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PO3POBKA ABTOMATHU30BAHOI'O PEAKTOPA JIJISA
I'APOMEXAHIYHOI'O CUHTE3Y HAHOHNOSACIB IEHTAOKCHUAY BAHAAIIO
3 KOHTPOJIEM TAPAMETPIB ITPOLECY

V' x00i Oocniodxcenns pospobreno asmomamuzo8aHuii Apucmpiti Oas  CUHmMe3sy
HAHOCMPYKMYp, WO 3abe3neuyc pe2ynto8anHHs ma RIOMPUMKY KIIOUOBUX NApaMempis
nepemeopeHus BUXIOHUX OKcudie y Hanocmpykmypu. Ilpucmpiti 30amuuii aémomamuyHo
niompumyeamu 3a0aHi napamempu pooomu 3aleHCHO 6I0 XaApaKkmepucmux Hno4amro8ux
peazenmie i yinel eKcnepumeHwmy, a mMaKodc 30IUCHI08AMU 3aNUC OAHUX i3 3A0AHUM
IHmMepeanom 01 NOOAIbULO20 AHANI3Y, WO 3MEHULYE UMOGIPHICMb NOMUNOK [ NIOBUUYE
moyHicmb 0ocniodcenb. OCHO8Y NPUCPOIO CMAHOBUMb MIKPOKOHMPONEPHA NAam@opma
Arduino Uno, ska kepye 6y3namu yCMAaHOBKU, 30KpeMd CUCMEMOI0 HA2pi8y ma NpugoooM
miwanku. Ocobnugy yeazy npudineno peanizayii memooy pomayiuHoi 6icKosumempii: y
PeanvHoOMy uaci BUMIDIOIOMbCSA CUNA CMPYMY mMad HANpy2a HA O8USYHI, WO 00360JI€
KOpenosamu yi NOKA3HUKY 3i 3MIHOW 6’ a3kocmi cycnensii. Lle oae 3mo2y suxopucmosygamu
8 ’A3KICMb  AK IHOUKAMOp KIHeMUKU CMPYKMYPHUX NepemeopeHb nio yac ¢hopmysanHs.
HaHonoscie nenmaokcudy anaodiio. [Ipoepamne 3abe3neuenns 3abe3neyye mouHul nNiOpaxyHox
0bepmié 3a 00ONOMO2010 eHKoOepa ma NIA6He pe2VIIO8aHHA WEUOKOCHI, W0 2apaHmye
cmMabinbHICMb YMO8 eKCHEePUMEHIY NPOMAZOM MPUBANO20 Yacy. Aemomamu3ayis 300py OaHUX
i ix 30epecennsn y popmami CSV onmumizye oopooky pesyromamis. Pospobaena ycmanoexa
3a6e3neyye 8UCOK) 8I0MBOPIOBAHICMb CUHME3)Y MA CMBOPIOE NIOTPYHMS O/ HOBUX Memooig
xapaxkmepuszayii OKCUOHUx Hamomamepianie. Ilokazano ModCIUGICMb — BUKOPUCTAHHA
8’A3KOCMI AK IHMe2palbHo20 napamempa Oisl MOHIMOPUHZY KIHEMUKU CMPYKMYPHUX
nepemeopeHs y npoyeci popmy8anHs HAHONOACIE.
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KuarouoBi cjioBa: okcuau MeTalliB, IEHTAOKCH]l BaHAJil0, CHHTE3 HaHOMAaTepiaiB,
KIHETHKA CTPYKTYPHHX IIEPETBOPEHbD, TIPOMEXaHIUHUN CUHTE3.

1. Beryn

B octaHHI ASCATUIITTS OKCUIN METATIB € 00’ €KTOM 1HTCHCHBHHX JIOCIIIKCHbB, CEPE]]
AKX OCOONMBY yBary npuBepTae mneHTaokcun BanHanio (V20s). Llelr matepian mupoko
BUBYAETHCS B PI3HUX Taly3sIX HAyKH 1 TEXHIKH, 30KpeMa B EJIEKTPOXiMii, eJIeKTpOHilli,
GOTOHII, OKpEeMHX HampsiMaX MEIWIMHHM, a TaKOoX y cdepli CTBOpPEeHHsS (PYHKIIOHATHHUX
marepiaiiB i mpuctpois [8]. [leHTaoKCcH T BaHAII0 XapaKTEPU3YEThCSA CYKYIHICTIO YHIKATbHIX
(h13UKO-XIMIYHUX BJIACTUBOCTEH, IO 3yMOBIIFOE HOTO TIEPCIIEKTUBHICTh Ta CTIMKUIA 1HTEpEC 10
PO3pOOKM U YTOCKOHAJICHHS METOJIB HOro CHHTE3y. 3aBISKH UM BIACTUBOCTAM V20s
3HAXOJIUTh 3aCTOCYBaHHS Y BUPOOHUIITBI TOHKOIUTIBKOBUX TPAH3UCTOPIB, & TAKOXK Y CUCTEMax
30epiraHHs Ta HAKOMYEHHsI eHeprii.

ABTOMAaTH3AIlIsA TPOIECIB JTOCTIIHKEHHS 32 JOIIOMOTOI0 MIKPOKOHTPOJIEPIB, TAKUX SK
Arduino Uno, MOXe 3HAYHO CHPOCTHTH Ta NPUIIBUIIIATH IPOBEICHHS EKCIICPUMEHTIB.
Bukopuctanss ta po3poOka aBTOMAaTH30BaHUX CHUCTEM JIO3BOJISIE HE JIMIIE 36KOHOMHUTH 4ac, a
TaKOX ITIBUIIUTH TOYHICTh Ta TIOBTOPIOBAHICTh EKCIICPUMEHTAIBHHUX PE3YJbTATIB, IO €
KPUTHYHO BYKJIMBUM y HAYKOBUX JochikeHHsX [1]. ¥V cydacHOMy cHHTEe31 HaHOMAaTepialiB
OJTHIEIO 3 KIIOYOBHX TMPOOJIEM € JOCSATHEHHS BHCOKOI TOYHOCTI KOHTPOJIIO MapaMeTpiB
MPOLECY, OCKIIbKM HAaBITh HE3HAUHI BIAXWJICHHS MOXYTb CYTT€BO BIUIMBATH Ha KIHIIEBI
XapaKTePUCTHKH OTPUMAHOTO NpPOAYKTy. He3Bakaiounm Ha 3HAYHMHA TpPOTpPEC y CHHTE3I
HAHOCTPYKTYP OKCH[IB, MHUTAHHS OINEPATHBHOTO KOHTPOIIO KIHETHKU iX (OpMyBaHHS B
IpOIIeCi CHHTE3Y 3aJIMIIAETHCS HEIOCTaTHBO JOCHTIHKEHUM. JlaHe MOCIiKeHHS MPUCBIYCHE
pO3po0I1Ii aBTOMAaTU30BAHOTO TMPUCTPOIO JII CHHTE3y HAHOMOSICIB MEHTAOKCHUIY BaHAIIo,
3aCHOBAaHOTO Ha MIKpOKOHTpoJiepHii miaTtdopmi Arduino Uno. OCHOBHOIO METOIO POOOTH €
aBTOMAaTH3AIlis MPOLECYy CHHTE3y 3 METOI0 3a0e3MeueHHs] KOHTPOIIO KIIYOBUX MapaMeTpiB
peaxiiii, 30kpemMa TeMIepaTypu Ta IMBHAKOCTI 00epTaHHS, sIKIi BUZHAYAIOTh YMOBH Iepeodiry
MPOLIECy Ta BIUTUBAIOTH HA PE3yJIbTaTH eKCIepUMEeHTy. BoqHouac 3anmponoHoBaHui MiAXia HE
OOMEXY€EThCSl JIMIIC aBTOMATH3AIli€l0, a CHPSIMOBAHMW Ha CTBOPEHHS CHCTEMH, 3aTHOL
3a0€3MeUnTH CTabUTBHICTD Ta BIITBOPIOBAHICTh PE3YJIbTATIB CHHTE3Y.

