fig. 1), analyisesectilinear and curvilinear locomotion, consile
the corresponding timing diagrams of operation ltg pneumatic cylinders under the conditions of
rectilinear and curvilinear motion (Fig. 2). Thensilation model of the robot's pneumatic system was
implemented and experimentally tested in FESTOdSum Pneumatics software (Fig. 3).

The laws of motion of the main robot's members,clhprovide its programmable cyclic walking
motion, were derived. The numerical modelling oé tfobot rectilinear and curvilinear motion was
performed in MathCAD software (Figs. 5 and 6), #mel virtual experiment was conducted in SolidWorks
software (Fig. 7). It was established that: 1) preposed timing diagram of the pneumatic system
operation (Fig. 3) is accurately described by teeved equations of the robot's members motion Z1 at
each moment of time, the supporting feet of attlese platform are in contact with the supporting
surface; 3) the supporting feet of different platis are not at the same walking phase during thdewh
walking process; 4) the step length during oneepflthe pneumatic system operation (4 s) equaii®;

5) the average speed of the robot motion is 0.62an0.07 km/h; 5) the maximal height of the sugipgr
feet lifting (i.e. the maximal height of the obdtathat can be overcome by the robot) is equahéo t
maximal extension of the corresponding pneumatiodgr — 0.08 m.
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