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Urgency of the research. Some animal locomotion mechanisms are often used for robot designing because of their ap-
propriate properties for some kinds of environments. A snake has excellent skeletal structure which provides it advantageous
properties for reaching places where other kinds of mechanisms cannot move and operate.

Target setting. A biologically snake by mathematically way is described. The properties of N-mass mechanical system
by increasing number of masses are changed with the certain regularity which in this paper is determined.

Actual scientific researches and issues analysis. Only a few previous decades the researchers and the designers started to
copy the animal motion to the mechanisms. The principal motivations of the snake locomotion are the environments where the
traditional machines are not applicable due their dimensions or shapes and where the accessories like the wheels or the legs fail.

Uninvestigated parts of general matters defining. The rapid development of robotics and technologies offers large
spectrum of a robotic devices use for hard reach areas or man danger zone. Some animal locomotion mechanisms are often
use for robot designing because of their appropriate properties for some kinds of environmetns.

The research objective. Within this research one of four basic snake gaits is analysed.

The statement of basic materials. There exist various kinds of rectilinear motion models, for example models with
masses, dampers and springs. In this study we will deal only with the mass model.

Conclusions. The paper also deals with the force effects on i-th moving mass of system and based on this the average
velocity of the system is derived. In the conclusion the optimal number of masses N is established in order to the average
velocity could be maximum.
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Introduction. Some animal locomotion mechanisms are often use for robot designing be-
cause of their appropriate properties for some kinds of environmetns. A snake have excellent
skeletal structure which provides it advantageous properties for reaching places where other
kinds of mechanisms cannot move and operate. Moreover, snake motion is very stable because
during its motion it has most body parts in the contact with the surface. This area of research is
in most cases only in theoretical level since the snake-like robots are very difficult to design and
control. However there are some cases which in the practical level are used. For example Israel
army developed snake-like robot which for survey purposes is used as we can see on the Fig. 1.

A rectilinear motion is the second basic motion of snakes and absolutely differs from other
ways of the snake motion. The rectilinear motion is specific for the snakes with large body di-
sabling them lateral undulation motion. This type of motion is slower then other ones. During
the motion the abdominal scales are alternately smoothly lifting up from the surface and dra-
wing forward and then lowering down. The parts of the abdomen skin are drawing forward and
so the abdominal scales are joining in the bunch. This part of the body is then pushing down and
the sides of the abdomen go down on the surface. Although this type of motion is not very ef-
fective but its properties are appropriate especially for narrow spaces [1, 2, 4].

Fig. 1. The military snake robot [5]
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Mathematical model. There exist the various kinds of mathematical models of a snake-
like robot motion depending on gait pattern. If a robot use passive wheels there is sufficient
use only kinematic model (mostly within lateral undulation motion), however robot which
doesn’t use any equipment (active or passive wheels, tracks etc.) for motion have to be de-
scribed by dynamic model. The snake-like robots with wheels reduce friction forces acting
between robot and surface however within robots without wheels friction forces play an im-
portant role during a motion. Generally there are used two kinds of friction models such as
Coulomb’s friction model and viscous friction model. There exist various kinds of rectilinear
motion models, for example models with masses, dampers and springs. In this study we will
deal only with the mass model. If we want to analyze a snake body we have to see its biologi-
cally body as the series of N homogeneous consecutive elements where each element per-
forms some activity as we can see on the Fig. 2.

Fig. 2. The Anatomy of Rectilinear motion [6]

Some body parts are in static contact with the surface while other are shortened or lengthened.
Combination of these activities the rectilinear motion is performed. In the Fig. 3 a simplified
model of a snake is shown. The snake rectilinear motion on this model will be analyzed [3].
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Fig. 3. Simplified model of a snake

Before we derive mechanical system average velocity we will analyze mechanical system
consisting of three and four masses. Each system will be consists from N phases and each
phase into two sections is divided. During the first section i-th mass to the (i+1)-th mass is
attracted and during the second section i-th mass is slowed down.

