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Abstract: Robots of arbitrary orientation (Climber Robot) are a new modification of
mobile robots. These robots are equipped with means of holding the robot on a surface of ar-
bitrary orientation relative to the horizon of the technological space. The creation of this type
of robotics is at the initial stage and is dictated by the need to perform technological opera-
tions for monitoring industrial facilities, installation and dismantling of building structures,
repair and preventive maintenance of their components. The article proposed three basic prin-
ciples for the synthesisof walking mobile robots: the accumulation and transformation of en-
ergy, the integration of motion drives and the use of a generator of reactive pneumatic thrust.
The implementation of these principles helps to reduce the total power of the drives and to
increase the reliability of the holding robots on the surface of an arbitrary orientation in the
technological space. The results of mathematical modeling of constructive and technological
parameters of mobile robots are described.
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1. Introduction

The evolution of technical systems in the field of engineering science, as a
rule, led to the emergence of new means of production. In the twentieth century
scientific and technical thought created sufficiently reliable means of overcoming
the gravitational force in the form of flying and reactive equipment. These funds
are used as a reliable transport. However, up to the present time there are no indus-
trial samples of equipment for performing contact technological operations while
simultaneously overcoming the forces of gravity.

Mobile robots of arbitrary orientation are known in publications as robots of
vertical movement or in international publications — under the term Climber Robot,
are a new modification of mobile robots. These robots are equipped with means of
fixation on the surface of arbitrary orientation relative to the horizon of the techno-
logical space. The creation of this kind of robotics is at the initial stage and 1s dictated
by the need to perform technological operations in such areas of industrial activity
as monitoring of industrial facilities, installation and dismantling of building struc-
tures, repair and prevention of their components. In the context of the fourth indus-
trial revolution, "Industry 4.0" [1], with the focus on the use of robotic systems,
information and communication tools, and the use of these robots becomes espe-
cially urgent in the extreme conditions of man-made disasters that are dangerous
and even unacceptable for human presence.
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2. Prerequisites and means for solving the problem

The problem of creating this type of robots is the lack of a methodology for
synthesizing the robot subsystems that compensate or overcome the gravitational
load in order to ensure that the robot is held on an arbitrarily oriented surface dur-
ing the execution of technological operations. Therefore, the purpose of this re-
search is to develop principles for the synthesis of mobile robots and the introduc-
tion of modern computer modeling tools for the transition to the design and
manufacture of prototypes of mobile robots.

Theoretical and experimental studies on the creation of robots of arbitrary ori-
entation in the technological space began in the last decade of the twentieth century
in the countries of Western Europe, Japan, the United States, Korea, China and
Russia. To date, there are mainly experimental samples of such robots.

Mobile works [2—5] are equipped with devices to fix the robot on surfaces of arbi-
trary orientation, and in studies [6, 7] hybrid drives are proposed that can improve the
energy efficiency of mobile robots. Technical solutions [8—11] allow the robot to move
on surfaces oriented at different angles to the horizon, but only in 2D space, that is, in a
plane. In the general case, the variations of the constructionsof the above-mentioned ro-
bots restrict their movement only in the Cartesian coordinate system.

Unlike the aforementioned technical solutions, the robot model [12] allows ser-
vicing objects in the cylindrical coordinate system, in particular, objects such as
trees, but with a soft porous surface for the movement of the robot, which limits the
technological capabilities of mobile robots. At a time when there are objects facilities
that are also close to the cylindrical coordinate system, for example, electric grid
posts, columns, pipes of thermal power plants and the like. In addition, the mobile
robot should also work in a system of angular coordinates, which is typical for hu-
mans. The development of systems for connecting the robot to the surface of motion
is a technical solution [13], which uses adhesion technology. However, current im-
plementations of this technology are characterized by an extremely low speed of
movement of the robot due to the effect of slow adhesion. This property still prevents
the industrial use of adhesion as a method of fixing the robot to a surface of arbitrary
orientation. Thus, the problem of synthesizing mobile robots capable of performing
technological operations in a space of arbitrary orientation is topical.

