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JUSTIFICATION FOR THE CONTROL SYSTEM FOR VERTICAL
MOVEMENT OF A SMALL-SIZED WALKING ROBOT

The article substantiates and develops a system for controlling the vertical movement of a walking hexapod
robot. Typically, the vertical movement of walking robots is achieved through various fixation devices, suction
cups, magnets, hydraulic or pneumatic devices, which ensure the contact of the leg and the surface. Recent
developments in this field focus on vertical movement through the friction forces between the legs and the
surface. Thus, there is no need to use additional equipment and complicate the design. However, such movement
requires the development of more complex algorithms.

A review of the literature demonstrates the feasibility of such a movement method only in laboratory conditions
with a predefined wall configuration. Therefore, an analysis of various scenarios, most closely resembling real
conditions, was conducted, and key factors that the control system must consider were identified. Based on this
analysis, it was concluded that the most significant situations are when the hexapod platform is in horizontal and
vertical positions. In such cases, the movement is divided into two separate tasks, the resolution of which is mandatory
for forming vertical movement algorithms. According to the defined requirements, a mathematical model was built,

which considers the shift of the robot s center of mass, especially important for lifting useful loads.
Additionally, since the real environment is inherently uncertain, the walking robot needs to be equipped

with a vision system.

To verify the system s performance, a series of test climbs with different scenarios were conducted, namely:
vertical climbing when the platform is parallel/perpendicular to the walls, and straight-line movement between

two walls.

The test results confirmed the performance of the proposed system and identified ways for further

development.

Key words: control system, robot, inclinometer, vision system, hexapod, vertical movement, mathematical

model, center of mass, kinematics.

Introduction. Today, there are many developments
and algorithms for small-sized walking robots. The
scope of which covers a wide range of needs, in
particular, for the movement of the robot over rough
terrain, on flat horizontal surfaces, there are also the
development of mathematical models that take into
account deformations not only of robot structures, but
also of the surface, which in turn makes it possible to
increase the stability of the robot during movement [1].

It is important to note that the appearance of
available and inexpensive components, in particular,
miniature servomotors, made it possible to implement
many designs, the most common of which are:
hexapods — have six limbs and quadropods — have
four limbs. The latter, although structurally simpler,
have a significant drawback — worse stability on
uneven surfaces. They also require the development
of more complex algorithms to stabilize the platform,
which complicates development and makes it more

expensive [2; 3]. Therefore, in this work, the main
attention is paid to the hexapod control system.

Recently, there have been attempts to implement
vertical movement due to the friction forces of the
limbs against the surface on which the robot climbs.
The main difference of this method is its increased
algorithmic complexity, but unlike existing designs,
most of which are implemented on the basis of
vacuum suction cups or electromagnets, it does not
require changes to the design. The latter should take
into account additional loads on the servomotors that
occur during lifting, deformation of the limbs and
platform, surface deformation, etc.

Analysis of recent research and publications.
Among the existing works devoted to the
implementation and research of the vertical movement
of the hexapod due to the frictional forces of the
limbs and the surface on which the robot moves, the
following can be distinguished:
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In the paper [4], the authors propose to consider
each limb of the hexapod as a separate manipulator.
The sum of the stiffnesses of each limb will be the
stiffness of the entire structure and, accordingly,
on the basis of this, it is possible to calculate the
deformations of the entire structure. Assuming, of
course, that the platform is absolutely rigid. Based
on this, they obtained the stiffness matrix of the
entire system, compensated for the deformation
of the walls between which the robot moved and
determined what force is necessary to keep it at a
height between the walls. Since vertical movement is
more complex than horizontal movement and there
are many factors that can cause the robot to fall or
slip, the authors suggested introducing a safety factor
that takes into account insufficient friction and motor
torque. The developed techniques were tested on a
pre-programmed course. The developers investigated
the case with parallel walls, non-parallel walls,
investigated the effectiveness of different types of
gait from the point of view of safety and reliability
of the contact of the robot’s limbs with the walls.
Correction of inclinations that necessarily occur
during ascent was done with the help of an IMU and
a PID controller.

The work [5] is aimed at developing the previous
methods, in particular, they developed a hexapod
motion planner that can solve the problems of
climbing between non-parallel walls, bypassing an
obstacle between two walls. The authors verified the
methods through a series of tests that showed their
effectiveness. However, in this case, the geometry of
the walls and obstacles was primarily known, so it is
impractical to apply the development data outside of
laboratory conditions.

