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Pestome

Uenb. Uccnedosamb UBMEHEHUE MEXaHUYECKUX C80lICM8 MagHUMOPeOooau4ecko20 CUUKOHOBO20 3iacmomepa,
cocmosiueao u3 ronumepa, HarmnoIHeHHo20 HaHoYyacmuyamu MagHemuma, nod eosdelicmeuem He0OHOPOOHO20 Maa-
HUMHO20 MoJ1s1 aeKmpomMazHuUma.

MemoOosi. B kauecmee 06pa3uoe uccriedosanucb 08yXKOMMNOHEHMHbIE CUMTUKOHOBbIE KaydyKU, Harno/IHEHHbIe MazHe-
mumoebIMu Yacmuyamu. M132o0moenieHHble 06pa3slbl omaudanucb 2e0MempuUYecKUMU pasmepamu, KoHUeHmpayuel
MacHumHou gpasel 1%, 5%, 10% u 20%, cnocobom nepemewiugaHusi akKmueHO20 HarosIHUMesIsi U nosiuMepHoU mam-
puubl, @ makxe MexaHU3MOM MOAUMEPU3aUUU: 8 MacHUMHOM rone unu 6e3 Hezo. Cmpykmypa rnonumepos bbina
uccnedosaHa ¢ MOMOWbLI onmuyYeckol Mukpockonuu. @ukcayus usobpaxeHull npoucxoduna rnpu rnoMowu Yyugpo-
8020 USB mukpockona Mukmed 5.0. OkcriepumeHmbI rpoeoousiucb Ha ycmaHoeke Orisi uccriefo8aHusi MagHUMHO20
omkiuka, paspabomaHHol U U320mMOB/IEHHOU caMoCcmOosImesibHO Ha OCHOBE U38eCMHbLIX Memo0o8. 3HaqyeHue yena
OMKITIOHEHUST MagHUMOoaKmMuUeH020 KaHmesueepa om rnepeoHa4yasibHo20 8epMuUKasibHO20 MOMOXKeHUS onpedesisnock
onmu4yeckuMm mMemodom. VICMOYHUKOM Ma2HUMHOR20 MOoJIs A8MSIUCh 31eKmpoMazHUMbl PpasfiuyHbIX pasmepos ¢ Ko-
HYCHbIMU HaKOHEYHUKaMU, Komopable 6blnu npucoedUHEHb! K Mpo2pamMmMupyemMoMy JUHEIHOMY UCMOYHUKY MUMaHUusl.

Pesynbmambi. OcywiecmeneH aHanu3 cmpykmypbl U320MO6MEHHbIX MagHUMOoOpPEOI02UYeCKUX CUSTUKOHOBbIX 3/1a-
CmMoMepos, 3ahUKCUPOBAHO U3MEHEHUE CmMpPyKmypbl 06pa3yos, kKomopoe 0b6bsACHsIemcs Ounob-OUnoIbHbIM 83au-
modelicmeueM MUKpoYacmuy, HarnoHUmMessi nod eo3delicmeuem 8HeUWHe20 MagHUMoeo nosisi. Takxe nposedeHsi Uc-
criedosaHus1 3a8UCUMOCMU yar1a OMKIIOHEHUS KaHMenueepa, 8bINOfHEHHOZ0 U3 CUSTUKOHOB020 NosuMepa ¢ MagHUMm-
HbIM HanosHUMesneM, om 3Ha4YeHUs1 HanpPsPKEHHOCMU MagHUMHOEZO0 10sisi U cmpyKkmypbl 06pa3yos. [ofyYeHHbIM 3Kc-
nepumeHmarnsHbIM pe3yrnibmamam npednoxeHa meopemuyeckas UHmeprnpemauyusi.

Bb1800. 3KcnepuMeHmMarsHO U meopemuyecku uccriedosaHa 3a8ucUMOCMb yaria Hak/loHa MagHUMoaKmueHo20 o-
JIUMEPHO20 KaHmesnusepa om 8e/IU4UHbI HarnpPsXkKeHHOCMU MagHUMHO20 10115, c030a8aeMOo20 C MOMOUbIO 31IEKMPO-
MmazHuma. lMony4yeHHble pe3ynbmambl Mo2ym 6bimb UCMOb308aHb! O5si pa3pabomku nepcrneKkmueHbIX MagHUmMoakK-
MUBHbIX yCmpoUcme rnepemMew,eHusi U CEHCOpPOa.

Knroyeesnble crioea: macHUmMHoe rose; MaaHumopeonoauquKuﬁ rosaumep; Ma2HUmMoaKmueHbIl KaHmurieeep, Mmae-
HUMHbIe Yacmuusbl.
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Mechanical properties of silicone polymer with magnetic filler
in magnetic field
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Abstract

Purpose. To investigate the change in the mechanical properties of a magnetorheological silicone elastomer consisting
of a polymer filled with magnetite nanoparticles under the influence of an inhomogeneous magnetic field of an electro-
maghnet.

Methods. The experiments were carried out on a magnetic response research facility developed and manufactured
independently based on known methods. The value of the deflection angle of the magnetically active receiver was
determined by the optical method. Two-component silicone rubbers filled with magnetite particles were studied as
samples. The manufactured samples differed in geometric dimensions, magnetic phase concentrations of 1%, 5%,
10% and 20%, and polymerization mechanism. The source of the magnetic field was electromagnets of various sizes
connected to power sources. The images were captured using a Micmed 5.0 digital USB microscope.

Results. The analysis of the structure of the manufactured magnetorheological silicone elastomers was carried out, as
well as studies of the effect of the magnetic field strength and sample parameters on the deflection angle of the mag-
netically active cantilever. A theoretical interpretation of the obtained results is proposed.

