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AHHOTALMA

BroMuMeTHYecKMe poboTbl NpU3BaHbI BOCIPOM3BECTM NPUHLMMbI ABUMHEHWA HUBbIX CYLLECTB B NpUpOAe. 3TU NPUHLMMBI
MOCTOAHHO COBEPLLEHCTBOBANMCL NPUPOAOM ANA 0becneyeHnaA BbiKMBaHUA CyLiecTB. C TEXHMYECKON TOUKM 3PEHUA Bbl-
¥MBaHWe obecneunBaeTcA ABYMA NPUHLMNAMM: CHUMEHWMEM NOTPEBNEHNA SHEPrMM BO BPEMA OBUMKEHUA U YBENIMUYEHWEM
Pa3nMUHbIX NapaMeTpOB [BUMKEHMUA: HanpyUMep, CKOPOCTMW, MPOMOEHHOO PacCTOAHUA UAW yCKopeHWA. Bbino HeckonbKo
MnonbITOK paspaboTatb broMUMeTUYeCKoro poboTa-peiby [1-3].

TyHUbl — 3T0 rpynna pbl6 C MHOMECTBOM 3BOJIIOLMOHHBIX afanTtaumi (Hanpumep, dopMoi xBocta, GOPMOM pyLHOMO
MNaBHUKA W T.0.), 4TO AENaeT X BbICOKOIPDEKTUBHBIMK nnoBuamu. Mpy TYyHHUGPOPMHOM NnaBaHMK U3rnb obbIYHO orpa-
HUYMBAETCA 3afHeW TPeTbio Tena M JOCTUraeT MaKCMManbHOW aMMIUTYAbl Ha KOHLE XBOCTOBOIO MIaBHUKA.

Hamu paspabotaH 6MOMHCIMPUPOBaHHBLIN OBUHUTENL ANA Pob0TU3MPOBaHHOW Mofdeny pbibbl. B ocHoBe cuCTEMbI NeHUT
COYeTaHMe 3MaCTUYHON NACTUHbI C 3aKPENEHHBIM Ha HEW XBOCTOBLIM M/1aBHUMKOM. XBOCTOBOM NaBHUK COEAMHEH C cep-
BOABMraTeneM ABYMsA CUMMETPUYHBIMM NOABUHKHBIMU TAraMU, UMUTUPYIOLLMMM COKpaLLEHMA MblluL,. [IBUraTenbHan ycTa-
HOBKa obecrneuvBaeT KonebaTenbHoe ABMMEHWE MNABHMKA C PErynMpyeMoin aMniuTyaomn 1 vactotor. Konebauusa xeocta
TpaHcHOPMUpYIOTCA B ABUMKEHUE PO6OTU3MPOBAHHOW pbibbl, peanusyiowlei TYHHUPOPMHBIA MPUHLMN MepeaBUKEHMA.
(Oopma Tena u GopMa XBOCTOBOrO NiaBHMKA pblbbl-pob0oTa bbin CNPOEKTUPOBaHBI C MOMOLLbIO BbIMUCTIUTENIBHOM MOLENN,
UMUTUpYIOLLEW BUPTYasbHOE TENo B BOJHOM cpefe. CKOHCTPYMpOBaH M UCMbITaH B 3KCMEPUMEHTANbHbIX YCIOBUAX TaKKe
MpoTOTWN POBOTM3NPOBAHHON PbIbbI.