[Iporiec aBTOMAaTH30BaHOTO KEepPyBAaHHS TapamMeTpamMH CHHTE3Y Ja€ 3MOTY JOCSTTH
BUCOKOI TOYHOCTI EKCHEPUMEHTAJIbHUX YMOB 1 MiHIMI3yBaTW NOXMOKU TNpH IPOBEACHHI
HAyKOBHX J0CHIJKeHb. Lle € 0coOMMBO BaKJIMBUM KOJIM HEOOXIJHE TOYHE BIATBOPEHHS K
YMOB TIPOBEACHHS €KCIEPUMEHTY, TaK 1 OTPUMAaHUX Pe3yJbTaTiB. 3aBASAKH PO3pOOICHOMY
MPUCTPOIO TAaKOXK peani3yeTbcsi aBTOMATH30BaHHWM 30ip €KCNEPUMEHTATbHUX MAHUX, IO
3MEHIIY€E Yac iX 0OpOOKU Ta ONTUMI3y€ METOH MONATBIIOTO aHATI3Y.

Po3pobnennii npucTpiit po3MmNpPIOE MOKIMBOCTI BJOCKOHAJICHHSI METO/[IB CUHTE3Y, 1110
€ BAOXIWMBUM Ui (PyHIAMEHTaJbHUX OCIIDKEHb Yy Tally3l MaTepiaJlo3HaBCTBA Ta IS
MPUKJIATHUX TEXHOJIOTIYHHUX 3aCTOCYBaHb. 3aIIPOMOHOBAHUH MIJX1I MOXKE Oy TH BUKOPUCTAHUIN
SIK OCHOBA JIJISl TTONANBIIHX JTOCTI/KEHb, CIIPIMOBAHMX Ha aBTOMATH3AIlI0 MPOIIECIB CHHTE3Y
Ta BUBYCHHS BIACTHBOCTEH OKCHUIHUX HAHOCTPYKTYD, & TAKOX JUIS PO3B’S3aHHS aKTyaJIbHHUX
TEXHIYHUX 3aBIaHb Y TATy35X, 10 IHTCHCHBHO PO3BUBAIOTHCS.

2. Po3poOka Ta KOHCTPYWOBAaHHS aBTOMATH30BAHOIO IPHCTPOI VIS CHHTE3Y
HAHOIOSICIB MEHTA0KCHY BaHa/lil0 HA OCHOBI MikpoKkoHTpoJsepa Arduino Uno.

JlJis MOCTaHOBKM Ta peajizalii eKCIepUMEHTAIbHUX JOCIIKEHb, CIPSIMOBAHUX Ha
CHHTE3 1 JOCII/PKEHHIO HAaHOMOSICIB MEHTAOKCUy BaHAJII0, @ TAKOX 1HIINX OKCHUJIIB METaliB,
OyJsi0 po3poOeHO TIpHIIaj, Mo 3a0e3Meyye aBTOMATH30BAHE PETYIIOBAHHS Ta PEECTpAIliio
KJIIOYOBUX TIapaMeTpiB Mpolecy. 3acTOCYBaHHS pO3pOOJIEHOr0 MPUCTPOIO  J03BOJISE
3MIIHCHIOBATH KOHTPOJIb YMOB CUHTE3Y Ta OTPUMYBATH €KCIIEPUMEHTAJIbHI 1aH1, HEOOX1IH1 115
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MOJAJIBIIOTO aHaJi3y W onTUMi3alii mapameTpis nporecy. Lle 103Bossie mepeiTu Bil IKiCHOTO
OMHUCY TMPOIEeCYy CHHTE3Yy JO KUIBKICHOIO aHajidy HWOoro KIHETMKM Ha OCHOBI
EKCIEPUMEHTAIBHUX JaHUX. 30KpeMa, IHTCHCUBHICTh NEpEeMIIyBaHHS BH3HAUAE XapaKTep
TiPOIMHAMIYHOTO PEKUMY, 10 Oe3MocepeIHbO BIUIMBAE HAa €(EKTHUBHY B’S3KICTh 1 YMOBH
(bopMyBaHHS HAHOCTPYKTYP.

ExcniepuMmeHTaNbHI TOCTIHKEHHS, COPSIMOBaHI Ha BUBYCHHS IMPOIECiB (popMyBaHHS
HaHOCTPYKTYp, TMOKa3ajH, 110 B XOJI CHHTE3y BiOyBAaeThCS 3MiHA psAy MapaMeTpiB, sKi
MOXXYTb OYTH BHUKOPHCTaHI SK 1HIUKATOPHU POCTY Ta YTBOPEHHS HaHOCTPYKTyp [8-9]. Lle
CTBOPIOE TIEpEAyMOBU Ui OUIbII TIMOOKOTO  aHami3y MeXaHi3MIiB  (OpMyBaHHs
HaHoMaTepiagiB 1 JUIsl BAOCKOHAJICHHS YMOB CHUHTE3y 3 METOK OTPUMAaHHS CTPYKTYp 13
3aJJaHMH BJIACTUBOCTSIMH.