Conclusion. The experimental dependence of the tilt angle of a magnetically active polymer cantilever on the equilib-
rium position relative to the magnitude of the magnetic field strength of the electromagnet is determined. The obtained
research results can be used to develop actuators and magnetoactive sensors.

Keywords: magnetic field; magnetorheological polymer; magnetically active cantilever; deflection angle.
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MUpyeMoe HM3MeHEeHHe (OpPMBbI MOJ BO3JIEH-
CTBUEM MAarHUTHBIX IIOJIEH, YTO OOECIeUH-
BAa€T JUCTAHIMOHHOE yrpaBiieHue [3]. MHo-

BBepeHune

MHorodyHKIIMOHATBFHBIE MarHUTOMSIT-

KM€ KOMIIO3UTHI (MarHUTOAKTUBHBIE TOJH-
MephI) — pa3BUBAOIIAsCS 00J1aCTh, COUETal0-
mass MSATKAE TMOJUMEpPHbIE MATPHUIBI CO
BCTPOEHHBIMH MarHUTHBIMU HATTOJIHUTEISIMU
[1] anst co3maHusi aKTUBHBIX MaTE€pUANIOB C
YHUKaJIbHBIMU CBOWCTBaMH [2]. OTu marepu-
aJbl IEMOHCTPUPYIOT OBICTpOE U MpOTrpam-

ro()yHKIIMOHAJILHOCTh 3TUX MaTepHaJIOB OT-
KPBIBACT 3aXBATHIBAIOIIUE BO3MOXHOCTH B
00J1aCTH MATKOH POOOTOTEXHUKH, METaMaTe-
puanoB [4] u OMOMEIMLIMHCKUX YCTPOWUCTB
[5]. braronapst ciocoOHOCTH pearupoBaTh Ha
MarHUTHBIE [T0JIS1 3TH KOMIIO3UTBI MOKHO HC-
MOJIb30BaTh B PA3UYHBIX OTpAcisAX Ipo-
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MBIIUIEHHOCTH JJIs TIOBBIILIEHUS TPOU3BOIU-
TETHHOCTU ¥ (PYHKIMOHAIBHOCTH. VHTETpa-
ISl MAaTHUTOMSITKMX KOMIIO3UTOB B MSTKYIO
pOOOTOTEXHHUKY TO3BOJISET pa3pabaThiBaTh
WHHOBAIIMOHHBIC YCTPONCTBA C JAMHAMHYE-
CKUMU BO3MOXHOCTSMU. OTH MaTepHabl
MOTYT COBEPIIUTH PEBOJIONHIO B 00OJIACTH
KOH(QHUTYpUPYEMbIX KOHCTPYKIMHA [6], OT-
KPBIB HOBBIE BO3MOXKHOCTH ISl IPOEKTUPO-
BaHUA [7].

MaruutoakTuBHbIE TOJIUMEPHl 00Ja-
JAIOT CIIEAYIOIMMHU CBOMCTBAMU:

— MarHuropeosiornueckuit g dekr [8] —
BJIMSTHUE MarHUTHOTO TOJISI HA PEOJIOTHIO U
BSI3KOCTH M3/ICIHUS;

— MarHuToAepopMaIOHHEIH [9] 1 Mar-
HUTOCTPUKITMOHHBIA [10] 3ddexTs — uzme-
HEHUE TeOMETPUIECKUX Pa3MeEPOB U (HOPMBI
o0pa3iia BO BHEIITHEM MarHUTHOM I10JIE;

—apdext mamsatu popmel [11]—Bo3Bpar
K TIEpPBOHAYAILHBIM T€OMETPUUYECKUM Iapa-
METpaM I0CJI€ CHITHSI BHEIIHUX MarHUTHBIX
BO3€HCTBHIL;

— MarHUTOpe3uCTUBHBIN 3ddekrt [12] —
U3MEHEHHUE YJIeIbHOIO AJIEKTPUYECKOro CO-
MPOTUBJICHHS 00pa3iia B MArHUTHOM TIOJIE;

— MAarHUTOMbE30PE3UCTUBHBIA dDPeKT
[12] — u3MeHeHHe SIEKTPUYECKOrO COIpo-
TUBJICHUS TP MEXaHUYECKOM BO3JCHCTBUU
Ha oOpaser] B MAarHUTHOM II0JI€.

Ocobyto ponmb B (HOpMUPOBAHUH
CBOWCTB UTpAeT BHYTPEHHSSI CTPYKTypa 00-
paslia, onpejesnsiemMasl TEXHOJIIOTUEH CHHTe3a
oOpasiia, KOTopasi BKJIIOYAET CIEIYIOIIHe
rans!:

1. IMogroroBka u MoaudUIIUPOBAHUE
MarHUTHOTO HAIOJTHHUTETIS.

2. IlpuroroBiieHNEe CUJIMKOHOBOM Mart-
pUIBI

3. CMeleHne MaTpuibl ¥ MarHUTHOTO
HAIIOJTHUTEIS, KOTOPOE MOXKET MPOBOAUTHCS
B HECKOJILKO 3TAaIlOB, BKIIFOYAIONIUX Pa3JIHy-
HBIC BUJIBI CMEIIUBAHUS ¥ TUCTICPTHPOBAHUSI.