In the article [6], the implementation of a motion
planner algorithm is presented. The planner is also
implemented using nonlinear programming to solve
the problem of determining the robot’s pose and forces
with guaranteed limited risk. The maximum adhesion
forces are modeled as a Gaussian distribution. The
disadvantages of tripedal gait for vertical movement
are investigated according to the mathematical model,
as well as movement between heterogeneous walls,
i.e., with sections of different surfaces. The design
of the leg, which the authors developed to improve
surface grip, is presented. As in previous works, the
gait was primarily programmed with all geometric
parameters of the walls known in advance.

In the work [7], the authors improved the
movement algorithm for navigating between walls
with protrusions, as well as climbing inside a circular
pipe. Additionally, the transition of the hexapod from

188 Tom 35 (74) N2 32024

a flat surface (ground) to a vertical direction (moving
between two walls) was investigated.

Taking into account the existing developments,
it can be concluded that at the moment vertical
movement due to frictional forces needs refinements,
namely: implementation of the operation of the
hexapod in previously undefined conditions, which
was not done in the considered works, in addition,
the proposed algorithms require a fairly powerful
computing core, which in turn makes it difficult to use
hexapods for vertical lifting outside of laboratories
and test equipment. Existing developments lack a
vision system that can assess the environment and
provide information about the geometry of the space
and the objects in it. The review of the state of the
problem, which was carried out in [8], demonstrates
in general the ways of development of hexapod
walking robots for vertical movement. Accordingly,
for a better disclosure of the research topic, each
aspect of the development needs a more detailed
consideration.

Problem statement. Existing developments
take into account many of the listed needs, but real-
world application requires a systematic approach
that will allow the work to work autonomously,
and not only in given laboratory conditions and
scenarios. Therefore, this work proposes to improve
the existing developments, based on which a control
system was created for the vertical movement of the
hexapod due to the frictional forces of the limbs and
the surface.

Analysis of typical hexapod movement
scenarios. First of all, let’s consider several scenarios
that can occur in real conditions. From a review of
the existing works, it can be seen that some of the
possible options have already been considered, but
there are many spatial configurations and types of
surfaces that cannot be taken into account in full at
the development stage. But, despite this, it is quite
enough to consider typical situations that reflect real
structures that are widely used in industry (ventilation
shafts, channels, etc.), in speleology, etc. For example,
in fig. 1 shows the possible configurations of the two
walls along which the hexapod can move.

The given configurations can be combined, that
is, for example, have an uneven surface, as well as
holes or branches, etc. The difficulty of developing
movement algorithms is that for error-free operation
in this case, it is necessary to take into account a large
number of various factors. As mentioned in [8], the
structural component is very important for vertical
movement, because it determines the conditions
under which the robot will be able to lift. If the design
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is too large, it limits, and in some cases makes it
impossible, movement in spaces that are tight enough
for maneuvers or bypassing obstacles.

Control system development. Taking into account
the displacement of the center of mass (CoM) of the
entire robot is a very important factor, neglecting
which it is difficult and sometimes impossible to
control the robot for vertical movement, especially if
a payload is installed on it.
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The center of mass of the hexapod can be
calculated using the following formulas:

Xc=i2m.x 'YC=Lijyj;Zc=Lijzj. €))
m m m
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Where Xc, Yc, Zc are the coordinates of the CoM of
the robot, m, is the mass of the robot, m;is the mass of
the j-th structural element, x,, y, z;are the coordinates
of the j-th structural element.
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Fig. 1. Possible spatial configurations of the walls between which the hexapod moves:
a — robot platform parallel to the ground; b — perpendicularly; ¢ — non-parallel walls; d — the presence of an obstacle
between the walls; e — the presence of a hole, a bulge or a depression; f — the presence of branching (one or on several
sides); g — uneven wall surface; h — obstacle or a step below the walls
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In this case, the movement algorithm must take
into account not only the geometry of the surrounding
space but also the displacement of the robot’s center
of mass. This is especially important for vertical
lifting, as too much inclination of the platform will
lead to displacement of the CoM and redistribution
of loads to the actuators, which in turn can lead to a
loss of grip of the limbs on the surface and a fall of
the hexapod. If you look at fig. 1a, it can be seen that
with this arrangement of the robot between the walls,
a kind of shoulder is created, on which the force of
gravity acts, and if we add to this the possibility of
carrying the payload, then the force of pressing the
limbs may not be enough. At the same time, in the
position shown in fig. 1 b, the hexapod can move
freely without falling, having the same components
in its design. This suggests that hexapod lifting can
be divided into solving two problems: lifting when
the platform is parallel to the ground, the platform
is perpendicular or at an angle to the ground — two
fundamentally different problems, each of which
requires a separate approach.