Jlnst  TOCSITHEHHST BHCOKOi SIKOCTI CHHTE3y Ta e(eKTHBHOI ONTHUMI3allili yMOB
EKCIEPUMEHTY He00X1IHO KOHTPOJIIOBATH PsIJi BKJIMBHX ITapaMeTpiB, 30KpeMa iIHTEHCHUBHICTh
nepeMilllyBaHHs Ta TeMIeparypy cepenoBuia. Lli ¢pakTopu icTOTHO BIUIUBAIOTh HA JTUHAMIKY
peakIiiii Ta KiHETHKY CTPYKTypHUX HepeTBOpeHb. OCKUIBKH KOHTPOJb OOEpPTIB MOTOpa €
KIIOYOBUM €TaroM Ipolecy, Oylo po3poOJeHo cremiani3oBaHuil mnpucTpiii Ha 06a3i
mikpokoHTposiepa Arduino Uno. Lleil mpucTpiii aBTOMaTHYHO pETyII0e 00EpTH MOTOpPY Ta
IPOBOJIUTH BHUMIPIOBaHHS CWJIM CTPyMy W Halpyru, 10, B MHOJAjbIIOMY, 3a MPHHLUIIOM
poTamiiiHoi  BiCKO3UMETpii, KOHBEPTYIOThCS Yy 3HAYCHHS B'SI3KOCTI  JOCHIKYBaHOTO
cepeloBUILA.

PotariitHa BiCKO3UMETpis € METOJIOM BH3HAYCHHS B’SI3KOCTI PIIMH Y YMOBaX 3MiHHOTO
MEXaHIYHOTO HaBaHTa)XEHHSA. B OCHOBI MeTOIy JEXUTh BUMIPIOBAHHS MOMEHTY CHJIH,
HEOOXiHOTO uisi oOepTaHHS IMIIHAPUYHOTO €JEMEHTa, 3aHypEeHOro B JIOCIiIKyBaHE
cepenoBuie. 3MiHM B’SI3KOCTI CyCIeH3ii MiJ Yac CHUHTE3y BiOOpakaloTh CTPYKTYpHIi
NIEPEeTBOPEHHS MaTtepiajy, IO J03BOJISAE OI[IHIOBAaTH JAWHAMIKy ()OpMYyBaHHS HAaHOIOSCIB Ta
BIUIMB TEXHOJIOTTYHUX IMapaMeTpiB Ha nepedir npouecy. Jlanuii MeTos BU3HaUEHHs B’ I3KOCTEH
JOCIIJKYBaHUX CYCIICH31i JIO3BOJISIE KOPEIOBATH XapaKTEPUCTHKU PIAMHU 3 YMOBAaMHU
CHUHTE3y, 10 3ale3rmedyye MOXIUBICTH ONTHMi3alii MapaMeTpiB  E€KCIIEPUMEHTY.
[lepenbauaeThcsi, 1O e(eKTHUBHA B’SI3KICTh CYCIEH31I BHU3HAYAETHCS KOHIIEHTPALIELO,
po3MipamMu Ta (OPMOIO YAaCTHHOK, 10 (POPMYIOTHCSA B TNPOLEC] CHHTE3y. 3MIHU B’SI3KOCTI
MOXYTh PO3TIISIIATHCS SK IHTETPAIBbHUN TapameTp, YyTIUBHHA 10 KIHETUKH 3apOJUKCHHS 1
pPOCTY HAHOCTPYKTYp, 30KpeMa 10 (OpMYyBaHHS BHUAOBKEHUX HAHOIOSCIB IEHTAOKCUIY
BaHaAit0. CIliJ 3a3HAYNUTH, 1[0 BU3HAYEHHSI B’ I3KOCTI 32 €JIEKTPUYHUMH [TapaMeTpaMH ABUTYHA
notpedye MONepeAHbOro KajaiOpyBaHHS Ha €TAJOHHMX piauHax. Y JgaHil poOoTi
BUKOPHUCTOBYETHCS BIIHOCHUM MiJIX1/, SKUM T03BOJIA€ aHANII3yBaTH 3MIHH B SI3KOCT1 B IpoIieci
CHHTE3y 0e3 IpsMOro BU3HAYCHHs ii aOCOMIOTHUX 3HAUYEHb.

Jii peani3zanii eKCriepuMeHTaIbHOI yCTAaHOBKH BUKOPUCTAHO €JI€KTPOHHI KOMIIOHEHTH,
mo 3a0e3MeuyloTh KepyBaHHS 1 peecTpaliio KIIYOBUX MapaMmeTpiB mporecy (puc. 1).
KoHTponb crany ycraHoBKHM 3AilicHIOeTbCs 3a gomnomororo OLED-mucruies, Ha sikomy
BiZIOOpakaloThcsl IMIBUIAKICTH OOEpTaHHs, cuia CTpyMmMy Ta Hampyra [2]. BumiptoBaHHs
EJICKTPUYHUX TTapaMEeTPiB IBUTYHA BUKOHAHO 3a JoroMororo Moyt INA219 ta BOyoBaHOTO
aHaJIoro-1M(poBOro NepeTBOproBaya, 3 nepeaaueto fanux yepes inrepdeiic 12C npotokon [7].
OYHKIIOHATBFHO CHCTEMa TMOAUIETHCS Ha MIJACUCTEMY BHUMIpIOBaHHSA (CTpyM, Hampyra,
00epTH) Ta mificucTeMy KepyBaHHS (peryJifoBaHHS MIBHJIKOCTI OOEpPTaHHS Ta TEMIIEpaTypH),
110 3a6e3meuye cTabiIbHICTh YMOB CHHTE3Y.
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control unit and
viscosity detector

Puc. 1. Cxemaruune 306pa)KeHH$I ABTOMATHU30BAHOTI'O ITPUCTPOIO IJIsI CUHTE3Y
HAHOIIOSCIB MMEHTAOKCHTy BaHAIiF0 HA OCHOBI MiKpoKOoHTpoJiepa Arduino Uno
Fig. 1. Schematic illustration of an automated device for synthesising vanadium
pentoxide nanoribbons based on an Arduino Uno microcontroller