! MaraurosnekTpopeoIornIecKuii IacTo-
Mep: mateHT Ne 2603196 Poc. denepanus, MIIK
HO1F 1/28 / Cremanos I'. B., bopun /I. 1O.,

4. JlerazupoBanue oOpasia myTeM Baky-
YMUPOBaHUSI.

5. Hamputenne Ha cTeHKH (HOPMBI aH-
THAJre3MOHHOTO COCTaBa U 3ajuBKa oOpasia
B opmy.

6. ITlomumepu3zanusi, COBMEIICHHAasA CO
CTPYKTYPUPOBaHUEM MAarHUTHOTO HAIOJIHU-
TEJIsl.

HccaenoBanust MeXaHUUECKUX CBOWCTB
MarHUTOPEOJIOTUYECKUX CUIMKOHOBBIX 3J1a-
CTOMEPOB SIBJISIOCH IPEIMETOM U3YyUEHHUSI BO
MHOTHUX paboTax. bpuin nccienoBaHbl 1eMI-
¢dupyromue CBOMCTBA JaHHBIX CHCTEM B 3a-
BUCHMOCTH OT IapaMETPOB U KOMIIOHEHTOB
uccienyemoro oopasua [13]. Casurossie ne-
dopMaiuu  oOpasima MarHUTOPEOJIOTHYE-
CKOI'O 3JIacTOMEpa IOJ JEeWCTBUEM MArHUT-
HOTO TIOJISI paccMaTpuBaIUCh B padote [14].
N3yueHne pacTskeHus MarHUTOAKTHUBHBIX
MOJMMEPOB B MarHUTOM Tosie [ 15] Takxke siB-
TISieTCs aKTyanbHOU TeMaTukoi [16]. Haubo-
Jiee TIOJTHBIA 0030p HMCCIIeOBAaHUN JTaHHBIX
cuctem mnpexacrasieH B padore [17]. C Toukn
3peHUs] IPUMEHEHHUs JTAaHHBIX CUCTEM HHTe-
PECHBIMU SIBIISIFOTCSL pabOTHI 1O HCCIeI0Ba-
HUIO JaTYMKOB BUOpAllMM W MarHUTHOTO
T0JIsI HA OCHOBE MarHUTOAKTUBHBIX KAHTEJIH-
BepoB [18], a Takke MCHOJIL30BAaHUIO UX B
MATKO#M poOorexHuke [19], co3nanuu Mera-
Marepuaios [20] u 6momeaumune [21].

HecMoTpst Ha 3HAUUTENBHBIA 00BEM HC-
clICIOBAaHUM II0 TAHHOM TEMAaTHKE BCE €EIIe
OCTAeTCsl OTKPBITBIM BOIPOC MO KOMILIEKC-
HOMY UCCJIEIOBAHUIO U3MEHEHUSI MEXaHUYe-
CKHMX CBOMCTB JaHHBIX CHCTEM KaK MpHU U3-
rube, Tak ¥ P PaCcTSHKEHUH, YTO U CTaBUTCS
LEJIBbIO0 TAHHOM paboThI.

MaTepMan bl U MeéTOAbI

[Ipu cuHTE3e MarHUTOAKTHBHBIX IOJIH-
MepoB (MAII) Obutr MCTIOJIB30BaHBI MarHe-
tut xeneza FeO-Fe,O; u xomnayna Cuna-

Kpamapenko E. FO. [u ap.]. Ne 2014152893/07 ;
3asBiL. 25.12.2014 ; omy6m. 27.11.2016.
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repm 2106. JlaHHBIN KOMIIAyH]T SIBJSIETCS OTI-
TUYECKH TMPO3PAvYHbIM U MpPETHA3HAYEH IS
3alIUThl MU3JEIUN DIIEKTPOHHON TEXHUKH,
JUITUTEIHHO paboTalolIuX B Cpeae BO3ayXa U
B YCJOBHSIX MOBBIIIEHHON BIAXHOCTH B MH-
TepBasie Temmeparyp or —60 mo +250°C. C
nomotipio 3D-neuatn ABS-mnactuka ObuH
u3rotoBieHsl Gopmel s 3anmuBkun MAITL
Jlnst nucneprupoBaHUs 4YacTHUIl IO BCEMY
o0beMy KOMIIayHJa Oblla HCIOJIb30BaHA
yABTPAa3BYKOBasl BaHHA. J[JI1 M3roTOBIIEHUS
CXEMbI-KapKaca HUCIoJib30BaJIcs 3D-nipuHTEp
Picaso. Jlns ynanenust u3 CTpyKTypbl MarHu-

TOAKTUBHBIX ITOJTMMEPOB MY3bIPHKOB BO3/TyXa
HCIIOJIb30BajJach BaKyyMHas Kamepa Jierasa-
TN — EMKOCTb, UCTIOJB3YIOMIASICS 11 HHY-
3 U Jera3alid KOMIIAyHJIOB Teped TeM,
KaK OHU 3aJMBAIOTCS 0 (hopMaMm.

Jlst mpoBeneHus aHainn3a MOpPGOIOTHH
MOBEPXHOCTH 00pPAa3IOB MAarHUTOAKTUBHOTO
MOJINMEPA UCIOIb30BAIM ONTHYECKYI0 MUK-
pockonuto. B Tabnunax 1 u 2 mpeacraBiaeHs
n300pakeHHsI TOBEPXHOCTH 00pa31oB, MOy~
YEHHBIX MPU MEXaHUYECKOM TIepeMeIlInBa-
HUW W YJBTPA3BYKOBOM JTUCIIEPTHPOBAHUU
KOMITayH/Ia U MarHeTHTa >KeJe3a.