MpoBefeHa cepus IKCNEPUMEHTOB M0 U3YUYEHMI0 3aBUCMMOCTM KMHEMATUKM poboTa 0T AMHAMUYECKMX NapaMeTPOB ABUMHKM-
Tens. 06Hapy»KeHo, YT CKOpOCTb poboTa yBeNnMYMBanach C POCTOM YacToTbl KonebaHWii XBOCTOBOrO NNaBHUKA. Mbl Take
06Hapy*MUNK, 4T0 ANA GUKCMPOBAHHBIX YACTOT CYLLECTBYET MHTEPBaN SHEPreTUYeCKW NpeanoYuTUTENbHBIX CKOPOCTEN ABU-
KEHUA BMNOTb [0 NOPOroBOM CKOPOCTU. BO3MOMKHO TaKiKe ABUMEHME C 6onee BbICOKOW CKOPOCTbIO, OfHAKO Ny 66MbLIKX
3aTparax 3Hepruu. 3ToT BbIBOJ KAa4YECTBEHHO COrNacyeTca ¢ JaHHbIMU UCCNeoBaHUI IHEPro3aTpaT Ha NepeMeLLEHNe Hu-
BbIX TYHLOB, XOTA KOJIMYECTBEHHO 3HAYEHUS, MONYYEHHbIe AN1A pob0Ta, BCE e Bbille. MakcMManbHan CKOpOCTb HaLlen po-
60TM3KpPOBaHHOM pbibbl cocTaBnsAna okono 0,4 ANKHbI TeNna B CEKYHAY, YTO BbiLLe, 4eM B Apyrux pabotax (0,22 an. en./c [4],
0,254 pn. Ten./c [5]), roe ucnonb3oBany YNpoLLEHHbIM BapyuaHT XBOCTOBOM YacTy.

OTMeTuM, uyTO B paboTe M3y4anacb 3aBUCUMOCTb IGPEKTUBHOCTM NiaBaHMA poboTa OT aMNAMTYabl B JOMONHEHWE K pabo-
TaM, B KOTOPbIX paccMaTpuBanacb 3aBUCUMOCTb OT YacToTbl BUEHWI XBOCTA UMM 3aBMCMMOCTb YacTOTbl M CKOPOCTM Mnia-
BaHWA. Mbl 06HapyKMAK, YTO [N1A NpeLCTaBNEHHOMO ABUKUTENA (MPYU GUKCMPOBAHHOM YacToTe) YBEIMYEHUE aMNUTY b
KonebaHWi ToMbKO 40 OnpefenéHHOro nopora NpMBOAMT K YBENMYEHWIO CKOPOCTM MnaBaHuA. [anbHeiillee yBenuyeHue
aMNAMTYAbl KofebaHui NpuBoOaUT K criaboMy YBENIMYEHMIO CKOPOCTM NpU 6ofee BbICOKMX 3aTpaTax 3HEpruu.

MpoBeaeHa oLeHKa 3HeproaGdeKTUBHOCTH B 3aBUCHMOCTM OT AMHAMUYECKMX NapaMeTpoB KofebaHuin XBOCTOBOrO NyiaB-
HuKa. [TokasaHo, 4To Npy yBENUYEHUM aMNIUTYabl KonlebaHWi XBOCTa BbilLie NOPOroBOM 3HEpPro3aTpatbl Ha NepeMeLLeHne
BO3pacTaloT. Mbl Take 06HapyMUIK, YTo AnA GUKCUPOBAHHBIX YacTOT CYLLECTBYET MHTEPBAN SHEPreTUYECKM NpesnoyTH-
TeNbHbIX CKOPOCTEN [BUMKEHMA BMIOTb 40 NOPOroBOM CKOPOCTU. BO3MOMKHO ABMMEHME C 6GONbLUEN CKOPOCTbIO, O[HAKO
OHO bofee 3Hepro3aTpaTHoe. Kak npaBuno, ans yBeNMYEHUA CKOPOCTH M1aBaHWA NPEANOYTUTENBHO YBENNYMBATL HacTOTy
KonebaHWn XBOCTOBOr0 M/1aBHUKA, @ He aMNAWTYAY. 3TU BbIBOALI HAXOAATCA B Ka4YECTBEHHOM COTNIackM C pesynbTatamu
UMCNEHHOTO MOAENMPOBAHWA TYHHUPOPMHOMO NyIaBaHKA.