Bukopucrannas nporokony [12C 3abe3neuye edekTHBHE MiIKIIOUEHHS MOIYJIB IS
BUMIPIOBaHHS CWIM CTPyMY, Halpyrd Ta MOTYXHOCTI 1 Ma€ mepeBard MOPIBHSIHO 3 IHIIMMU
inTepdeiicamu. [Ipotokon ¢ynkmionye yepes asi minii: SDA (Serial Data Line) ms nepenadi
nanux ta SCL (Serial Clock Line) nyst TaktyBanHs curaainy [3-5]. MOXIMBICT HiAKITIOUYEHHS
KUJTBKOX TPUCTPOIB A0 OTHUX JiHiM Oyna BuKopuctaHa npu interpauii OLED-gucmmes, oo
JIO3BOJIMJIO CIPOCTUTH BUTOTOBJIEHHS Ta MOJENIOBAHHS JIPYKOBaHOI IJIaTH, 3MEHIIUTH
KUIBKICTh BUKOPHUCTAHMX JIHIA 1 MOJErmuTu ix po3BeAeHHs. Hampyra BuMiproeThcs 3a
JIOTIOMOrol0 ~ BOyZIOBaHOTO  aHayoroBo-iiMdpoBoro  neperBoptoBaya  Arduino  Uno.
MakcumMarnbHa BUMipIOBaHa Harpyra craHoBUTH 12 B, a 10-0iTHui nepeTBoproBau 3a0e3neuye
muckperu3ariito Bix 0 no 1023 onunuie, mo Bignosigae wmiHi noxiaku 0,012 B. Leit piBeHb
TOYHOCTI 33JJ0BOJIbHSIE BUMOTH, HEOOX1/IH1 JIJIsl IPOBEJIEHHS eKcriepuMeHTy. s 30epexeHHs
eKCIepUMEHTAIbHUX JaHUX Ha eTall NpOEKTyBaHHA 1HTerposaHo SD-amantep. 3 ioro
JIOTIOMOT 010 (PIKCYIOTHCS MOKa3HUKH CHUJIM CTPYMY, HalpyTu Ta 00epTiB ABUTYHA HA IUPPOBUI
Hociil. Ilicast 3aBeplieHHS eKCIepUMMEHTY JaHi 30epiraiotbes y ¢opmari “CSV”, mo
3a0e3rnevye 3py4HICTh IMIOPTY Ta MOJANIBINOT OOPOOKH B MPOrpaMHOMY 3a0€3MEeUeHHI s
aHauizy.

OcobnuBa yBara Oyja ImpuaiJIeHa BUMIPIOBAHHIO 00EPTiB MOTOpa Ta aBTOMAaTUYHOMY
peryJoBaHHI. ABTOMaTHYHE PETyJIIOBaHHS J03BOJIA€ MIATPUMYBATH 3aJlaHi Hamepex 00epTH.
Ile Oe3mocepenHbO BIUIMBaE Ha €(PEKTUBHICT Ta JOMUIBHICTH eKcrepumeHTy. s
BUMIPIOBaHHS 00EpTIB BUKOPHUCTOBYEThCS BOYJOBaHMI B €IEKTPOMOTOp eHkojep. Enkonep
JI03BOJISIE TOYHO BUMIPIOBATH KyTOBE TIOJIOKEHHS Ta 00epTH MoTtopa [6-7]. Enkonep renepye
IMIYJIbCH, K1 MEPeAaloThCs Ha MIKPOKOHTpOJIEp, 10 0OpoOIise i CUTHANM Ta 3/iHCHIOE
MEePETBOPEHHS 1X y 3HAa4eHHs 00epTiB. i IbOTO B IporpaMHOMY 3a0e3MeueHH1 iepea0aueHo
QITOPUTM, SKUH paxye KUIbKICTh IMMYJbCIB, MEPEBOJUTh OTPUMaHi JaHi B 0OepTH Ta
00paxoBye KUIbKICTh 00€pTiB 32 OAMHHUIO Yacy. [loBHMI anropuT™ nporpamu npeacTaBIeHO
Ha (puc.2). Ha HbOMy BUAHO, 110 aITOPUTM IEPEBEJCHHS IMITYJbCIB €HKOJepa B 00epTH 3a
XBWJIMHY 3HAXOIUTHhCS HA TOYAaTKy OCHOBHOTO IHUKIY IMPOrpaMHu. AITOPHTM OOpaxyHKY
00epTiB ckianaeTbes 3 ABoX (yHkuii. Dynkuis ENCA mis paxyBaHHS IMITYyJIbCH a QYHKIS
getDriveSpeed ast paxyBaHHS 00€pTiB.
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@yukuis EncA nigpaxoBye iMiynbcu. KiTbKiCTh IMITYJTBCIB 3aIIHCYIOTHCS y TTI00AIBHY
3MiHHY IMp, SiKa HAa MOMEHT CTapTy mporpamu Mae 3HadeHHs 0. OYHKILiS iIHKPEMEHTY€E 3MiHHY
IMp KOXHOTO BUKJIMKY. L[5 1isi BUHECEHA B OKpEeMy Ui TOTo, 100 peaizyBaTH MiApaxyHOK
IMITyJIbCIB TapajesbHO A0 pOoOOTH OCHOBHOI IpOrpaMu dYepe3 MeXaHi3M IepepUBaHHS.
KosxHoro pasy, konu Ha pin 2 atu Arduino Uno NpuXoauTh CUTHAN, BUKIHUKAETHCS (QYHKIIIS
ENcCA, sika BUKOHY€TbCS TapajiesibHO 10 BUKOHAHHS OCHOBHOI Iporpamu. Jlaii Bxke B OCHOBHIN
nporpami BHKJIMKaeThesl QyHKIis getDriverSpeed, sika mepeBipsie yu 3MiHHA IMP gocsria
3HAYEHHsI KUIBKOCT1 IMITYJIbCIB OJHOTO 00epTy. Y MOTOpi, KU OyB B3ATHHA 1T PO3POOKH
npwiany 1e 99 imnynbci. [Ipu 1ocArHEHHI OO 3HAYCHHS JIIYMIBHUK 00epTiB rnd_counter
30UTBIITYETHCS HA OJIMH 33 JOTIOMOTOK) 1HKPEMEHTY, a JIIYMIBHUKY IMITYJIbCIB IMPHUCBOIOETHCS
3HaueHHs 0. KokHI IM’STh CEKyHIl 3HA4YCHHs JIYMIbHUKAa OOEpTIB IHTEPIOIIOIOTHCS, Ta
BUPAXOBYIOThCS 00epTH 3a XBHIUHY. [y 11bOro 3MiHHa nd_counter gomHoXaeThest Ha 12,
o0 oTpuMaTH O0EpTH 3a OJHY XBWIHMHY. J[1s1 YHUKHEHHS Pi3Koi 3MiHH 00epTiB, OepeTbes
cepeqHe apu(pMETHUHE IMONEPEeTHHOT0 3HAYCHHs O0EpTiB Ta BUMIPSHOro. TakuM YHHOM
peaizoBaHO CHpPOINEHUH TMPOMOPUIHHUA alNrOpUTM pETYJIIOBaHHSA, SKHd 3a0e3nedye
cTabinpHICTE 00epTiB 0€3 BUKOPHUCTAHHS CKIAAHIMUX peryisTopiB. Lle moxke BHOCHUTH
noxuOKy y BHMIPIOBaHHIX B pealbHOMY 4aci, ajie 3a0e3ledye IUIaBHICTh PEryJIIOBaHHS Ta
cTabUIBHICTh 00EpTIB BIPOAOBK YChOTO €KCIIEPUMEHTY, SKUIl MOXKE TPUBATH KiIbKa THUXKHIB,
TOMY II€I0 TOXHOKOIO OyJIO 3HEXTyBaHO. Marwoun 00epTH 3a XBHJIMHY AJITOPHUTM KOPETY€
HIBUJKICTh 00EPTIB MOTOpA B peagbHOMY 4aci, 10 € BAXKJIUBUM JIs JOCATHEHHS CTa01IbHOCTI
Ta TOYHOCTI TIPOIECY CHHTE3Y.