It is convenient to construct the kinematic diagram
of the hexapod using 3x3 rotation matrices. At the
same time, we will define several construction rules:

1) Z axis is always directed upwards.

2) Y axis is located perpendicular to the limb
and coincides with the direction of the Y axis of the
platform coordinate system.

3) X- axis is always directed along the limb.

Thus, for one limb, the joint coordinate system
will have the following form (Fig. 2).

Such a kinematic scheme realizes the rotation
of the limb in the horizontal plane (joint J,) and the
lifting of the joints (J,, J;) in the vertical plane. Thus,
3 degrees of freedom are created.

The orientation of the limb and the coordinates
of the foot relative to the center of mass of the
platform will be determined by a three-dimensional
displacement vector relative to the coordinate system
of the platform, while we assume that the origin of
the coordinates coincides with the center of mass of
the latter. The coordinate systems of the platform and
the joints of the limb are marked (simplified) in fig. 3.

Displacement X, Y, Z, relative to X, Y, Z, are
determined at the stage of design development and can
be determined from drawings or, directly, measured.
To determine the coordinates in space for other joints,
we will apply rotation matrices (2)—(4):

cos(a) sin(a) O]

A =| —sin(a) cos(a) O |; 2)
0 0 1]
[cos(B) 0 —sin(B)]|

4= 0 1 0 | 3)
| sin(B) 0 cos(PB) |
[cos(y) 0 —sin(y) ]

A= 0 1 0o | @)
|sin(y) 0 cos(y) |

A, is the rotation matrix of joint J | around the
vertical axis Z,, A, and A, are the rotation matrices
of joints J, and J; around the axis Y. a, B, y — turning
angles, respectively.

When placing the limbs, as shown in fig. 3, it is
convenient to conventionally divide the platform into
left and right sides, because it is rectangular and all
limbs are placed symmetrically. This separation will
facilitate further operations with the numbering of
limbs and their indices. The designations are shown
in fig. 4.

Fig. 2. Coordinate systems of limb joints
L ,; - link lengths
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Fig. 3. Coordinate systems of the platform
and joints of the limb
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Fig. 4. Conventional designation of hexapod limbs
L, — numbers of limbs on the left side of the platform, R | ;;; — limb numbers on the right side of the platform,
S . iu — numbers of servomotors

The coordinates of the S, of the servomotors,
which are rigidly connected to the platform, relative
to the center of the platform will be determined as (5):

XL,S, XL,.S,
LS, = YL,S, RS, = YL,.S, > (5)
ZL,S, ZL,.S,
i=1..101

As the center of mass of the servo motor, we
take its geometric center. Knowing the displacement
relative to the axis (joint), which is determined by
measurement or from construction drawings, it is
possible to determine the CoM coordinates of these
servomotors. We denote this displacement as:

X
X LS,
X

LS,
*

Z

Ll Sl

and add to (5). Thus, the CoM of servomotors rigidly
connected to the platform will be determined as
follows (6):

* *

X LS, X LS,
CoM,s =LS,+| Y o [:CoM,s =RS, +| Y ¢

* *
LS, A

i

; (6)
LS,

It is convenient to determine the coordinates of the
joints using a direct problem of kinematics, for this we
use the rotation matrices (2)—(4) and the coordinates
of the joints (5), we get (7):

LS,=4-L+LS,;
LS, =4-4,-L +LS,;
LT=A4-4 -4 -L +LS,;
RS,=4"-L +RS,;
RS, =A4"-4"-L,+RS,;

RiT:Al_] 'Az_] 'As_l Ly + RSy,

(7

where L,T, R,T are the coordinates of the foot of the
limb.