3. Solution of the problem under consideration

In contrast to the above, the concept of improving robots of arbitrary orienta-
tion based on three fundamental principles of the synthesis of mobile robot designs
1s proposed:

1) Accumulation of potential energy at each previous step of the robot's
movement and subsequent conversion to kinetic energy at the next step of the
movement.

2) Integration of drives of longitudinal, vertical displacement, and also drives
of change of orientation of the robot according to the set route.

ISSN 1560-8956 91



MiXBiIOMUYHMI HAYyKOBO-TEXHIYHHUI 301pHUK «AIAaNITUBHI CHCTEMH aBTOMAaTHYHOTO yripaBimiHHs» Ne 17 (34) 2019

3) The use of traction generators (aerodynamic lift forces) as a means of coun-
teracting the gravitational force to increase the technological load while simultane-
ously reducing the power of clutch drives and the movement of robots.

As technical means of implementing these principles of synthesis, consider
the corresponding models of robots of arbitrary orientation. In Fig. 1 shows a mo-
bile robot [14] realizing the first of the above mentioned principles, namely having
the ability to accumulate potential energy at each previous step and converting it
into kinetic energy of motion at each subsequent step of displacement.

Then we will offer two fundamentally new solutions for mobile robots with
energy accumulators that will allow you to accumulate potential energy at each first
step and convert it into kinetic energy of motion at each subsequent step of the ro-
bot's movement. A first embodiment of such a robot [15] is shown in Fig.1.
The body 1 is equipped with rotating pneumatic actuators 2 connected by means of
gears 3 and 4 with stepping mechanisms made in the form of telescopic cylinders 5
and 6 and connected by a hinged parallelogram 7 with grippers 8 for engaging with
the surface along which the robot moves. To overcome obstacles on the surface
along which the robot moves, it is additionally equipped with rolling bearings 9.
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Fig.1. The robot model of arbitrary orientation with the accumulation
and transformation of energy

Fig. 1 shows two versions of the walking mechanisms: with an energy storage
module in the form of mechanical springs 10 and, alternatively, with a gas accumula-
tor. In the latter embodiment, the energy storage device is a compressed air chamber.
This chamber is formed by a cylinder 5 and a piston 11. In addition, the robot
1s equipped with pneumatic distributors 12, a power module 13 and a control unit 14.
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When the grippers 8 are connected to the surface along which the robot
moves, the motors 2 rotate the legs of the robot with the radius R, around the axes
"a" and "b" under the action of the moving torque M,, compressing the elastic ele-
ment: either the mechanical springs 10 or the gas in the chamber 5, depending on
the embodiment. Because of this compression, the accumulation of potential energy
in the first stage occurs at the angle of rotation of the legs of the robot 0<p<45°, and
in the second stage 45°<p<90° the elastic elements expand and transform the poten-
tial energy of compression into the kinetic energy of the robot's movement. At the
same time, another pair of legs with radius R, rotates freely through the angle pi.
Then, according to the commands of the control system, the first pair of clamps 8
is disconnected from the displacement surface, and the other pair of clamps in turn
is turned on and the cycle of motion is repeated.

If a mechanical spring is used to accumulate potential energy (see item 10, fig.
1), the force of the elastic element of the pedipulator will be

0

o8B o< <90, (1)
cos(45" - 5)

where: P, — preliminary compression and j — rigidity of the elastic element for accu-

mulation of potential energy. In the case of accumulation of potential energy by com-
pressing the gas in the cylinder 5 (Fig. 1), the force J of the elastic element (gas)

D’ zD*  zD’ L,
J=p -P, = D - P,

J=P,. +JR, (1—

4 4 4 L —x
0< <90° 2)
Y= R, (1_ cos45° j; L - Prnax X
cos(45” - ) Prax — D,

where: D — internal diameter of the gas chamber; py, p,, pma are the current, atmos-
pheric and maximum chamber pressures, respectively; L, - working length of the
camera; X, Xmax are the current and maximum compression of the elastic element,
respectively.