Ta6nuua 1. M306paxeHns CTPYKTypu3aL M1 o6pa3LioB MarHUTOaKTUBHOMO NonnMepa pasnmnyHom
KOHLEHTpaLUW Npy MEXaHUYECKOM NepemelLnBaHnm

Table 1. Images of the structuring of magnetically active polymer samples of different concentrations during

mechanical mixing

Konnentpanus be3 marguTHOIrO 1MOJIA
Concentration Without a magnetic field

JleficTBue MarHMuTHOTO MOJISI
The effect of the magnetic field

1%

5%

MsBectus KOro-3anagHoro rocygapcteeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonormum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2024;14(3):178-190




182 duamnka / Physics

OkoH4aHue Tabn. 1
End of Table 1

Konnentpanmst Bbe3 maruuTHOTO MOIA

Concentration Without a magnetic field

10%

JleicTBE MarHUTHOTO IOJIS
The effect of the magnetic field

-

Ta6bnuua 2. |/|306pa)|(eHI/IF| CTPYKTYypusaunm O6pa3L|,0B MarHMTOakKTUMBHOIO nonmmMepa npu ynbtpassBykoBoOM

AMCneprupoBaHnm

Table 2. Images of the structuring of magnetically active polymer samples during ultrasonic dispersion

Konuenrpauus be3 marauTHOrO MOJIA
Concentration Without a magnetic field

JleiicTBME MAarHUTHOTO OIS
The effect of the magnetic field

1%

5%
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OkKoH4YaHue Tabn. 2
End of Table 2

Konnentpanus be3 marguTHOIrO 1MOJIA
Concentration Without a magnetic field

JleficTBue MarHMuTHOTO MOJISI
The effect of the magnetic field

10%

20%

N3o0pakerus u3 Tabmuil 1 1 2 mokasbl-
BalOT, YTO HAa MPO3PAYHOCTH HCCIIETYEMBIX
00pa3I0OB MarHUTOAKTUBHBIX IOJUMEPOB
BIIMSAECT KOHIIEHTPAIMSl MAarHUTHBIX YaCTHII.
B o0pa3mnax, kKoTopble MOJIUMEPHU30BAIHUCH
10 IEMCTBHEM MarHUTHOT'O 10JIsI, HaOJIr01a-
eTcst 00pa3oBaHUE CTPYKTYp U3 YACTHI] Mar-
HETUTA, KOTOPBIE BHICTPAUBAIOTCS BIOJb CH-
JIOBBIX JIMHUHA MarduTHOrO ITojisg. YacTHilsl
BBICTPAUBAIOTCS B UIJIOMOJO0HBIE CTPYK-
Typbl,  arIOMepUpylTCs B  KIACTepPhI
(Tabm. 1) ¥ BEITATHBAIOTCS BJIOJIh TUHUN Mar-
HUTHOTO TIOJIs. TONIIMHA ASTUX CTPYKTYP
TOJIIIE K MATHUTHOMY TIOJTFO ¥ TOHBIIIE K CBO-
00/IHOI MOBEPXHOCTH.

B ycnoBusx cnaboro MexaHMYECKOIro
nepeMemuBanus (CM. Tabs. 2) CTPYKTYpbI
00pa3yIoT IUIOTHBIE CKOIUICHHs yacTul. B
YCIOBHSAX YJIbTPa3ByKOBOTO JUCHEPrHpOBa-
HUS YaCTULIbl PABHOMEPHO PACCPEIOTOUEHBI,
HO BCE PaBHO €CTh 00JIACTH HEPABHOMEPHOTO
pacripesiesieHus] THX KJIaCTEPOB 10 00beMy.
TonmuHa UrojoK 3TUX KJIACTEPOB ropaszio
MEHbIIE, a MOKpbITHE Jyumie. B manbix
KOHIIGHTPaLUsAX 00pa3IoB KJacTepsl HE 00-
HapyxeHbl (1-10%). Kontponps BbICOTHI U
HepuoJia CTPYKTYPbI OCYLIECTBISIETCS TyTEM
U3MEHEHHUs  KOHIEHTpPAllUd  MarHUTHOTO
HAIIOJIHUTENI U HaIPsHDKEHHOCTH MAarHuT-
HOTO TIOJISL.
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[TpuumHO¥ HabmOgAEMOTO O00pa3oBa-
HUSL TOJOOHBIX CTPYKTYP SIBISFOTCSI MEX-
YaCTUYHBIC B3aUMOJICHCTBUS MarHUTHOTO
HAIIOJTHUTENSA, KOTOPbIE HOCST JHUIOJb-
JTUTIONBHBIA XapakTep, WX HHTEHCHBHOCTh
IIPY ATOM 3aBHUCHUT OT HANPS)KCHHOCTHU BHEIII-
HETr0 MarHUTHOTO TTOJIS.

MaruutoakTuBHbIE TOJIUMEPHl 00Ja-
JAl0T 00patuMoi nedopmarueii, uX OTKIUK
MOJ1 ICMCTBHEM BHEUTHETO MATHUTHOTO TTOJISI
3aBUCHT OT CTPYKTYpBI 00pa3ia. Bo3HUKHO-
BEHHE Takoro 3 ¢eKTa B MAarHUTHBIX YaCTH-
11aX, BHEJPEHHBIX B MOJIMMEPHBIN 00pasell, B
MEPBYIO OYepeb CBA3aHO CO CTPYKTYPHBIMH
CBOMCTBAMH ITIOJIUMEPHOU MATPHULIBIL.

B xome paGoTs! OBLITH U3yYeHBI 00Pa3IIbI
HA OCHOBE JIBYXKOMIIOHEHTHBIX Kay4yKOB C
pPa3IMYHOM KOHLIEHTpaLUUEld 4YacTHULl MarHe-
TUTA, U3TOTOBJICHHbIE C MOMOIIBIO YJIbTpa-
3BYKOBOTO qucneprupoanus. [lpu stom no-
JTUMepH3aIys 00pa3loB NPOXOaMIa KaK Mpu
JNEHUCTBUM OJHOPOAHOIO MAarHUTHOIO IOJ,
Tak U B ero oTcyrcTBue. C MOMOIIBIO 3JIEK-
TPOMarHuTa, KOTOPHIA U3MEHSIET MarHUTHOE
[I0JIE TPU HPOXOXKACHUU DIIEKTPUUYECKOTO
TOKa 4epe3 HEero, U3MEPSIICS MarHUTHBIN OT-
KJIMK 00pa3noB. [[ist uccnenoBanus MaruuT-
HOTO OTKJIMKa pa3paboTaHa 3KCIepUMeH-
TaJIbHasl yCTAHOBKA, CXEMa KOTOpPOM mpen-
CTaBJIEHA Ha pUCYHKeE 1.