The CoM of other servomotors is determined by
taking into account the displacement from the axis of
rotation of the servomotor to its CoM (8):

X,
CoM,s =LS, +| Y5 |;
_Z*L,.S,( i
X
CoMys =RS, +| Y5 |, (8)
_Z*R,S,(

Where k=11 ... III.
Taking into account (1) and (6), (8), the formulas
for calculating CoM take the final form (9):
Xc
CoM, =|Yc |=
Zc

m, '<C0ML,S, + COMR,S, + COML,vSk + COMRiSk )

.(9)
m

»
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It is worth noting that in this case, the mass of the
links and the foot was neglected, since their weight is
much less than the weight of the servo motor. Thus,
at given angles of rotation of the limbs, a, B, y it is
possible to determine the coordinates of each joint
and foot of the robot, as well as its CoM.

Knowing the coordinates of all the feet and CoM,
as well as the angle of inclination of the platform, for
example, according to the readings of the inclinometer, it
is possible to build a stabilization and orientation system
that will ensure stability during vertical movement.
A simplified functional scheme is shown in Fig. 5.

As the primary source of information about the
possibility of further movement, the vision system
works, which signals whether further movement is
possible, if so, then information about the geometry of
the surrounding space is supplied to the stabilization
system. Data preprocessing implements data filtering
and storage. Factory parameters about the initial
positions of the limbs and geometric data of the
hexapod are read out by the stabilizer. In addition, the
angle of inclination of the platform is calculated to
determine its orientation relative to the walls between
which the hexapod rises. In addition, in the process
of lifting, the inclinometer adjusts the position of the
limbs and, accordingly, the platform, because during
the lifting, distortions of the latter occur due to the
errors of the servomotors.

Experimental research. For experimental studies,
a test stand and a model of a walking hexapod robot
were built. MG-995 servomotors with a torque of
0.5 Nm and an ATmega328 microcontroller were used
to build the model. The inclinometer is implemented

on the basis of the ADXL-335 accelerometer. The
vision system is a combination of ultrasonic SR-04
and infrared VL53L0X sensors [9]. For vertical
lifting, a tripod gait was used (when with each step,
three limbs are in a state of transfer, and the other
three are pressed against the walls). The results of the
experimental run are shown in fig. 6 a, b.

In this case, the vision system scans the walls
and determines their geometric dimensions. In this
way, the control system automatically determines the
angles of deviation of the limbs necessary for holding
the robot and its movement, as well as corrects the
tilt of the platform. It can be seen that the developed
system works in both cases, but currently it does not
take into account the presence of obstacles and other
situations that were shown in Fig. 1. Therefore, it
needs revisions, which will be presented in further
works.

Conclusions. This work is devoted to the
development of a control system for a hexapod
walking robot for vertical movement due to the
frictional forces of the limbs and the surface. Unlike
existing developments, this type of movement
does not require special devices that ensure contact
between the limbs and the surface. However, more
complex movement algorithms need to be developed,
since there are more components that need to be taken
into account, unlike moving in the horizon. A review
of existing developments showed that currently
there are no solutions that would allow the robot to
work autonomously in an uncertain environment, all
attempts to implement vertical movement are limited
to laboratory conditions and pre-programmed actions,

Wision system

Platform stabilization system

Data preprocessing

Stabilisator "

!

Determining the
possibility of further
maovement

v
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. parameters ’

Factory

Inclinometer

Is movement
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¥

Obstacle warning
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Fig. S. Simplified platform stabilization system during vertical movement
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Fig. 6. Vertical lifting of the hexapod:
a — platform parallel to the ground, b — platform perpendicular to the ground

therefore, in this work, a hexapod control system was
developed for its lifting due to frictional forces in
uncertain conditions.

The vision system determines the geometric
parameters of the environment, thanks to which
the robot can make decisions precisely in uncertain
conditions. Lidar data is pre-processed and based on
this, further decisions are made regarding overcoming
obstacles or returning to the initial position or
informing the operator about an impassable obstacle.
The developed stabilizer calculates the displacement
of the center of mass of the platform, on the basis

of which the balance control is implemented,
which protects the work from falls. In addition,
the inclinometer determines the orientation of the
platform, which makes it possible to climb not only
when the platform is parallel to the walls, but also
when it is perpendicular. This greatly improves the
ability to avoid obstacles.

