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OPTIMIZATION OF MOBILE ROBOT PARAMETERS
FOR SURFACES OF ARBITRARY ORIENTATION

Mobile robots of arbitrary orientation in the technological space are a new modification of mobile robots,
known as robots of vertical movement or, in foreign publications, under the name Climber Robot. The differ-
ence between these robots is to equip them with devices to overcome the gravitational load while moving on
surfaces of arbitrary orientation. Of particular relevance is the problem of creating robots of this type, if neces-
sary, for the maintenance of high-altitude objects, such as skyscrapers, high-voltage power lines, bridges, via-
ducts, woodlands, etc. Of significant interest is the use of such robots in conditions of technological disasters.

The article describes a modified method for optimizing the design and technological parameters of a mobile
robot, which is presented in the form of a multi-level technical system. The difference between the optimization
methodologies is that the optimality criteria of each previous level are included in the objective function of
each higher level of the technical system as variable factors. The article presents a fundamentally new design
of the robot with storage of potential energy and its conversion into kinetic energy of movement of the robot.
The results of modelling the process of movement of the robot on a vertical surface are also presented.

The presence of elastic energy accumulators can significantly increase the energy efficiency of mobile
robots, since autonomous power sources with a limited energy resource are used in such robots. The proposed
model for optimizing the parameters of the robot allows us to calculate the quasi-optimal values of the design
and technological parameters of the robot, which is sufficient to ensure the efficient operation of mobile robots

in various fields of industry and utilities.
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Formulation of the problem. The creation of
mobile robots of arbitrary orientation in the techno-
logical space is not limited only to the improvement
of their retention systems on the movement surface.
This type of robots, like any technical system, is a
multi-level hierarchical system, which includes sub-
systems of gripping devices, motion drives and trans-
mission. Therefore, the solution of the optimization
problem of these subsystems requires the construc-
tion of a parametric model, in which relationships of
optimization criteria at various levels of the hierarchi-
cal system should be shown.

Analysis ofrecentresearch and publications. The
fundamentals of climbing robots modelling are rather
widely described in works [1, p. 260; 2, p. 35-36],
though without solving the problem of reusing energy
of motion. Modelling of vertical moving robots is
devoted in work [3, p. 28], however without solving
the problem of energy consumption of motion. Studies
[4,p.6; 5, p. 2—4] contain descriptions of various mod-
els of robots. But in these works there are no designs
for the recuperation of energy of motion. Known

technical solutions [6, p. 8] promote partial energy
saving, for example, by using pulsed lifting mecha-
nism. However, described system increases weight of
robot, so it leads to increasing energy consumption.
Therefore, the task of reducing energy consumption
of the mobile robot movement is still relevant.
Setting objectives. To build a parametric model of
a mobile robot, it is necessary to formulate and write
down target functions for optimizing the design and
technological parameters of each of its subsystems.
Then establish the connection of optimization criteria
at various levels of the hierarchical system and ulti-
mately calculate the quasi-optimal values of the robot
parameters that can ensure its effective operation.
Statement of the main material. In Fig. 1 shows
a mobile robot [7, p. 4—6] realizing having the abil-
ity to accumulate potential energy at each previous
step and converting it into kinetic energy of motion
at each subsequent step of displacement. On the
robot body 1 are mounted rotary pneumatic actu-
ators 2 connected through a gear train 10 with run-
ning mechanisms 3. When the elastic members 4 are
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compressed due to the rotation of the legs of the
robot, the potential energy is accumulated during the
first half of the step, and in the second half of the step,
these elements convert the potential compression
energy in the kinetic energy of the robot’s motion.
The kinematics and dynamics of such a robot are
considered in more detail in the works [8, p. 117; 9].

Fig. 1. The robot model of arbitrary orientation with
the accumulation and transformation of energy

To implement a plane-parallel motion along the
vertical, the robot is equipped with parallelograms 5.
The latter connect pedipulators with vacuum grippers
6 that hold the robot on a surface of arbitrary orien-
tation. Also, the robot is equipped with a control unit
7 and a power supply module 8. To overcome obsta-
cles on the moving surface, the robot is additionally
equipped with rolling bearings 9 [10, p. 14].