Puc. 1. SkcnepumeHTanbHasa ycTaHOBKa MO MCCNEOBaHNIO MarHUTHOMO OTKINKa

Fig. 1. Experimental installation for the study of magnetic response

O6pazen; MarHUTOAKTUBHOTO MOJIMMEpa
1 3aKperuieH BepTUKAIbHO C MOMOIIBIO IITa-
tuBa 2. C TOMOIIBIO D3JIEKTPOMarHuTa c
CepACYHUKOM B BHJIE KOHYCA 3, MOAKIIOYEH-
HOTO K HMCTOYHMKY NHTaHus 4, co3maercs
MOCTOSIHHOE 3JIEKTPOMarHUTHOE I0JIe Tepe-
MEHHOH BEeIMYUHBI. 3HAYCHHE YTIIa OTKJIOHE-
HUS pUKcUpyeTcs Kanepoit mudposoro USB-

Mukpockona Mukmen 5.0 5, koTopblii ToA-
KJIFOYEH K KOMITbIOTEPY 6.

Pe3ynbTaTtbl U X 06CyXaeHue

Ha pucynkax 2—5 mpencrtaBiieHbl T'pa-
(UKM 3aBUCHMOCTEH yTJia OTKJIOHEHHs 00-
pasma MaroHuTOAKTUBHOI'O MOJIUMEPA OT HH-
AYKIOWU MMPUITOKCHHOI'O MAarHuTHOT'O ITOJIA.
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Puc. 2. 'padmk 3aBUCUMOCTM yrna OTKINOHEHMS obpasLa ¢ KOHLEHTpaumen MarHuTHbIx Yactuy 1%
OT BEJIMYUHBLI MAarHUTHOM MHAYKUNN

Fig. 2. Graph of the dependence of the deflection angle of a sample with a concentration
of magnetic particles of 1% on the magnitude of magnetic induction
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9

~8-5% Ge3 M1l
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Puc. 3. 'pacdurk 3aBUCMMOCTM yrna oTKNoHeHMs obpasLa ¢ KOHLEHTpaunen MarHuTHbIX Yactuy, 5%
OT BESIMYUHBI MarHUTHOW UHAOYKLUN

Fig. 3. Graph of the dependence of the deflection angle of a sample with a concentration
of magnetic particles of 5% on the magnitude of magnetic induction
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Puc. 4. ['paduvk 3aBUCMOCTM yrna OTKNOHEHMs obpasua ¢ KOHLEeHTpaumen mariutHeix yactuy 10%
OT BENWYUHBI MarHUTHOM MHAYKLUMMN

Fig. 4. Graph of the dependence of the deflection angle of a sample with a concentration
of magnetic particles of 10% of the magnitude of magnetic induction
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Puc. 5. 'padhmk 3aBUCHMOCTM yrna OTKNOHEHMs obpasua ¢ KOHLEHTpaumnen mariutHbix Yactuy 20%
OT BEJIMYUHBI MAarHUTHON UHAYKLUN

Fig. 5. Graph of the dependence of the deflection angle of a sample with a concentration
of magnetic particles of 20% of the magnitude of magnetic induction
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BbiBOAbI

B pesynbrare cuHTe3a ObLTO MOTYyYEHO
14 00pa3IoB MarHUTOAKTHUBHBIX MOJMMEPOB
C Pa3IMYHON KOHIIEHTpale maruura ot 1%
1o 20%. Hcnonb30BaHbl TEXHOJOTHH Kak
yABTPA3BYKOBOI'O, TAK U MEXaHUUYECKOIO TIe-
pememuBanus. OOpasubl MOIMMEPU30Ba-
JIUCh KaK B MarHUTHOM T10JI€, TaK U 0€3 Hero.

B xone uccnenoBanus MOBEpXHOCTH 00-
pa3LoB MArHUTOAKTUBHBIX MOJIMMEPOB 0OHA-
PY>KEHO CTPYKTYypUPOBAHUE YACTHI] MarHUT-
HOT'O HAIOJHUTENS, KOTOPOE, B YaCTHOCTH,
MPOSBIISIIOCH B 00pa30BaHUU Ha MOBEPXHO-
CTH HE MOJHOCTHIO OTBEPACBIIETO MOJIUMEPA,
MMOMENIEHHOTO BO BHEIIIHEE MAarHUTHOE T0JIE,
UTOJIbYATBIX CTPYKTYp, KOTOpPBIE COXpaHs-
nuck mocne noiaumepusauuun. C yBenuye-
HUEM KOHLIEHTpAIlMU UT0JIb4aTasi CTPYKTypa
CTaHOBUTCS 0oJiee BBIPAKEHHOMW, TOJIIMHA
CTPYKTYp TOJIIIE K MarHUTHOMY IOJI0 U
TOHBIIIE K CBOOOIHOM TToBepXHOCTH. [Ipnyn-
HOM  JTaHHOrO  CTPYKTypooOpa3zoBaHUS,
HA0JII0/IaeMOT0 B MAarHUTOM TIOJIC, SIBIISICTCS

JIHIOIL-TUTIONBHOE B3aUMOJIEHCTBUE, BO3-
HUKAOIIee MEXIy YaCTHIIAMH MAarHUTHOTO
HAIOJIHUTEIIS, BO3HHKAIOIIETO BO BHEIIHEM
MAarHUTHOM ITOJI€.