KnioueBble cnoBa: pbiba-poboT; 61oMopdHbIe CUCTEMBI; TYHHUDOPMHOE NilaBaHuWe; NfaBaHue pbib; akTyaTop; aBTOHOM-
Hble MOABOAHbIE annaparTbl.
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WUctounuk dpuHaHcupoBanua. PaboTa BiNonHeHa Npy nofaepHKe Poccuickoro HayyuHoro doHaa (rpaHT Ne 21-12-00246).
KoHdnuKT uHTepecoB. ABTOPLI AEKNapUPYIOT OTCYTCTBME ABHbIX M MOTEHUMAMbHBIX KOHIIMKTOB MHTEPECOB, CBA3aHHbIX C My6-
JIMKaLWeN HaCTOALLIEV CTaTbu.
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ABSTRACT

Biomimetic robots aim to replicate the movement principles of living creatures, which have been continuously perfected
by nature to ensure survival. Technically, survival comprises two factors: optimizing movement efficacy, such as speed,
distance traveled, or acceleration, and minimizing energy consumption during movement. Researchers have made several
attempts to develop a biomimetic fish robot [1-3].

Tunas are a group of fish with numerous evolutionary adaptations that make them exceptional swimmers, including
tail shape, lateral peduncle keels, pectoral fin shape, and finlets. Thunniform locomotion is characterized by limited
undulation, typically restricted to the rear one-third of the body, with maximal amplitude reached at the end of the tail
peduncle.

A bioinspired propulsion system was developed for a robotic fish model. It is based on the combination of an elastic cord
with a tail fin that is firmly attached to the cord. Two symmetric movable thrusts that simulate muscle contractions connect
the tail fin to a servomotor. The propulsion system provides oscillatory tail movement that can be controlled for amplitude
and frequency. This movement translates to the movement of the robotic fish, which executes the thunniform principle
of locomotion.

The body and tail fin of the robotic fish were designed using a computational model that simulates a virtual body in water.
Subsequently, we constructed a prototype of the robotic fish and tested it under experimental conditions.

Experiments were conducted to investigate the relationship between the robot's kinematics and the dynamic parameters
of the propulsion system. The results showed that increasing the frequency of tail fin oscillations led to an increase in
the robot’s speed. At fixed frequencies, there was an interval of energetically efficient travel speeds up to a threshold
velocity. Movement at higher speeds was achievable; however, it was accompanied by greater power consumption.
The conclusion aligns with the data from COT studies on living tunas, indicating qualitative agreement. However, the robot'’s
values were quantitatively higher. Our robotic fish reached a maximum speed of approximately 0.4 BL/s, exceeding speeds
in other works where a simplified tail section was used (0.22 BL/s [4], 0.254 BL/s [5]).

Our study demonstrated a correlation between the efficiency of robot swimming and amplitude, which was previously
unexplored in addition to previous findings on the relationship between tail beat frequency and swimming speed, as well
as the dependence of frequency and swimming speed. The results showed that increasing the oscillation amplitude of the
propulsion system, at a fixed frequency, only led to a rise in swimming speed up to a certain threshold. However, further
increases in amplitude resulted in minimal speed increases at higher energy costs.

An evaluation of energy efficiency was conducted, assessing its dependence on dynamic parameters of tail oscillation.
The results show that the transport cost rises as the tail amplitude rises beyond the threshold. Furthermore, it was found
that for a fixed frequency, an interval of energetic preferred speeds up to a threshold exists. Although moving at a higher
speed is possible, it consumes more power. In general, it is preferable to increase caudal fin oscillation frequency rather
than amplitude to increase swimming speed. These findings are in qualitative accordance with the outcomes of the numerical
simulation of thunniform swimming.

Keywords: robotic fish; biomorphic system; thunniform locomotion; fish swimming; actuator; autonomous underwater
vehicles.
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