Experimental studies have confirmed the
functionality of the system, but currently it takes into
account only some of the possible configurations
of the space and needs refinements, which will be
covered in future works.
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Iaaros I.M., HaBaoscebknii O.M. OBGITPYHTYBAHHSI CUCTEMU KEPYBAHHS
BEPTUKAJIbBHUM NNEPEMIHNIEHHAM MAJIOT'O KPOAYIOUYOI'O POBOTA

Y emammi obrpynmosana i pospobrena cucmema Kepy8auHs 8EPMUKATILHUM PYXOM KPOKYIOU020 poboma
eexcanoda. 3azeuuall GepMUKANbHUL PYX KPOKYIOUUX POOOMIE pednizyemvCs 3a80aKU 3ACHOCYBAHHIO
PIBHOMAHIMHUX (DIKCYIOUUX 3ac00i8, NPUCOCOK, MAZHIMIS, 2i0pAGIiMHUX ab0 NHEGMAMUYHUX NPUCMPOIS,
AKI 3a6e3neuyroms Koumaxkm Kinyieku ma nogepxui. Ocmanui po3pooKu 8 0aHoMy HANPIMKY CHPAMOBAHI
HA 6ePMUKANbHULL PYX 34 PAXYHOK CUL Mepmsi KiHYIBOK I nogepxui. Taxum uunom Hemae HeoOXionocmi
3acmocogyeamu 000amKoge yCmamKy8anHa ma yCKIaOHI08amu KOHCMPYKYito. Ane, Hamomicmbs, maxkuu pyx
nompebye po3pobku Oibul CKIAOHUX AN2OPUMMIE.

Oens0 nimepamypHux 0xcepen 0eMOHCIMPYE Npaye30amuicms maxko2o cnocooy pyxy auute 8 1abopamopHux
YMOBAX I 3 NONEPEOHbO 3a0aH0I0 KOHPicypayicto cmin. Tomy 6y nposedenutl ananiz pisHOMAHIMHUX CYeHapiis,
AKI HAUOLILW HAOTUIICEHT 00 PEANbHUX YMO8 | BUOKDEMIEHT KI0Y08I (haKmopu, SKi MAc 8paxo8ysami cucmema
kepyeanns. Ha 6asi nposedenoco ananizy 6y8 3pobieHutl UCHOB0OK, W0 HAUDINbUL BA2OMUMU € CUMYAYTT, KOIU
niamegopma 2excanoda 3HAX00UmvbCsi Y 20PUOHMATLHOMY Ma 6EPMUKATbHOMY NOL0JCeHHsAX. B maxomy
BUNAOKY PYX PO30LISAEMbCI HA 081 OKpeM 3a0a4i, GUPTULEHHS IKUX € 0008 S13K08UM OJIsL (DOPMYBAHHSL ANICOPUMMIE
B8ePMUKAILHO20 pYXY. Bionogiono 0o eusnauenux eumoe, Oyna nobyoo8amna MamemMamuyHa Mooelb, sKd
8PAX08YE 3MIUEHHS YeHMPa Mac poboma, uwo 0CoOIUBO 8aHCIUBO O HIOUOMY KOPUCHO20 HABAHMANCEHHSL.

Takootc, ockinvku peanbHe cepedosulye € anpPiopHO HEGUSHAUEHUM, MO KPOKYIOU020 poboma HeoOXioHo
OCHAWLY8aAMU CUCEMOIO 30D).

s nepegipku npayezoamuocmi cucmemu 6y1a nposedena cepis mecmosux nioiomie 3 pI3HUMU CYeHapismu,
a came: 6epPMUKANbHULL NIOUOM, KOIU NAAMMOPMA NapaneibHa/nepeneHOUKVIAPHA 00 CMiH, NPIMOTIHIUHUL
PYX Midc 080MA CIEHAMU.

Pesynomamu mecmie niomeepounu npaye30amuicmes 3anponoHO8AHOI cucmemu i GUSHAYULU WIAXU
nO0AIbULOZO PO3BUMIK).

Knwouosi cnosa: cucmema xepysauHs, pooom, inKAiHOMemp, cucmema 30py, 2eKcanoo, 8epmMUKAIbHULl pyx,
MamemMamuiHa MoOelb, YeHMp MAc, KiHeMamuxa.
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