[To pe3ynpTaTtaM sKCIIEpUMEHTa C Mar-
HUTOAKTUBHBIM  KAHTEJIIMBEPOM  YCTAHOB-
JIEHO, YTO JUIsi CUCTEM C OOJIbIICH KOHIICH-
Tpalnueil MarHUTHBIX YaCTHUI[ JJI OTKJIOHE-
HUS o00pa3la W3 TOJIOKEHUS PaBHOBECHUS
HEOOXOJUMO TMPHJIOKHUTH II0JIE MEHBIIEH
HaIpsHKEHHOCTH. B o0Opasiax ¢ KOHIeHTpa-
nuer MaruuTHeIX yactul 10% u 20% 0wl 3a-
(duKCHpPOBaH MaKCHUMABHBIA yroJl OTKIIOHE-
HUS W3 TOJOKCHUSI PABHOBECHS, KOTOPBIHA
cocTtaBui 15°. OTiIMyus OT BEIMYUHEI OTKIIO-
HEHUS JUIsi 00pa3oB MAarHUTOAKTUBHOTO T10-
JMMEpa C OJTHOW M TOM K€ KOHIIEHTpalUeH,
MOJIMMEPHU30BAHHBIX KaK B MAarHUTOM TIOJIE,
Tak U 0e3 Hero, He HaOMOMaI0Ch. Pe3yib-
TaThl TPOBEICHHOTO WCCIEIOBAaHUS MOTYT
OBITH UCTIOJIB30BAHBI TS Pa3pabOTKU MarHu-
TOMEXaHUYECKUX CHUCTEM IepeMENICHUus U
CEHCOPOB.

Cnucok nutepaTtypbl

1. A state-of-the-art review on magnetorheological elastomer devices / Y. Li, J. Li, W. Li, H. Du
// Smart materials and structures. 2014. Vol. 23, no. 12. P. 123001.

2. Magnetic field-responsive smart polymer composites / G. Filipcsei, I. Csetneki, A. Szilagyi,
M. Zrinyi // Advances in Polymer Science. 2007. Vol. 206. P. 137-189.

3. Magnetorheological elastomer-based materials and devices: state of the art and future perspec-
tives / A. G. Diez, C. R. Tubio, J. G. Etxebarria, S. L. Mendez // Advanced Engineering Materials.
2021. Vol. 23, no. 6. P. 2100240.

4. Rodrigue H., Kim J. Soft actuators in surgical robotics: a state-of-the-art review // Intelligent
Service Robotics. 2024. Vol. 17, no. 1. P. 3-17.

5. 4D Printing: The Development of Responsive Materials Using 3D-Printing Technology /
P. E. Antezana, S. Municoy, G. Ostapchuk, P. N. Catalano, J. G. Hardy, P. A. Evelson [et al.] // Phar-
maceutics. 2023. Vol. 15, no. 12, pp. 2743.

6. Advances in modeling and control of magnetorheological elastomers for engineering applica-
tions / N. K. Dhiman, S. M. Salodkar, Gagandeep, C. Susheel // Archives of Computational Methods
in Engineering. 2024. Vol. 31, no. 3. P. 1823-1865.

7. Cron6os O. B., Paiixep 0. JI.. Mogens MarHuTOaKTUBHOTO 3J1aCTOMEpPA CO CTPYKTYPHBIM T1a-
pametpom // U3Bectus KOro-3amamuoro rocymapctBeHHOro yHuBepcurera. Cepus: TeXHUKA U TEXHO-
norun. 2023. T. 13, Ne 4. C. 75-87. https://doi.org/10.21869/2223-1528-2024-13-4-75-87

8. MarautHsle, ynpyrue, CTpyKTYpHbIE U MarHUTOIe)OPMALIMOHHBIE CBOHCTBA MAarHUTOAJIACTH-
koB / JI. B. Hukutun, JI. C. Muponoga, K. I'. Kopnes, I'. B. Cremanos // BeicokoMoneKkynspHbIe CO-
equnenus. Cepust A. 2004. T. 46, Ne 3. C. 498.

MsBectus KOro-3anagHoro rocygapcteeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonormum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2024;14(3):178-190



188 duamnka / Physics

9. Crenanos I'. B. Marauroaedopmarnuonubiii 3QpPexT 1 BaKyyMHOE YIUIOTHEHHE C TTIOMOIIIHIO
MarauToaktTuBHOro 3mactomepa / I'. B. Cremanos, E. FO. Kpamapenko, I1. A. Ctopoxxenko // HaHo-
uaayctpus. 2022. T. 15, Ne 5(115). C. 266-271.

10. Magnetostriction effects in silicone elastomers / E. S. Kelbysheva, H. H. Valiev,
A.N. Vlasov, Y. N. Karnet, N. S. Snegireva, A. Y. Minaev [et al.] / IOP Conference Series: materials
science and engineering : international conference of young scientists and students "Topical Problems
of Mechanical Engineering", TOPME 2019. Moscow: Institute of Physics Publishing. 2020. P. 012003.

11. Cron6or O. B. MoaenupoBanue 3¢ deKxra NMceBIOIUIACTUIHOCTH B MArHUTOAKTUBHOM dJIa-
CTOMepe IpH CKaTHU U pacTspkennu // M3Bectust KOro-3amaaHoro rocy1apcTBEHHOTO YHHBEPCHUTETA.
Cepusi: Texnuka u Texnomoruu. 2022. T. 12, Ne 4. C. 100-109. https://doi.org/10.21869/2223-1528-
2024-12-4-100-109

12. Magnetoresistivity and piezoresistivity of magnetoactive elastomers / G. V. Stepanov,
A. V. Bakhtiiarov, D. A. Lobanov, P. A. Storozhenko // Journal of Magnetism and Magnetic Materials.
2023. Vol. 587. P. 171313.