This mobile robot is designed to move small loads, about 25 ... 50 kg, and
without any special effort performs technological operations. When a large load
capacity of a mobile robot is required, the construction shown in Fig. 2 is neces-
sary. The walking mechanisms of this robot (pedals) are made in the form of
hinged parallelograms with drives from hydraulic cylinders. As you can see in Fig.
2, on the diagonal of the robot body are two legs with gas cylinders and two legs
with rotary actuators [16]. When one pair of legs of the robot - with gas cylinders
adhere to the surface of the motion with the help of vacuum grippers, and the other
pair of legs with rotary drives is not connected with the surface of motion, then the
motors move the robot in the direction of the Y axis. Simultaneously with this mo-
tion, movement of the piston of the gas cylinder. As a result, the gas is compressed
in the cylinder and the potential energy of the compressed gas accumulates.

After disconnecting the first pair of vacuum grippers and switching on another
pair of grippers, the compressed gas in the gas chambers expands and converts the
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potential energy into kinetic energy of the robot's motion, but with the electric mo-
tors switched off. This way of moving the robot allows you to save the energy of an
autonomous power source, which always has a limited resource. In Fig. 2 shows all
possible movements of the robot in the XYZ coordinate system. These motions
include three translational movements Sx, Sy, Sz and two rotational motions +o
and £B. As a result, the robot has five degrees of freedom, which is enough to per-
form any technological operations on surfaces of arbitrary orientation.

Robot  Power nd Gas

body \ Supply
Hydraulic
<

unit

Fig.2. Walking mobile robot with energy accumulators

The use of each of the variants of robots is determined by the goals of produc-
tion. Thus, it is recommended to use the first of these design options for performing
operations controlling the strength of industrial facilities or video shooting of vari-
ous objects. It is recommended to use the second version of the mobile robot with
hydraulic drives to perform work with large technological forces. But both versions
of mobile robots make a move by converting the accumulated potential energy into
kinetic energy of motion.

The volumes of kinetic energy of the robot movement at different stages of dis-
placement can be determined using the Lagrangian equations of the second kind.
Since this method is classical, here for brevity we confine ourselves to the results of
modeling. The expression of the kinetic energy of the robot body will have the form

mVy’? mR; 2
k™2 4eos (45 -B) (A )

where: m is the robot's body weight; V" and 4 — respectively linear and angular

velocities of the robot legs. For the legs of the robot, in which there is no adhesion
to the displacement surface, the kinetic energy 7) will have a value:
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T, = %J(Vﬁ +V)dm. 4)

Substituting in expression (4) expressions for the projection of velocity and its

0
value V _ds__ Rcosd5

di  cos’(45° - 3)
the final formula for finding the kinetic energy of the free leg of the robot:
(B
_mR; 2cos* (45" - B)
2| Bporcosds’ = p) 1 s,
2cos”(45° - ) 32
where: m; is the mass of the pedipulator (legs) of the robot, and R, is the radius
of its rotation.
The expression of the kinetic energy of the supporting leg (linked to the dis-
placement surface) can be obtained from expression (4) after its integration, substi-

tuting the velocity of the translational motion of the robot "= 0 and the angular ve-
locities g, = 4, of the pedipulators:

B, and dm=mdy/R,, after integration, we obtain

()

1

m1R22 5 \2 6
TzzT(ﬂl) . ( )

Then the total kinetic energy T of each pedipulator on the two halves of the
robot's travel cycle, i.e. at the stage of accumulation of potential energy when
the elastic elements are compressed and converted into kinetic energy of motion,
will be:

@m +m(B)”

2c0s" (45" - )

T = R722 + mlﬂlﬁz\zﬁcos(ﬁo -5) 4 7
2 cos” (45" - f3))

2 . .
+%«ﬁ2)2 +(B8))

Thus, the movement of the robot at each second half of the cycle occurs due to
the energy accumulated at each first half of the travel step. This allows you to save
40%...45% of the energy volume on the movement of the robot and sends the re-
sulting energy reserve for the execution of technological operations.