Three-mass mechanical system. The motion sequence of 3-mass system is:

1] [2] [3

11 2 3

1 2 3

Fig. 4. The motion sequence of a three-mass system
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The motion of this mechanical system consists of three phases. During the first phase the mass
1 will be attracted to the mass 2 while masses 2 and 3 stay at rest (it means that actuator between
mass 2 and 3 maintains their relative position and they behave as one mass). The propulsive force
is maximal force which can affects on masses 2 and 3 so that these masses can stay at rest. Forces
of dry friction, obeying Coulomb’s law, act between the masses and the surface. In this case Cou-
lomb’s friction force depends on direction of velocity of moving mass and its weight m.

E, = 2kgm
The first phase duration is:

t(3masses) _ 4’_5

cl kg

Where k is friction coefficient (system behaves with isotropic characteristics), s is maxi-
mum possible extent between two masses and g is gravitational acceleration. During the sec-
ond phase the mass 2 is attracted to the mass 3 while masses 1 and 3 stay at rest. The propul-

sive forces between masses 1 and 2 and between masses 2 and 3 are:
Fpl = sz = kgm
The second phase duration is:

(3masses) — 4’_5

c2 kg

During the last phase the mass 3 is pushed from mass 2 while masses 1 and 2 stay at rest.
The propulsive force is:

t

E, = 2kgm
The third phase duration is:

t(3masses) _ 4’_5

c3 kg

We can see that in each moment of the motion the same total force on each moving mass
is affecting. The average velocity of the 3-mass system is:
1

La=7¢ kgs

N-mass mechanical system. Based on previous findings we can derive the average veloc-
ity of N-mass mechanical system.
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Fig. 5. N-mass mechanical system

0

According to the Fig. 5 N-mass mechanical system we can describe two propulsive forces
affecting i-th moving mass in arbitrary time as:

EY = (i— Dkgm
ES = (N - Dkgm
Where i=2, 3, ..., N-1. For ending masses the propulsive force is:
FMY = (N = Dkgm
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Total force which affects i-th moving mass is:

a
FY = (N = 2)kgm
Based on previous equations we can derive relation of the average velocity of N-mass system.
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Fig. 6. The average velocity depending on number of masses N

Determination of optimal masses number we can obtain by determination of local extre-
mum by derivation according to masses number N. The mechanical system will have the
maximum velocity when N=4.

Conclusion. Only a few previous decades the researchers and the designers started to
copy the animal motion to the mechanisms. The principal motivations of the snake locomo-
tion are the environments where the traditional machines are not applicable due their dimen-
sions or shapes and where the accessories like the wheels or the legs fail. Within this research
one of four basic snake gaits is analyzed. A biologically snake by mathematically understand-
able way is described. The properties of N-mass mechanical system by increasing number of
masses are changed with the certain regularity which in this paper is determined. The paper
also deals with the force effects on i-th moving mass of system and based on this the average
velocity of the system is derived. In the conclusion the optimal number of masses N is estab-
lished in order to the average velocity could be maximum.

References

1. Shan, Y., Koren, Y. (1993). Design and motion planning of a mechanical snake, /EEE
Transaction on systems, man, and cybernetics, 23, 4 [in English].

2. Maity, A. , Mandal, S. K. & Mazumder, S., Ghosh, S. (2009). Serpentine robot: An overview
of current status & prospect, /4th National conference on machines and mechanisms, (pp. 272-275)
[in English].

3. Virgala, i., Gmiterko, A. (2011). Simplified model of the snake rectilinear motion, Proceedings
of 9th IEEE International Symposium on Applied Machine Intelligence and Informatics, (pp. 307-310)
[in English].

4. Transeth, A. A., Pettersen, K. Y. (2006). Developments in snake robot modelling and locomotion,
International conference on control, automation, robotics and vision, 1-4244-0342-1 [in English].

5. Glaser, A. (2017). Robots copy their coolest moves from animals. www.vox.com. Retrieved
from https://www.vox.com/2017/5/28/15702270/robots-imitate-animals-movement-snakebot-cheetah-
rhex [in English].