13. Demchuk S. A., Kuz'Min V. A. Viscoelastic properties of magnetorheological elastomers in
the regime of dynamic deformation // Journal of Engineering Physics and Thermophysics. 2002. Vol.
75, no. 2. P. 396—400.

14. Zhou G. Y. Shear properties of a magnetorheological elastomer // Smart materials and struc-
tures. 2003. Vol. 12, no. 1. P. 139.

15. Motion of ferroparticles inside the polymeric matrix in magnetoactive elastomers / G. V. Ste-
panov, D. Yu. Borin, Yu. L. Raikher, P. V. Melenev, N. S. Perov // Journal of Physics: Condensed
Matter. 2008. Vol. 20, no. 20. P. 204121.

16. New composite elastomers with giant magnetic response / A. V. Chertovich, G. V. Stepanov,
E.Yu. Kramarenko, A. R. Khokhlov // Macromolecular Materials and Engineering. 2010. Vol. 295,
no. 4. P. 336-341.

17. Stepanov G. V., Storozhenko P. A. Elastic properties of a magnetoactive elastomer // Bulletin
of the Russian Academy of Sciences: Physics. 2024. Vol. 88, no. 4. P. 570-576.

18. Magnetoactive elastomers for magnetically tunable vibrating sensor systems / T. . Y. Becker,
Raikher, O. Stolbov, V. Bohm, K. Zimmermann // Physical Sciences Reviews. 2022. Vol. 7, no. 10.
P. 1063-1090.

19. Ganguly S., Margel S. Fabrication and applications of magnetic polymer composites for soft
robotics // Micromachines. 2023. Vol. 14, no. 12. P. 2173.

20. Multifunctional magnetic soft composites: A review / S. Wu, W. Hu, Q. Ze, M. Sitti, R. Zhao
// Multifunctional materials. 2020. Vol. 3, no. 4. P. 042003.

21. Liao Z., Zoumhani O., Boutry C. M. Recent advances in magnetic polymer composites for
BioMEMS: A review // Materials. 2023. Vol. 16, no. 10. P. 3802.

References

I.Li Y. Li Y., LiJ., LiW,, Du H. A state-of-the-art review on magnetorheological elastomer
devices. Smart materials and structures. 2014;23(12):123001.

2. Filipesei G., Csetneki I., Szilagyi A., Zrinyi M. Magnetic field-responsive smart polymer com-
posites. Advances in Polymer Science. 2007;206:137-189.

3. Diez A.G., Tubio C.R., Etxebarria J.G., Mendez S.L. Magnetorheological elastomer-based ma-
terials and devices: state of the art and future perspectives. Advanced Engineering Materials.
2021;23(6):2100240.

4. Rodrigue H., Kim J. Soft actuators in surgical robotics: a state-of-the-art review. Intelligent
Service Robotics. 2024;17(1):3—-17.

W3BecTtns tOro-3anagHoro rocyaapcTBeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonorum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2024;14(3):178-190



CyTtapuHa W. 10., Hoeukos K. K., Cokornos E. A. u gp. MexaHuyeckne CBONCTBA CUMMKOHOBOTO nonvmMepa... 189

5. Antezana P.E., Municoy S., Ostapchuk G., Catalano P.N., Hardy J.G, Evelson P. A., et al. 4D
Printing: the development of responsive materials using 3D-printing technology. Pharmaceutics.
2023;15(12):2743.

6. Dhiman N.K, Salodkar S.M., Gagandeep, Susheel C. Advances in Modeling and Control of
Magnetorheological Elastomers for Engineering Applications. Archives of Computational Methods in
Engineering. 2024;31(3):1823-1865.

7. Stolbov O.V., Reicher Y.L. A magnetically active elastomer model with a structural parameter.
Izvestiya Yugo-Zapadnogo gosudarstvennogo universiteta. Seriya: Tekhnika i tekhnologii = Procee-
dings of the Southwest State University. Series: Engineering and Technology. 2023;13(4):75-87.
(In Russ.) https://doi.org/10.21869/2223-1528-2024-13-4-75-87

8. Nikitin L.V., Mironova L.S., Kornev K.G., Stepanov G.V. Magnetic, elastic, structural and
magnetodeformation properties of magnetoelastics. Vysokomolekulyarnye soedineniya. Seriya A =
High molecular weight compounds. Series A, 2004;46(3):498. (In Russ.)

9. Stepanov G.V., Kramarenko E.Y., Storozhenko P.A. Magnetodeformation effect and vacuum
sealing using a magnetically active elastomer. Nanoindustriya = Nanoindustry. 2022;15(5):266-271.
(In Russ.)

10. Kelbysheva E.S., Valiev H.H., Vlasov A.N., Karnet Y.N., Snegireva N.S., Minaev A.Y.,
et al. Magnetostriction effects in silicone elastomers. IOP Conference Series: Materials Science and
Engineering : International Conference of Young Scientists and Students "Topical Problems of Me-
chanical Engineering", ToPME 2019. Moscow: Institute of Physics Publishing; 2020. P. 012003.