The main characteristic of elastic elements is their rigidity j — parameter,
which determines the force of compression of these elements, and hence the value
of the accumulated potential energy in the first half of the step of the pedipulator.
In Fig. 3 shows the dependence of the variation of work "4" on the stiffness of the
elastic element j (N/m) and the forces of weight in the second stage P;,> 45°
of displacement, that is, during the transformation of the potential energy into the
kinetic energy of the robot's motion.
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Fig.3. The effect of the elastic element j (N/m) on the work performed
in the step B> 45° of the robot movement

At the second stage of displacement 45° < 3, <90° drive the of pedipulator is

turned off to save energy resources of the robot, and it moves only due to kinetic
energy. Analysis of these graphs shows that to increase the kinetic energy of the
robot movement, it is advisable to increase the rigidity, despite the fact that in this
case the counteraction to the drive increases in the first half of the step, that is, the
efficiency of the drive decreases. However, this negative manifestation can be
compensated for by an increase in the transmission ratio (see item 3 and 4, Fig.1) of
pedipulators.

The second principle, as noted above, involves the integration of displacement
drives [17] with the aim of reducing them, and hence of reducing the mass of the
robot. It is known that in the Cartesian space we have six degrees of freedom —
three translational movements and three rotational, each of which according to the
classical solutions corresponds to an autonomous drive. The method of Fig. 4 —
technical implementation of this principle eliminates the need for drives for each of
the coordinate axes. To do this, the robot is equipped with flexible running mecha-
nisms 2 mounted on the body 1. Each pair of legs of the robot through the transmis-
sions 3 is provided with electric drives 4. The grippers 5 keep the robot on the sur-
face moving, and the rotary actuators 6 change the position of the grippers relative
to the displacement surface. The robot platform has a power supply unit 7, a hy-
draulic or pneumatic valve unit 8 and a gas or liquid pressure generator and a con-
troller 9 for controlling the robot. Due to the fact that each foot of the robot is made
in the form of a compressed set of hemispherical rings inside which corrugated
pipes are placed under different pressures, the robot has the ability to work in dif-
ferent coordinate systems: rectangular Cartesian, spherical and cylindrical without
additional drives on each axis of coordinates.
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Fig.4. Model of the robot with flexible pedipulators

In each leg of the robot there are four corrugated pipes. Two pipelines with
pressure p; p, are placed in a vertical plane and two other pipelines — in a horizon-
tal plane with pressure p; and p4. Due to the action of these pressures, forces appear
that, while bending the robot's leg, orient the robot in the technological space:

7d’ rd’ rd’ 7d’
Fi:plT;FzzpzT;F;:p3T;Et:p47’ ®)
where d — the internal diameter of the corrugated tubes. Since the axes of the pipe-
lines are offset from the pedipulator axis by the eccentricity e, there are moments M,
and M, that flex the robot's leg:

2 2
wd wd
M1 =T(p1_p2)e; M2 =T(p3_p4)e (9)

where: e — eccentricity of placement of corrugated pipelines in the plane of the coor-
dinate system.

To develop a robot, it is necessary to establish a connection between the
forces of adhesion of its legs to the displacement surface and the permissible tech-
nological load to ensure the reliability of its industrial operation. Having formu-
lated the system of equilibrium equations (here we omit the record for brevity), we
find the corresponding reaction forces N, and the frictional forces Q;, by the ro-
bot foot to the displacement surface and then compare them with the technological
load N in depending on the angle a of the robot inclination to the horizon.