OTpuMaHi eKClepUMEHTaIbHI JaHi 3amuCcyloThesa y daitn 3 intepBaioM 20 xB. Yac
MPEJICTaBICHO B MilicekyHaax; 3HadeHHs 20000 mc, HaBe/eHEe Ha OJIOK-CXEeMi, BUKOPUCTAHO
BUKIIIOYHO 3 METOK HAao4yHOCTi. Peamizamisi mpouenypu 3amucy B HPOrpaMHOMY KOl
3IIMCHIOETBCS 32 JIOTIOMOTO0 crenianbHoro iuyniabHuka timeCounter. 3amuc nanux y daiin
BUKOHYETHCA Y Pa3i, KOJIM 3HAYEHHS I[bOTO JIYMIIbHUKA IJTUTHCS HALILIO HA 4, 1110 3yMOBIIEHO
CrocoOOM BHU3HAYEHHS 1HTEpBaly dacy At.

Jlnst obuucnenust At BukopuctoByetbes BOymoBana ¢yukuis Millis(), ska moseprae
KUIBKICTh MUIICEKYHJ| BIJJ MOMEHTY 3allyCKy MpOrpamMH. 3 METOI0 3MEHIIEHHS KUIbKOCTI
3BEepHEHb M0 I1i€i (QyHKIii B aJropuT™M BBEAECHO M0AaTKOBHIA JiumibHUK timeCounter, sikwuii
3a0e31meuye KOHTPOJIb YaCOBUX 1HTEPBAJIiB MIXk MOCIIIOBHUMU OTIEpAIlisIMU 3aIIUCY JaHHX.

Ha (puc. 3) npencraBieHo 3arajibHUN aJrOpUTM OCHOBHOI YaCTHMHM Hporpamu. Bix
LTIOCTpY€E poOOTY MPOTrpaMu IO MIAPAXYHKY 0OEpTiB.
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Puc. 2. brok-cxema anroputMy poOOTH OCHOBHOT YaCTHHU TPOTPAMHU
Fig 2. Block diagram of the algorithm for the main part of the program

TakuM 4yMHOM, B pe3yJbTaTi KOMIIOHYBaHHS BUIIEBKA3aHUX €JIEMEHTIB Ta PO3POOKHU
porpamMHOTo 3abe3rnedyeHHs, Oyia CTBOpPEHAa yCTaHOBKA, 3/1aTHA 3IIMCHIOBATH aBTOMATHYHE
MepeMillyBaHHS BOJHUX CYCIIEH31i, KOHTPOIIIOIOYH BCl KIFOYOBI MapaMeTpH, 10 BIUTMBAIOTh
Ha iX JIOCIDKeHHS Ta 3a0e3MeuyBaTH BIITBOPIOBAHICTh Ta KOPEKTHICTh BUMIPIOBAHb.

Ha (puc. 3) mpeacraBneHa peamizailis MPUHIUIOBOI EIEKTPUYHOI CXEMHU
BUTOTOBJICHOTO TMpuCTporo. Cucrema moOyaoBaHa Ha 0a31i MikpokoHTposiepa Arduino Uno,
SIKUH 3/1IHCHIOE KEpYyBaHHS Ta KOHTPOJIb yCiMa KIIOYOBUMHU €IEMEHTAMH YCTaHOBKHU. OHIEIO
3 OCHOBHUX (DYHKIIIHi € peryiroBaHHs OOEpTIB MOTOpa 3TiAHO 3 MPOMOPIIIHHUM 3aKOHOM.
[IpuHIMN perynroBaHHS MOJSATae B 3MiHI HAPYTH, MOJAaHOI Ha MOTOp, KOXKHI 5 CEKyHI, 3
ypaxyBaHHSIM TIOTOYHUX 00EpPTiB MOTOpA.
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Puc. 3. [IpuHnumnoBa enekTpUYHa CXeMa aBTOMAaTUYHOI MarHiTHOT MIIITAJIKH 3
MOYJIMBICTIO @BTOMaTHYHO KOHTPOJIIOBATH Ta MiATPUMYBATH HEOOX1/IHI TapaMeTH st
CHHTE3Y IMOSCKIB MEHTOKCHAY BaHaaiio V205 Ta 3anucy naHux Ha HudpoBUN HOCIH
iHpopmarii Ha 6a3i Arduino Uno.

Fig. 3. Schematic diagram of an automatic magnetic stirrer with the ability to
automatically control and maintain the necessary parameters for the synthesis of V205
vanadium pentoxide belts and record data on a digital storage device based on Arduino Uno.

IIi mani BHKOPUCTOBYIOThCS B (yHKHii automate(), ne OOYHCIIOETBCS CepeHE
apu@meTHnyHe MK TOTOYHUMH Ta MONEpeIHIMU TOKa3HUKaMH 00€epTiB, 1110 3a0e31eUye MIaBHe
Ta CTablIbHE PETyJIOBaHHs IIBHUAKOCTI oOepTraHHs Moropa. KpiMm Toro, koxHi 20 cekyHI
CHUCTEMa MPOBOJUTh BHUMIPIOBAHHS CHJIM CTpPyMy Ta Hampyrd, a OTpPUMaHi 3HAYCHHS
BuBOJAThCS Ha OLED nucruielt, mo J1ae MOXKIIMBICTh ONEPAaTOPY BiJICHIIIKOBYBATH KITIOYOBI
napaMmeTpH.