11. Stolbov O.V. Simulation of the pseudoplasticity effect in a magnetically active elastomer
under compression and tension. Izvestiya Yugo-Zapadnogo gosudarstvennogo universiteta. Seriya:
Tekhnika i tekhnologii = Proceedings of the Southwestern State University. Series: Engineering and
Technology, 2022;12(4):100—109. (In Russ.) https://doi.org/10.21869/2223-1528-2024-13-4-100-109

12. Stepanov G.V., Bakhtiiarov A.V., Lobanov D.A., Storozhenko P.A. Magnetoresistivity and
piezoresistivity of magnetoactive elastomers. Journal of Magnetism and Magnetic Materials.
2023;587:171313.

13. Demchuk S.A., Kuz'Min V.A. Viscoelastic properties of magnetorheological elastomers in
the regime of dynamic deformation. Journal of Engineering Physics and Thermophysics. 2002;75(2):
396—400.

14. Zhou G.Y. Shear properties of a magnetorheological elastomer. Smart materials and struc-
tures. 2003;12(1):139.

15. Stepanov G.V., Borin D.Yu., Raikher Yu.L., Melenev P.V., Perov N.S. Motion of ferropar-
ticles inside the polymeric matrix in magnetoactive elastomers. Journal of Physics: Condensed Matter.
2008;20(20):204121.

16. Chertovich A.V., Stepanov G.V., Kramarenko E.Yu., Khokhlov A. R. New composite elas-
tomers with giant magnetic response. Macromolecular Materials and Engineering. 2010;295(4):336—
341.

17. Stepanov G.V., Storozhenko P.A. Elastic properties of a magnetoactive elastomer. Bulletin
of the Russian Academy of Sciences: Physics. 2024;88(4):570-576.

18. Becker T. L., Raikher Y., Stolbov O., Bohm V., Zimmermann K. Magnetoactive elastomers
for magnetically tunable vibrating sensor systems. Physical Sciences Reviews. 2022;7(10):1063—1090.

19. Ganguly S., Margel S. Fabrication and applications of magnetic polymer composites for soft
robotics. Micromachines. 2023;14(12):2173.

20. WuS., HuW., Ze Q., Sitti M., Zhao R. Multifunctional magnetic soft composites: A review.
Multifunctional materials. 2020;3(4):042003.

21. Liao Z., Zoumhani O., Boutry C. M. Recent advances in magnetic polymer composites for
BioMEMS: A review. Materials. 2023;16(10):3802.

MsBectus KOro-3anagHoro rocygapcteeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonormum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2024;14(3):178-190



190

dusuka / Physics

MHdopmauusa 06 aBTopax / Information about the Authors

Cyrapuna Upuna FOpseBHa, cTyneHT Kadeaps
HAHOTEXHOJIOTWii, 00IIel 1 NpuKIagHON QU3KKH,
IOro-3ananHselii rocy1apcTBEHHBIH YHUBEPCUTET,
r. Kypck, Poccuiickas ®eneparus,

e-mail: sutarinaira@gmail.com

HoBukoB Kupuin KoHCTAHTMHOBHY, CTYJICHT
Kadeapbl HAHOTEXHOJIOTHH, OOIIeH 1 MPUKIaTHON
(hm3ukwn, FOro-3amnagHelii rocyaapCcTBEHHBIH
yHUBepcuTeT, T. Kypck, Poccuiickas @enepanus,
e-mail: knk81329@gmail.com

CoxojioB EBrenuii AnexkcanapoBud, Iperoia-
BaTeNb Kadeapsl HAHOTEXHOJIOTHil, MUKPO-
3JIEKTPOHHKH, OOIIECH U IPUKIATHON HHU3UKH,
IOro-3amnanHpiii rocy/1apCTBEHHBIN YHUBEPCUTET,
r. Kypck, Poccuiickas ®@eneparusi,

e-mail: evgeniysokolovl@yandex.ru

KoncTanTun Ajsiekcanaposud MaTtapbIKuH,
CTYIEHT Kadeapbl HAHOTEXHOJIOTHH, OOIIIeH 1
npukiIagHon ¢pu3uku, FOro-3anamanelii Tocyap-
CTBEHHBIN YHUBEpCUTET, T. Kypck,

Poccuiickas ®deneparus,

e-mail: icego132@gmail.com

PsamnoJio IleTp AJsiekceeBUY, TOKTOp (QH3UKO-
MaTeMaTU4YECKUX HAYK, TOLICHT, J€KaH ecTe-
CTBEHHO-Hay4YHOTO (akynbrera, KOro-3amamHbrii
rocyJapCTBEHHBIN yHUBEPCUTET, T. Kypck,
Poccuiickas @enepanus,

e-mail: r-piter@yandex.ru

Irina Y. Sutarina, Student of the Department of
Nanotechnology, General and Applied Physics,
Southwest State University, Kursk,

Russian Federation,

e-mail: sutarinaira@gmail.com

Kirill K. Novikov, Student of the Department of
Nanotechnology, General and Applied Physics,
Southwest State University, Kursk,

Russian Federation,

e-mail: knk81329@gmail.com

Evgeny A. Sokolov, Lecturer at the Department of
Nanotechnology, Microelectronics, General and
Applied Physics, Southwest State University,
Kursk, Russian Federation,

e-mail: evgeniysokolovl@yandex.ru

Konstantin A. Matarykin, Student of the Depart-
ment of Nanotechnology, General and Applied
Physics, Southwest State University, Kursk,
Russian Federation,

e-mail: icego132@gmail.com

Petr A. Rjapolov, Doctor of Sciences (Physics and
Mathematics), Associate Professor, Dean

of the Faculty of Natural Sciences, Southwest State
University, Kursk, Russian Federation,

e-mail: r-piter@yande:x.ru

W3BecTtns tOro-3anagHoro rocyaapcTBeHHoro yHnsepcuteta. Cepus: TexHuka n TexHonorum /
Proceedings of the Southwest State University. Series: Engineering and Technologies. 2024;14(3):178-190