The reaction forces of N, and the frictional forces O,y of the robot supports
with the displacement surface are determined as follows (the designation of the pa-
rameters, see Fig.4):

N,=Q,+a,G-bN; Q, =d,G+hN, (10)
where for the compactness of the incoming values of variables is denoted:
a,=db, —bldz/A; b, =b,h +b1h2/A; d =y cosa—z sina;
b, = x,cos(p—a); d, =d,a, —d,a,|A; hy =ha, +a,h/A;
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a, =y, cos(p—a)+z,sin(p—a); a, =—x, sin(p—);
d,=x_sina; b =y,sin(p—a)—z, cos(p—a);
h =y.cosy+z siny; hy=x siny; A=ab,-ba,; X2, y2, z2 — coordinates of the con-
tact point of the second leg of the robot with the displacement surface; xc, yc, zc
are the coordinates of the center of gravity of the robot; a, ¢ — angles of inclination
to the horizon of surfaces on which the robot's legs rest; v is the angle of inclina-
tion of the central axis of the robot passing through its center of gravity G (see
Fig.4). Then, from the same system of equilibrium equations, we find the remain-
ing unknown reactions N1 and the frictional forces Qly:

N, =0 +Ga,—Nh,; Q,, =Ghs+ Nh,, (11)
where also for the compactness of writing variables is defined:

a, =cosa —a,cos(@p—a)—d,sin(p—a);

h, =cosy —b, cos(p—a) + h, sin(p—);

hy =sina —d, cos(p—a) +a, sin(p—a);

hy =siny — h, cos(p —a) — b, sin(p — ).

For the stability of the robot, the frictional forces of each of its legs must not
exceed the boundary values:

Q, <uN; Oy, <uN,; N >0; N, >0, (12)
where 1 — the coefficient of friction of the grip of the robot's leg with the surface
along which the robot moves. Substituting in expression (12) the expressions above
the found reactions of forces (10) and (11), we find limitations for the technological
load of the robot taking into account the forces acting on it:

N>0:>N<Q1+Ga4 N, >0:>N<Q2;Ga3,
4 3 (13)
N < HQ+CGua, —d;). N < 1O, +G(ua, —hs)
hy + ub, hy + ph,

Among the values of the reaction N of the technological load calculated in ac-
cordance with conditions (13), we choose the largest, which simultaneously satis-
fies all inequalities, which allows to determine the maximum technological load
of the robot, for example, for drilling, rivets, dowels, etc. technological operations.

As a result of the simulation, the limiting values of the technological load are
obtained (see Fig.5): curves 1 and 2, respectively, determine the separation states
from the displacement surface of the first and second legs of the robot, and curves 3
and 4 are the beginning of slippage of the said robot legs, respectively.

Simulation of the robot's behavior at different angles of inclination to the ho-
rizon and the magnitude of the gripping of the robot's grips with the displacement
surface was performed under the following restrictions: the mass of the robot
is 25<m<50 (kg), the weight is G = mg, and g = 9,8 m/c’; leg length of the robot
L =0.5(m); 0.025<e<0.045(m); a = 2by; b; = Rsin(f), where R and f are the radius
and bend angle of the robot leg (see Fig.4). These limitations are dictated by the in-
dustrial feasibility and parameters of the projected prototype of the robot.
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The robot of arbitrary orientation can be on such surfaces as a floor, a wall or
a ceiling. Accordingly, if the robot is on the floor, then in the above dependences it
1S necessary to substitute the value ¢=0°, a=0"; if on a vertical wall, then

» =90, a =90° and if on the ceiling, then ¢ =180°, « =180°and so on.