Jlns ynpaBlliHHS MOTOPOM BHUKOPHUCTOBYETbCS BOYIOBaHUM IM(PPOBO-aHATIOTOBUN
nepetBopioBau (LIATIT), aas kepyBaHHS SKOTO BUKOPUCTOBYeThCs (yHkitis analogWrite, sika
npuiiMae HoMep MiHa Ta 3HaueHHs B Mexax BiJ 0 1o 255 sk nmapamerpu. 3naueHHs Bia 0 1o 255
MpOMOpIiHHO BiAnoBinae Hampysi Bix 0 mo 5 BombT. IIBHAKICTE OOepTaHHS JBUTYHA
BU3HAYA€THCS MPUKJIIA/IEHOIO HAMIPYT OO Ta MEXaHIYHUM HaBaHTAXXEHHSM, TO1 K CHJIa CTPyMY
BiloOpakae piBEHb HABaHTA)XEHHA Ta Omip cepepoBuiia. Motop, sikuil OyB B3sATHI a7s
CTBOPEHHSI TPHUCTPOI0 MOXKe MpuiiMaTtH MakcumyM 12 BonbT. Arduino Uno He Moxke
3a0€3MeYUTH CIOKUBAHHA MOTOpPY, TOMY MOTOpP XHBUTBHCS OKPEMO BiJl JKHUBJIEHHS IIaTH
Arduino Uno. /[Inga omocepeakoBaHOTO KepyBaHHS HANpPYroko, M0 TMOJAETbCA Ha
€JIeKTPOABUTYH, OyJI0 BHKOPUCTAHO TMOJBOBUI TPaH3UCTOpP Ta JOJATKOBI €JIEMEHTH
€JIEKTPUYHOI CXeMHU, IPU3HAYEHI Ui 3a0e3neueHHs cTabiiabpHo1 podotu npunany. Tpansucrop
YBIMKHEHO B KOJIO JKUBJIEHHS JIBUTYHA 3 HOMIHAJIBHOIO Hanpyroio 12 B nuigxoM nociaiioBHOTO
HiAKJII0OYEHHS HOro CTOKY Ta BUTOKY. KepyBanbHMIA CUTHANI Ha 3aTBOP TPAH3MCTOpa MOJAETHCS
3 iati Arduino Uno depes oOMexyBambHUN PE3UCTOP, MIPH IIbOMY J10JIaTKOBO BUKOPUCTAHO
HOIATATYIOUMH pe3ucTop 10 3emiti. Taka cxema KepyBaHHS 3a0e3ledyye MOXKIMBICTh
pEryJIFOBaHHS HAINpPyTH, 110 MOAAETHCA HA JBUTYH, 3 KpokoMm 0,047 B, 4oro qocTaTHbO i
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miaTpuMaHHs cranux o0epriB. CTallnbHICTE MIBUAKOCTI OOEpPTaHHS € BHU3HAYAIBHUM
YHHHUKOM JUTsl QOpMyBaHHS BiITBOPIOBAHHX YMOB CHHTE3Y.

3amaHHs TMOYAaTKOBOI IIBUAKOCTI OOEpTaHHS 3MIMCHIOETHCS JBOMa CIIOCOOaMHU.
[IpiopuTeTHUM € 34MTyBaHHs 3Ha4yeHHs 3 (airy: y ¢aimi, 10 SKOro Hajgam 3amuCylThCS
eKCIIepUMEHTaNIbHI 1aH1, HEPIINNA PAAOK MICTUTh 3HAYEHHS TIOYAaTKOBHX 00€pTiB. 3a HAsIBHOCTI
¢aiisry Ta KOPEKTHOTO 3UMTYBaHHS IaHUX BCTAHOBIIIOETHCS caMe 11€ 3HAYCHHSI, 110 3a0e3reuye
MOYJIMBICTh BiJTHOBJICHHSI POOOTH MPOTpaMu Micis KOPOTKOYACHUX ab0 TpHUBAJIMX MepedoiB
€JICKTPOKUBJICHHs. AJbTEpHATHBHUN croci0 mependavae 3amaHHs O0OEpTiB 3a JOMOMOTOIO
OpraHiB KepyBaHHs puiaay. st 1boro BUKOPUCTOBYIOTHCS JIBi TAKTOBI KHOIIKH, MPU3HAYECH]
JUTS 301IBIIICHHS Ta 3MEHIICHHS IBUAKOCTI o0epTanHs. [licist 3MiHM 3a1aHOTO 3HAYEHHS BOHO
BinoOpaxaerscst Ha OLED-nucnuiei, Toai sk gpaktuyHa 3MiHa 00epTiB BiZOyBa€THCS 3 IEBHOIO
3arpuMkoro. IIporpamue 3abe3rnedeHHs 3AIMCHIOE TEPEBIPKY BIAMOBITHOCTI (haKTHIHOT
MIBUJIKOCTI 00€pTaHHS 33JaHOMY 3HAUYEHHIO Ta B aBTOMAaTUYHOMY PEKUMI Mi0Upae HeoOXiTHY
HAIPYTYy, 110 MMOJIA€THCS HA EICKTPOIBUTYH.

Innukarnis Bkitoyae y cebe moka3sHuK ckBakHocTi IIIM, sika B 1IbOMYy KOHKPETHOMY
BUIAJKy € BiJIHOCHOIO MOTYKHICTh MOTOpY. Ilil YyMOBHOIO MOTYXHICTIO BiJI0OpakarOThCs
OakaHi Ta peasbHi 00epTH. B 1pyroMy CTOBIMYKKY BiOOpaXatoThCS HANIPYTa Ta CHUILY CTPyMY.
ITouarkoBa iH(opMaIlis Ta CHCTEMHI ITOB1IOMJICHHSI BUBOJIATHCS MPU CTAPTI HA JUCILIET.

3 Meroro 3a0e3neueHHs] 3pYYHOCTI MOHTaXy Ta KOMITAKTHOCTI KOHCTpYKwii Oyia
CIPOCKTOBaHAa Ta BUTOTOBJICHA JpyKoBaHa ruiata [10] MeTogoM XiMIYHOTO BUTPABIIOBAHHS
Miji. 3a3HaYeHUI METO]] peasli3y€eThes y 1Ba OCHOBHI etany. Ha nepromy erari 3iiCHIOEThCS
TEpMIYHE TIEPEHECEHHS TOIOJIOTIi CIIPOSKTOBAHOT IPYKOBAHOT IJ1aTh Ha TekcToliT. Ha (puc. 5)
HaBeJICHO MIA0JIOH JPYKOBAHOT IJIATH.

il *
® 0ooo 00000

Puc. 5. [la6yoH npyKoBaHO1 MIaTu
Fig. 5. Print circuit board layout

[IlabmoH JpykoBaHOT TIJIATH pO3APYKOBYEThCA Ha [UISHIIEBOMY TMamepi 3
BUKOPUCTAHHSAM JIa3epHOTO TMpHHTepa. lle € NpUHIUIOBO BaXJIUBUM TEXHOJIOTIYHUM
aCIMeKTOM, OCKUTBKH JIA3ePHUM JIPYK 31HCHIOETHCS 3a JOIIOMOTOI0 TOHEpa, a He (papou. Tonep
e TMOPOIIKOMOAIOHMI MaTepian, SKAW X Ai€l0 TeMIepaTypu CIIKAeTbCsS Ta YTBOPIOE
CYLUIbHUH IIap Ha nmoBepxHi nanepy. Ha Bigminy Big ¢apO, TOHEp HE IPOHUKAE Y CTPYKTYPY
narepy, a 3aJHMIIAEThCs HAa HOro MOBEpXHi, 110 3a0e3Meuye MOXKIIUBICTh IEPEHECEHHsI TOHEpa
Ha 1HII1 TOBEpPXHi, a TOBIIMHA [Iapy TOHEPA MMiCIIs IEPEHECEHHS TOCTATHS IJIsl 3aXUCTY MiJIHOTO
HOKPUTTS BiJl B3a€EMOJI{ 3 TPaBUIBHUM PO3YMHOM. IlepeHeceHHs] TOHEepHOTro 300paKeHHs Ha
MIJHY TOBEPXHIO TEKCTOJITY 3A1MCHIOEThCS MIJISXOM TepMiuHOI 00poOku. st 1iboro mMoxke
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OyTH BUKOPHCTaHHI TepMOIIpec, sIKUil 3a0e3medye HeOOXiJHy TeMIlepaTypy Ta piBHOMIpHHUI
HarpiB nosepxHi. [1iciis 3aBepiIeHHs TEPMIYHOTO IEPEHECEHHS] TAIlepOBY OCHOBY BHJAJISIOTb.
JUis moJeTmeH sl bOro MPOIeCy 3HATTA Manepy BUKOHYIOTH Mifl MPOTOYHOIO BOJOIO, IO
JI03BOJISIE YHUKHYTH MOLIKOJKEHHS C(POPMOBAHOTO TOHEPHOTO 11apy.