For designing walking mechanisms — pedipula-
tors, it is necessary to synthesize analytical depend-
ences for dynamic loads. According to the scheme on
Fig. 2 pedipulators propulsive force is:

F=F+F, €]

where: F, and F, — variable propulsive forces of
the servos respectively on the first half-cycle of move-
ment — at the stage X, and on the second half-cycle of
movement — at stage X,. At the stage of energy accumu-
lation X, propulsive force of two pedipulators equals:
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where: M —torque of the servomotor, Nm; i — trans-
mission ratio of pedipulator servomotor; — the angle
of pedipulator axis rotation, degrees, 0<p, <p™
(here the values B, =0 and B, =p™* correspond to
the beginning and end of the pedipulator axis rota-
tion); n — module and z — number of cogs of the wheel
(gear); f — resistance force (N): f =Jsinp, where:
J — variable force of the elastic element, N:

F:
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J = Pmin +jx= Pmin +j(R| _Rl COSﬁ,): Pmin +jR| (l—COS[.’)l) (3)

where: P~ — preload clamping force (N),
j — stiffness (N/m) and X — the value of deformation
of the elastic element (potential energy storage), m.
At the stage of accumulated energy usage X,
when the servomotor is switched off (that is, when
B, =B, < B," and the beginning and the end of the
axis rotation corresponds to the values B, =p, and

B, = By ) propulsive force is equal to:
F,=-JsinB, + P,
=— [jRI (1-cos Bz)} sinp, + P,

= jxsinf, + P, =

)

where B, — the angle of the pedipulator axis rota-
tion on the stage of energy recycling.

Fig. 2. Loading diagram of pedipulator (plan view):
grippers 1, 2 — attached to the surface and 3, 4 — free
from engagement with the surface, respectively

From (4) it is obvious that during the rotation of
pedipulators deformation value of elastic elements X
decreases from value x = R, (1 -cosp,) to value x =0,
which means the end of motion using previously accu-
mulated energy above other pair of pedipulators 3 and
4 (see. Fig. 2) which are disengaged from the sur-
face of movement perform free movement. As noted
above, the robot body during the full cycle travels
distance equal to X, + X,. At the same time disabled
(free from engagement with the movement surface)
grippers 3 and 4 covers double distance: 2(X, + X,),
due to the simultaneous movement of robot’s body
and grippers themselves. During this free movement
of pedipulators 3 and 4 their elastic elements are not
deformed, and therefore disconnected from the sur-
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face grippers move along the arc with centers in corre-
sponding points “c” and “d” and radius R, > R, cosp,
under the influence of the torques:

Mc = Md = Mll (5)
and with linear speed:

V,=V +oR, =V + iR, (6)

where: V — linear speed of the robot, m/s;
V = iR cosP, ; w and w, — respectively, the angular
speed of disconnected pedipulators and the main ser-
vomotor of the robot, rad/s; i — transmission ratio of
pedipulator servomotor.

Clearly, unlike constant speed of free actuators
oR, = Const , relative speed of the robot’s body and
enabled actuators is variable and depends on the rota-
tion angle cosp, of the working actuators.

Solving the optimization problem. Let’s con-
sider stepping robot for vertical movement as a hierar-
chical multi-level system. Its scheme is shown above
in Fig. 2. The robot contains subsystem for retaining
on the surface of movement represented by vacuum
grippers (see position 6 in Fig. 1), transmission with
potential energy accumulators capable to transform
this energy into kinetic energy of motion and servo-
motors to drive pedipulators (stepping mechanisms).

The formula of vacuum grip force Q, that holds
the robot on the surface of movement, can be used as
objective function of the 1st level:

0="" K (K~ py)K —max (7)
under the constraints:

25< d <100)10% 0,9< K. <1I; (50< p, <80)x10:
N %
0,65< K <0,85

where: d — diameter of the vacuum zone under
the suction cup, (m); #d*4+ — area that is bounded
by suction cup inner contour (m?); K, — suction area
reduction coefficient due to the seal deformation;
P,=101x10:(Pa) — atmosphere pressure; p,, (Pa) —
pressure inside the suction chamber; K, — coefficient
to take into account changes in atmospheric pressure
(K,=0,9); K- coefficient to consider air influx in the
chamber seal of suction cup in place of its contact
with the surface of movement.