66



TEXHIYHI HAVKH TA TEXHOJIOTI Ne 4 (18), 2019

TECHNICAL SCIENCES AND TECHNOLOGIES

6. Bayraktaroglu, Z. Y., Kilicarslan, A., Kazucu, A., Hugel, V. & Blazevic, P. (2006). Design and
control of biologically inspired wheel-less snake-like robot, Proc. IEEE/RAS-EMBS Int. Conf.
Biomedical Robotics and Biomechatronics [in English].

VIIK 004.4
Onexcandp I'mimepko
AHAJII3 TPSIMOJITHIMHOI'O PYXY 3MIENNOAIBHOI'O POBOTA

Axkmyanonicmes memu 00Cniodcennn. [eski Mexanizmu nepecy8anHs meapur 4acmo GUKOPUCMOBYIOMbCS Olsl KOH-
CMpYI08anHs. pobOmMi6 3a680KU OESKUM IX GIACMUBOCIAM, WO NIOX00Mb Oisl Ne6HUX BUOI8 HABKOMUWHBO2O CepedosuLld.
3mis mae 6iOMIHHY cmpYKmypy cKelemd, wo Haodae iil nepegazu 01 O0CASHEeHHs Mux Micyb, Oe [HWi 8UOU MeXaHi3Mie He
MOJICYMb PYXAMUCs ma GyHKYIoHysami.

Ilocmanoska npoonemu. Mamemamuuno onucana dionociuna smis. Bracmusocmi mexaniunoi cucmemu 3 N-macamu 3a
DAXYHOK 30I1bUEHHS KITbKOCH MAC 3MIHIOIOMbCA 30 NEGHOI0 3AKOHOMIPHICINIO, KA BUSHAYAEMbCS 8 OAHIU POOOMI.

Ananiz ocmannix 0ocniodcens i nyonikauii. Jluwe npomseom nonepeoHix oecamuainmes 00CIIOHUKU MA OU3AUHEPU NO-
uquu 8I0MEOPIEAMU PYX Meapun y mexaunizmax. 101061010 nepesazoro UKOPUCMANHSL 3MIENOOIOH020 NepemiyerHst € makKi
cepedosua, 8 AKUX MPAOUYIIHI MAWUHY He MOJICYMb OYmu 3aCMOCo8Hi uepe3 ix ghopmy yu posmipu, i 0e He MOJCYmb
npayeamu npUCMpOoi Ha KoLecax uul HidCKax.

Buoinenns nedocnioscenux wacmun 3azanvhoi npoonemu. Lllsuokuii po3eumox po6omomexHiku ma mexHono2ii npo-
NOHYE WUPOKULL CREKMP SUKOPUCMAHHS POOOMU308AHUX NPUCMPOLE Y 8AICKOOOCIYRHUX MICYSIX abo Hebe3neyuHill 30Hi Os
MH0OUHU. [lesKi MexaHizMu nepecy8aHHs meapuH 4acmo UKOPUCMOBYIOMbCa 01 NPOEeKMY8anHsA poOOmIs yepes ix 8iOnosioHi
81ACMUBOCHI OJIAL 0CAKUX UL HABKOIUUUHBO2O CEPedosULLd.

Ilocmanoska 3ae0anns. Y pamxax yb02o 00CHIONCEHHS NPOAHANIZ08AHO OOUH 3 YOMUPLOX OCHOBHUX 3MITHUX DYXI6.

Buknao ocnoenozo mamepiany. Ichyromov pisui 6uou NpAMONIHIIHUX MOOeNell PYXy, HANPUKIad, MoOoeli 3 Macamu,
demnchepamu ma npysrcunamit. Y ybomy 00CHIONCEHHI PO32TAOAEMbCS JIUULe MACO8A MOOEb.

Bucnoexu eionosiono 0o cmammi. Y cmammi po32150acmvcsi GNIUE CULU HA -y PYXOMY MACY cucmemu i Ha OCHOBL
Yb020 BUBHAYAEMbCSL CEPEOHS UBUOKICb cucmemu. Y niocymKy 6CIMano8I0EmMbCs ONMUMAIbHA Kitbkicmob mac N ons moeo,
oo cepedns WEUOKICMb MO2NA 00CA2AMU MAKCUMATbHUX 3HAYEHD.

Kniouosi cnosa: N-macosa cucmema; pobom, 3Misi.
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