Pe3ynbraToM mepuioro eramy € MepeHeceHHs: TOHEPHOTO 300pakKeHHs Ha MiAHUN 1I1ap
TekcToiTy. Ha HacTynHOMy erari miAroToBlIeHy IUIaTy 3aHYPIOIOTh Y TPAaBUJIBHUN PO34YMH Ha
ocuoBi H202, CsHsO7 ta NaCl. Y xozi xiMi4HOT peakxiiii BilOyBaeThCsi PO3YMHEHHS BIAKPUTHX
JISTHOK M, TOJII SIK Miflb, 3aXHUIIIEHA TOHEPHHUM IIApOM, HE BCTYTAE Y B3AEMO/IIIO 3 PO3UUHOM.
[Ticnst 3aBepIIeHHsT MPOLECY BHUTPABIIOBAHHS, IUIATy OYHMINAIOTH BiJ| 3aJMIIKIB TOHEpa Ta
IPOCBEPAJIIOIOCTE  OTBOPM /ISl MOHTaXy €JIEKTPOHHUX KOMIIOHEHTIB. 3aCTOCYBaHHs
po3’eMHHMX 3’€IHAHb I MiAKIoYeHHS okpemux wMoxayiiB (INA219, OLED-gucmnes,
€JIEKTPOJBUTYHA TOILO) CHpOILY€E MpoLEeC CKIaJaHHd IUIaTH B KOpIycl Ta 3a0e3mneuye
MOYKJIMBICTB ONIEPAaTUBHOI 3aMiHU €JIEMEHTIB Y pa3i HeoOXiMHOCTI. 3 ypaxyBaHHSM TPUBAIOCTI
EKCIIEpPUMEHTY peecTpallisi BUMIPIOBAIIbHUX JaHUX Ha SD-KapTy 3A1HCHIOETbCS 3 IHTEPBAJIOM
20 xBuHH (4ac 3anmucy B ¢ainr moxHa 3MiHtoBath). Jlo daiiny y popmari CSV 3amucyroThes
3HAYEHHS CWIM CTPyMYy, Halpyrd Ta IOTYXHOCTI, fKi HaJaal BUKOPHCTOBYIOTHCS IS
KOMIUIEKCHOTO aHaNi3y Ta IHTephpeTamii eKCIepUMEHTAIbHUX PE3yJbTaTiB y TO€IHAHHI 3
IHIIMMHU OTPUMAHUMHU JaHUMHU.

Jpyrum KIF0YOBUM ITapaMeTpOM CHHTE3Y HAaHOMOSCKIB € TeMnepaTypa. s miarpumkn
TeMIIepaTypy Ha OAHOMY PiBHI JI0 IpHUJIaay IHTerpoBaHo rotoBuii npuiaz. Llei npunas B cBoii
OyZoBi Mae pesne Juis MiIKIIOYSHHST HarPiBHOTO €IIEMEHTY Ta TEPMOJATUYNKHK I KOHTPOIIIO
temneparypu. HarpiBHuii eieMeHT He HarpiBae 0e3nocepeIHbo cycneH3ito. Bin HarpiBae Bojy,
B SIKY 3aHYPIOETHCS CKIISTHA EMHICTB 3 JIOCII/DKYBaHOIO CycClieH3i€r0. TakuM YMHOM, HarpiBaHHs
cycnensii BiOyBaeTbcsl onocepeakoBaHo. [Ipunan mMoxxe OyTH 3amporpaMoBaHU TpUMaTu
3ama”y Temreparypy. [Ipu 3HIKEHHI TeMmepaTypu HU)KYe 3a/1aHOi BiH MOJA€ JKUBJICHHS Ha
HArpiBHUN €NeMEHT, SIKUW MiAirpiBae BOAY, fKa BXke Iepenae temmneparypy cycrnensii. [Ipu
JOCATHEHH1 OakaHOi TeMIlepaTypu MNPUCTPId BUMMKAE XUBJICHHS HArpiBHOTO €JIEMEHTY.
TakuM 4MHOM €KCIEPUMEHT MPOTIKAE 3a CTaJ0i TeMIepaTypH, 1O MiIBULIYE SKICTh CUHTE3Y
HAHOTIOSICKIB Ta 3are3Neyy€e NOBTOPIOBAHICTh PE3YJIbTATIB.