Maximum and minimum values of the objective
function are:

Q.. =" Ky (p Ko~ - pr) K. Q..

v
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The grip force also affects the permissible stiffness
value ] of elastic element, that accumulates potential
energy and converts it into kinetic energy of motion,
because the inequality should be true:

FT > ']max = HQ > Pmin + JRZ(l - 005(450)) s (9)

max
i .. _
where: “min — minimum value of preliminary com-

pression of the elastic element, N;
R, — length of the robot leg in a free state (for our
solution R,= 0,2 m); B = 45"~ robot leg rotation angle.
We find the elastic element stiffness value from
the expression (9)
; MO — Prin
ISR - cos(@5%)) » (10)
As it is stated above, the difference of the proposed
method is in a mutual relationship between the crite-
ria and parameters that characterize each next level of
the system. Therefore, we take force fof resistance to
the movement coming from elastic element decom-
pression as one of the objective functions on the sec-
ond level of hierarchy for our technical system. When

the robot leg rotates in the range 0 < B, <45°:
f =Jsin(45° -B,) = P, sin(45° - B,) +
cos 45°

R, ( _ cos45’ (11)
cos(45° - B,)

Jsin(45" —-B,) > min ’

where j — elastic element(spring) stiffness (see
Fig. 1, item 4):1000 " j" 4000 (ﬂ).

Obviously, increase of the elastic element will lead
to the objective function growth. In order to evaluate
the objective function behaviour with angle £, (turn
of the the robot leg) change, we find the derivative:

cos 45°
)02

T cosdy
cos’(45° —

; iR 45° - iR
dBl mm+] Z)COS( ﬁl)+.] 2{

It is easy to estimate that the derivative is negative
for #,=45° and positive for #,=0. This means that the
objective function reaches maximum within the S,
range and minimum value /' = 0 at the angle f,=45°.
The stiffness of the elastic element equal to

< (m+2m)gL -2P,, X

min " max s
2
2 xmax

(13)

After substituting 0=0,,,. and W=0, we get a for-
mula to find the maximum value of robot movement
force depending on the stiffness j and the angle £,

F™ =210, - (J, cos(d5’ —B,))* +
+(m +4m,)g + 2J,sin(45° - B,)

. (14

where the elastic element force is equal to

+jR[1- cos45
n : .

Yo Pm' cos(45 B,

1
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For practical application formula (14) may be
expressed in terms of dimensionless quantities:

V= 2\/(qn)2 —(J, cos(45° = B,))* + 1 +2J,sin(45° - B,), (15)

. — lmax . — “’Qmax . P — Pmin LR - k .
where: ¥ G q, 6 TG, =K,
iR, _cos4y )
o Pk 1= SO

Jo=100 (N/m); k — proportionality coefficient;
G,= m,g — weight of the robot.

Fig. 3 shows how the values of the parameter y
(curved lines) vary depending on the elastic element
stiffness j = kj, and y, (straight lines) for different
values of angle S, — the extreme value of angle £,,
when the drive force F, still has effect. The permis-
sible force values F, = yG, and stiffness j=kj, are in
the region located between the straight line and the
corresponding curve.

0

Fig. 3. Areas of permissible values of robot drive force
F, and stiffness j — between the straight line
and corresponding curve

Now let’s choose objective function for the sec-
ond stage of robot movement. F,, is a force of elastic
element decompression applied to the robot with dis-
abled drives:

F - [P R, [1 __cos4d

m]] sin(45° - B,) — max ;

45 <, <90°

(16)

In order to find extremal points of /), we calculate
the derivative and equate it to zero:

oF, Y . o cos 45° _
OTSIZ = [Pmm cos(45” - B,) + JjR, {005(45 B - mj] =0 (17)

4 Tom 31(70) 4.2 N2 12020

From this equation we find:

Y iR, cos 45° Y iR, cos 45°
cos(45° —B,) =3 ijzmTRz =B, =45+ arccos[s ./szmT&] (]8)

Since the derivative changes its sign from plus to
minus when passing through the critical point, the
function reaches a maximum at this point:

) ) cos45°yP. + R, [(jR, cos45°)’
Frx _ | p 4 iR |1- min 1- 2
Z [ ’ [ iR, cos 45° D[J e, rr | (19

Dependency between maximum value of drive
force ™ and the stiffness of potential energy accu-
mulator (elastic elements) j is shown in Fig. 4. It is
obvious that an increase of elastic element stiffness
leads to the corresponding increase of the driving
force F, in the second stage of robot movement.

F, (N)

:mn(

50
45
40 P
35 /
30 pd
25 /
20 /]
15 /

10 /
5= j (N/m)

0 500 1000 1500 2000 2500

Fig. 4. Dependency between maximum values
of driving force F,"* and stiffness of elastic
elements j (N/m)

However, it should be taken into account that
increasing stiffness of elastic element counteracts
robot movement force F, in the first stage of the move-
ment and therefore there are some limitations (10). In
the second stage of the movement (45° <p < 90°) ped-
ipulator drive is disabled in order to save energy so the
robot moves only using accumulated energy. There-
fore, stiffness values of elastic elements have dominant
influence on the movement dynamics.