) NN
800
700 --\\
600 LN N
v~ \ ~
~
500 \\ i N
\ N \2\ B
400 N ~— ?
\ T —
3 ™~ ot P
300 N ~ ——1
N4
200 \\ /
- [xU
100 i 0

0 20 40 60 80 100 120 140 160 180

Fig.5. Graphs of the boundary values of the technological force N of the robot
as a function of the angle a of the inclination to the horizon

And, finally, the third principle — the use of traction generators as a means of
counteracting the gravitational force is realized by the robot [18], shown in Fig. 6.
Like the previous one, it also has flexible pedipulators 1, grippers 2, gear 3 and
electric drives 4 on the body 5. The main difference of this robot is the installation
in the center of its masses suspension Cardan 6 with three degrees of freedom and a
pneumatic generator of traction 7. The location of the thrust generator on the Car-
dan suspension allows the thrust generator to maintain the coincidence of the lines
of action of opposing forces: the rise of G; and the gravitational force G, regardless
of the position of the robot in the XYZ space. This principle allows us to differenti-
ate the approach to regulating the lifting force of the robot, depending on its orien-
tation in space.

Fig.6. Mobile robot with pneumatic generator of aerodynamic lift
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Similarly to the previous case, from the system of equilibrium equations of the
robot determine the forces of normal reactions N; of the legs of the robot and the
corresponding frictional forces Q; (see Fig.6):

N, =b,(G-G)), (14)
where: G — the weight of the robot; G; — traction force; o - angle of inclination
of the plane of movement of the robot to the horizons, =cosay, —sinaz, /2y, ; Ve, Zc —
coordinates of the center of gravity of the robot; y2 — coordinate of contact with the
moving surface of the second part of the robot. The frictional force O, and the nor-
mal reaction N, are determined as

1. 1
Oy = (G=G))(~uby, +—sin a); N, =(G-G)(~b, +—-cos a). (15)

As can be seen from the graphs of Fig. 7 with positive reactions N; and N,
with the angle of inclination of the displacement surface a<54°, the weight of the
robot increases the technological load. This means that the inclusion of the jet en-
gine is more suitable for the values of the angle of inclination of the robot to the ho-
rizon at 0>54°. Of course, the critical angle of inclination depends on the other cen-
trifugal characteristics of the robot. However, using the generator of aerodynamic
forces ensures reliable retention of the robot on surfaces of arbitrary orientation
with any structural and technological parameters of the robots. To calculate the
critical angle of inclination to the horizon and, accordingly, to regulate the force
of the reactive thrust, that is, the aerodynamic force of the pneumatic generator, it is
necessary to take into account other characteristics of the robot.
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Fig.7. Graphs of the dependence of the normal reactions N;, N, of the robot
on the angle a of its inclination to the horizon

4. Results and discussion

The creation of means for accumulating the potential energy of the drives, and
then transforming them into kinetic energy of the robot's motion, and also the inte-
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gration of drives for longitudinal and vertical movement, can significantly reduce
the total power that is of fundamental importance for mobile robots of arbitrary
orientation in space, since reduces the gravitational load.

The use of a pneumatic motor as a means of counteracting the gravitational
force makes it possible, when adjusting the traction force, depending on the angle
of the robot's inclination to the horizon, to increase the reliability of holding the ro-
bot on the surface of an arbitrary orientation, which in turn makes it possible to re-
duce the power of the clutch actuators of the robot with the surface.

A fundamentally new realization of the legs of mobile robots in the form of a
set of hemispherical rings and corrugated pipelines at different gas or liquid pres-
sures makes it possible to achieve an arbitrary orientation of the mobile robot in
different working spaces: a rectangular Cartesian, spherical and cylindrical coordi-
nate system. This effect ensures the expansion of technological capabilities of mo-
bile robots of arbitrary orientation in the technological space.

5. Conclusion

The concept of the synthesis of mobile robots is based on three principles of
constructing their designs. These principles can be used autonomously and in com-
bination, depending on the technological purpose of the robot and its profitability,
which, in turn, is determined by the area of industrial operation. The proposed ap-
proach to the synthesis of mobile robots can reduce the weight of structures by re-
ducing the total number of drives. This increases the energy resource for improving
the efficiency of both transport and technological operations performed by the ro-
bot in various areas of industry. The next stage of the research is the experimental
approbation of this concept of the synthesis of mobile robots.
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