3. BucHOBKH

Pe3ynbraToM NpoBEaEHOro TOCTIIKEHHS € po3po0Ka aBTOMAaTU30BaHOI yCTAaHOBKH ISt
CHUHTE3Yy HAHOIOsCIB eHTaokcuay BaHamio (V20s) Ha 6a31 Arduino Uno, npusHaueHoi Jist
KOHTPOJIIO Ta aBTOMAaTH3allil mpolecy. 3alporNoHOBaHA CUCTeMa 3a0e3leuye MOXIIMBICTh
0e3nepepBHOr0 MOHITOPUHIY IapaMeTpiB IPOLIECYy CUHTE3y Ta CTBOPIOE OCHOBY ISt
HOJAJIBIIONO KUTBKICHOTO JTOCITIKEHHS KIHETHKM (OpPMYBaHHS HAHOCTPYKTYp. YCTaHOBKA
3a0e3meuye KOHTPOJIb KIIIOUOBUX IapaMeTpiB, TaKUX K TeMmIepaTypa Ta 00epTH MOTopa, a
TaK0X BUMIPIOBAHHS CUJIH CTPYMY, HAalIPYTH Ta B’S3KOCTI CYCIEeH31i B aBTOMaTUYHOMY PEKUMI.
Takuit miaXix 103BOJISE TMABUIIMTH TOYHICTH 1 BIITBOPIOBAHICTh €KCIIEPUMEHTAIBHUX JIAHUX,
0 € BXJIMBUM IS TMOAANBIINX HAyKOBUX JIOCIHIKEHb Ta aHamizy naHuX. DYHKIIS
aBTOMATUYHOTO 3amucy JaHux Ha SD-kapty 3abe3neuye 30epexeHHs iH(opMalii npo cuiry
CTpyMy, Harpyry ta obeptu moropa y ¢opmari CSV, mo crporrye nogansiry oOpoOKy Ta
aHaJi3 3a JOTIOMOTOF0 CTaHAPTHUX MPOTrpaMHKX 3aco0iB. Perynspauii 3anuc koxHi1 20 XBUITHH
JI03BOJIsIE BUKOHYBATH JETaJbHUNA KOHTPOJb 3a XOJIOM EKCIIEpHUMEHTY Oe3 HeoOXiIHOCTI
PYYHOTO BTpy4YaHHs. Y CTaHOBKa 37aTHA MpalloBaTH aBTOHOMHO, 30epiratouu mpaie3iaTHiCTh
i 9ac KOPOTKOYACHOTO 3HECTPYMJICHHS. MaKcuMalbHa CII0KUBaHA MOTYKHICTh MPUCTPOIO
Uil iepemimryBaHHs ckiagae 50 B, 1m0 103Bosisle BUKOPUCTOBYBATH 3apsAHY CTAHIIIO SIK
JoKepesio 0e3mepeOifHOro JKMBJICHHS i Yac MPOBEACHHS EKCIIEPUMEHTIB. 3aBISKH CBOIM
nepeBaram, po3poOJICHU TMPUCTPINA HE JIUIIE MIABUILYE €PEKTHUBHICTh CUHTE3y HAHOIIOSACIB,
ajie i ICTOTHO CIIPOILy€ BeCh MPOIEC NMPOBEIEHHS EKCIEPUMEHTY, 3HUKYIOUM HMOBIPHICTH
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NOMWJIOK Ta 3a0e3ledyyloud TOYHUN KOHTPOJIb NapameTpiB. BukopucTanHs IUGpPOBUX
TEXHOJIOT1M Ta aBTOMaTH3allii poOUTh IEeW MPUCTPIA YyJAOBHM THCTPYMEHTOM ISl HAYKOBHX
JOCTIKEeHB y TaTy31 CHHTE3y Ta JOCHiKeHb HaHOMaTepialliB.

3anporoHOBaHMIA ITiIXi]] CTBOPIOE TIEPETyMOBH ISl BCTAHOBJICHHS K1IBKICHOTO 3B’ SI3KY
MDK TapamMeTpaMy TEepeMilllyBaHHS, 3MIHOI B’S3KOCTI CepefoBUINAa Ta MOpdoIorieio
c(hopMOBaHUX HAHOTIOSICIB IEHTAOKCHTY BaHAI110. Y JTaHii poOOTI OCHOBHHI aKIICHT 3p00JIEHO
Ha pO3pO0Il EKCIEPUMEHTAIBHOI YCTAaHOBKH; JETalbHI Pe3ylbTaTH JOCITIKECHHS KiHETHUKU
cuHTe3y Ta Mopdosorii HAaHOCTPYKTYp OyayTh HaBe[eHI y HacTynmHUX pobotax. Kpim Toro,
MOTEHIIIa] 3aCTOCYBaHHS I[i€] YCTAaHOBKU BUXOIWTH 32 MEXKI HAyKOBUX JabOpaTopiii: BOHA
MOYKE CTaTH KIFOUYOBHM EJIEMEHTOM MTPOMHCIIOBHX MPOIECIB Il BAPOOHHUIITBA BUCOKOSKICHUX
HAHOCTPYKTYP. Lle BimkpuBae HOBI MOKIIMBOCTI AJIsl PO3BUTKY TEXHOJIOTIH y 6araThoX raryssx,
BKITIOYAIOUH €JIEKTPOHIKY, POTOHIKY TOIIO. TakuM YMHOM, Pe3ysIbTaTH HAIIOTO JOCIIKCHHS
H1AKPECITIOI0Th BAXKJIMBICTD 1HTETpallil aBTOMATH3aIlil B IPOIIECH CHHTE3y HAaHOMAaTEePiajiB, 110
CIIPUSATAME HE JIMIIE ITIBHIICHHIO TPOIYKTUBHOCTI, ajie W 3a0e3nmedyuTh CTaOUIbHICTh Ta
HAIIWHICTP OTPUMAHUX pE3YJIbTAaTiB B YMOBaxX pI3HOMAHITHHX EKCIIEPUMEHTAIbHUX
JOCJIIIKEHb.

IHoasaku

Astopu BrsiuHi Bitanito AnmpiiioBudy /ligyky 3a I1omomMory B IOCTaHOBII 3a7adi Ta
3MICTOBHI JUcKycii. CTaTTioO MiArOTOBIEHO 3a pe3yjbTaTaMHM MPUKIAJIHOIO JOCITIJKEHHS
«I'izpoMexaHiYHMI CHHTE3 HAHOCTPYKTYPHOTO MEHTAOKCUIY BaHAJII0 Ta JOCITIKEHHS HOTO
BIacTuBocTei» (Homep AepxaBHOi peectparii 0125U001491) 3a mintpumku MiHicTepcTBa
OCBITH 1 HaAyKH YKpaiHH.
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In this study, an automated device for the synthesis of nanostructures was developed,
enabling precise regulation and maintenance of key parameters for the transformation of
precursor oxides into nanostructured materials. The system is capable of automatically
sustaining predetermined operating conditions depending on the properties of the starting
reagents and the specific objectives of the experiment, while simultaneously recording data at
defined intervals for subsequent analysis. This approach significantly reduces experimental
errors and enhances the accuracy and reproducibility of the results. The core of the device is
based on the Arduino Uno microcontroller platform, which controls critical components of the
setup, including the heating system and the stirrer drive. Particular attention was given to the
implementation of rotational viscometry, wherein real-time measurements of current and
voltage on the motor enable direct correlation of these parameters with changes in the
suspension’s viscosity. This allows the viscosity to serve as an indicator of the kinetics of
structural transformations during the formation of vanadium pentoxide nanobelts. The device
software incorporates algorithms for precise rotation counting using an encoder and smooth
speed control, ensuring stable experimental conditions over extended periods, which can last
several weeks. Automated data acquisition and storage in CSV format further optimize the
subsequent processing and analysis of experimental results. The developed system not only
ensures high reproducibility of the synthesis process but also provides a platform for advancing
characterization methods of oxide nanomaterials and exploring new approaches in
nanostructure fabrication.

Keywords: metal oxides, viscometry, vanadium pentoxide, synthesis of nanomaterials,
Kinetics of structural transformations, hydromechanical synthesis.
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