Conclusions. A mobile robot of arbitrary orien-
tation with motion energy recovery modules allows
increasing its energy efficiency due to the accumula-
tion of potential energy at each previous step of move-
ment and the conversion of this energy into kinetic
energy of movement at each next step of movement.

The proposed model of parametric optimization of
a walking mobile robot allows us to calculate the qua-
si-optimal values of its design parameters. These val-
ues are sufficient for the effective operation of a mobile
robot of the specified type in various industries.
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Honimyx M.M. OITUMI3ALIA ITIAPAMETPIB MOBIJIBHOI'O POBOTA
JIJISI TOBEPXOHD JJIOBLJIbHOI OPIEHTAIIIT

Mobinvui pobomu 008inbHOI OpieHmayii' y mexHonio2iyHoMy npocmopi € HOB0K MOOUPDIKAYIEID MODITLHUX
pobomis, gidomMux K poOOMU 8ePMUKATLHO20 NEPEeMIUeHHs, d 8 3aKOPOOHHUX NYONIKayiax — nio mepmiHom
Climber Robot (pobom-anvninicm). BiOmiHnicmb maxkux pobOmie nojsede 6 OCHAUWeHHI iX npucmposmu
NOOOJIAHHA 2PABIMAYIIHOZ0 HABAHMANCEHHS N0 YAC PYXYy HA NOBEPXHAX 008LnbHOI opienmayii. Ocodnugy
axKmyanbHicms npodiema cmeopents pobomie 03Ha4yeHo2o muny Habysac 3a HeoOXIOHOCMI MEXHON02iYHO20
00C1y208)Y8aHHA BUCOMHUX 00 EKMIB: XMAPOUOCU, NIHII BUCOKOBONILMHUX eleKMpPonepeoay, MOCmis, 8iadyKis,
depegnux macugie moujo. Heabusaxuii inmepec 6UKIUKAE 3ACMOCY8AHH MAKUX POOOMIE 8 YMOBAX MEXHO2EHHUX
Kamacmpogq.

Y emammi onucanuii mooughikosarnuii memoo onmumizayii KOHCMPYKMUBHUX I MEXHON02IYHUX napamempis
MobinbHO20 poboma, AKull npedcmasierull y euenadi bazamopienegoi mexHiunoi cucmemu. Piznuys migwc
MemMOOONOIAMU ONMUMI3AYIT NONA2AE 8 MOMY, WO KpUMepPii ONMUMANTbHOCHE KOXCHO20 NONEPEOHbO2O PIGHS
BKIHOUAIOMBCS 8 YIIbOBY (DYHKUYIIO KOJHCHO20 8UO20 PIBHSA MEXHIUHOI cucmemu K 3MIiHHI hakmopu.

Y emammi npeocmasneno npunyunoso Ho8y KOHCMpYKYito poboma 3i 30epieanHam NOMeHYIUHOI eHepeil
ma nepemeopeHusam ii 6 Kinemuuny enepeiio pyxy poooma. Ilpedcmasneni maxooic pe3yibmamu MOOen08aHHs.
PYXy poboma no 6epmuKaIbHil NOGEPXHi.

Hasguicmo npyscnux akymynamopie enepeii 00360158€ cymmego nioSuumu eHepeemudty eqhexmuenicns
MOOBIILHUX pOOOMIB, OCKINIbKU 8 NOOIOHUX POOOMAX BUKOPUCHOBYIOMbCA ABMOHOMHI 0XCEPeNa HCUBTIEHHS 3
00MedICEHUM eHePeeMUYHUM PecYPCOM. 3anponoHosana mooerns OnmuMizayii napamempie poboma 00360s¢
00YUCTIO8AMY  KEAZIONMUMANbHI 3HAYEHHS 1020 KOHCMPYKMUGHUX 1 MEXHONO02IUHUX naApamempis, uwo
00Cmamubo 0715 3a0e3neuer s eqheKmuHoi eKCnLyamayii MOOIIbHUX pOOOMIB Y PIZHUX 2ALY3AX NPOMUCTIOB80CHI
ma KOMYHAIbHO20 20CNO0apCmad.

Knrouosi cnosa: mobinoruii pobom, KpoKoi Mexauizmu, poOOmM-anvbniHicm, pooom 6epmuKaibHO20
nepemiuerHs.



