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KOMITAKTHASA I'OJIOBKA CKAHMPYIOLEI'O
30HAOBOI'O MUKPOCKOIIA HA OCHOBE MHEPHHUAJIbBHBIX
ABU/KUTEJIEU, HCTTIOJIB3YIOIUX IIBE3OITAKETBI

OOCYKAAI0TCsl HHCTPYMEHTAJIBHBIE PUHIMIIBI TOCTPOSHUS KOMITAKTHON U3MEPUTENIBHOW T'OJOBKH CKaHUPYIOIIET O
30HI0BOr0 MHUKpOCKoma. /IJI1 MUHUMH3AIMU rabapuTHBIX Pa3MepOB HCIIONIb3YETCs MbE30MaKeT, O3BOJLIOIIN pea-
JIM30BaTh B OJHOM y3J€ KakK (PYHKIMH MCIIOJIHUTENILHOTO dieMeHTa cienseii cucrembl C3M, Tak u GpyHKIHH MO-
oyns cOnmmkeHust 3oH1a ¢ oOpasuoM. IlpuBeneHa cxema ynpaBiieHHs ITbe30MHEPUUAIbHBIM JIMHESHHBIM IIAroBBIM
JBIDKHUTENEM, W U3MEPEHbl THCTOrPaMMBbI paclpeeneHns] BeMMYUHbI aroB. [IpeacraBieHsl cXeMbl KOMIAKTHBIX
C3M-r0j10BOK, (hYHKIIMOHHPYIOIIUX B TYHHEIbHOW M MOJYKOHTAKTHON CHJIOBOW MOJax C HMcHonb3oBanueM "self-
sensing" 30HAOBBIX HAaTIUKOB. J{J1s yBenndaenus: pazmepoB 0030pHBIX C3M-n300pakeHui peanrn30BaHO CKaHHUPOBa-
HHUE 110 HECKOJIBKUM MEePEeKPHIBAIOMIMMCS O0JIACTSIM ¢ AaipHenmerd cmuBkoit C3M-u300pakeHuit B eIUHBIN Kaap.
Ob6cyxmaercs anroput™ cimBku C3M-u3o0pakeHnid. Bo3Hukaromye npu BEIOOpE Kaipa CKaHUPOBAHUS OTKIIOHE-
HHUS B HAIpaBJCHHWSAX IEpeMEIICHUH CTolla M 30HJa KOPPEKTHUPYIOTCS B paMKax anropurma cmuku C3M-
n3obpaxkenuii. [IpuBomsitcs pesynbratel GopmupoBanus C3M-u300pakeHni, MOTYy4YEHHbIE C HCIOIb30BAHHUEM

koMrakTHOW C3M-TONOBKY M anTOpUTMOB cITMBKH C3M-m300pakeHui.

K. ca.: ckaHUpPYIONIUH 30HIOBBI MHUKPOCKOII, ITb€30MHEPIHAIBHBIN IBIKUATEND, self-sensing kaHTHIIEBED,

aBTOMATHUYECKas CIIMBKA N300pakeHUI

BBEJIEHUE

OKCIIEpUMEHTBl 0 MPOITYCKAHHWIO TYHHEIBHOTO
TOKa 4epe3 peryjJupyeMblii BaKyyMHbBI HPOMEXYTOK
[1] cramm OCHOBOH i CO3JaHUS CKAHUPYIOIIETO
TYHHEIBHOTO MHUKpockoma [2, 3], n3obperarenu Ko-
Toporo O ymocToeHel HoOeneBckoit mpemMun
B obmactu ¢usnku B 1986 1. [4]. CraHupyromuit TyH-
HEJIbHBIA MHUKPOCKOII B CBOIO OYepellb OTKPHUI HOBOE
HanpaBlIeHHE, NOIyYUBLIEEe Ha3BaHUE CKAaHUPYIOLIAs
3oH0Bass mukpockomus (C3M). C3M  Bkimogaer
B ce0sf MHKPOCKOIHMIO TIOBEPXHOCTH BBICOKOTO,
BIIJIOTh JI0 aTOMHOT'0, IPOCTPAHCTBEHHOI'O paspelie-
HUS, JIOKAJIBbHYIO CIEKTPOCKOIHIO, HAaHOJIUTOrpaduio
1 MaHUITyJMPOBaHWE HAHOOOBEKTAaMH C HCIOJIb30Ba-
HHEM OCTPHIX TBEPAOTEIHHBIX 30HAOB [5, 6]. B ocHo-
Be C3M JeXHUT AeTEeKTHPOBAaHHE JOKAJIHLHOT'O B3aUMO-
JEeUCTBHS MEKIY MOBEPXHOCTBIO M OCTPBIM TBEPHO-
TEIbHBIM 30H/I0M, NPHUOIMKEHHBIM K IOBEPXHOCTH
o0pasia Ha HEKOTOPOE PacCTOsHUE A, TAe A — Xapak-
TepHas JIJIMHA 3aTyXaHus B3aUMOAEICTBUS, U MpeLu-
3MOHHOE MEXaHWYECKOEe CKaHMPOBAHHE 30HJOM OTHO-
CUTEIHHO HEMOJBMXKHOTO 00pasia min o0pas3ioM oT-
HOCUTENbHO 30HAa. Ilpu aTom s crabmimzanuu Be-
JIMYMHBI B3aUMOAEHCTBUS MEXKIY 30HIOM U 00pa3LoM
ucnonb3yercs ciuensmas cucrema (CC) ¢ orpurma-
TeNbHOHN merniell oOpatHoOW cBszu. llpupoma B3ammo-

JEUCTBHS 30H/1a C IOBEPXHOCTHIO MOXKET OBITh BEChbMa
pa3HOOOpa3HOW, YTO OHpEAENsIeT Pa3IU4HbIC THIIbI
C3M-npubopor 1 MHOxkecTBO C3M-meroauk, pabo-
TAIOIIMX B BAKyyMe, ra3e 1 )KMIKOCTH IIPH Pa3IUIHBIX
TeMIiepatypax, BKJIrouas Kpuorenuole. Cpequ OCHOB-
HbIX THMOB C3M-miprOOpOB MOXKHO BBIEIHTH TYH-
HENbHBIM MHKPOCKON, CHJIOBOM MHKPOCKOII, ONTHYE-
CKHM MMKPOCKOI OJMKHEro MOJjsi, MUKPOCKOI HMOH-
HBIX TOKOB, a Takke KoMOnHanuu C3M ¢ onTHYeCKHU-
MH U JIEKTPOHHBIMH MHKpoOCKonamMu. Bo Bcex Tumax
C3M OCHOBHBIMH CTPYKTYPHBIMH MOIYJISIMU SBJISIFOT-
Csl: UBMEPUTENBHBIA y3€J, KOTOPBI TAK)KE Ha3bIBAIOT
HU3MEPUTEIBHON FOJIOBKOM; 3JIEKTPOHHBIA KOHTPOJLIEP
U mporpaMMHOe obecriedenne. Eciu 3a 35 ner pa3Bu-
THS JIEKTPOHHBIN KOHTPOJJIEpP yHpaBieHUs U coopa
JMaHHBIX W TporpammHoe obecriedenne C3M mpnod-
penu A0CTaTOYHO YHU(DHMLIMPOBAHHBIA BHI, TO M3Me-
putenbHbIe Y3161 C3M, BeencTsrie OONMBIIIOro pa3Ho-
obpazust C3M-ipuOOpoB ¥ METOIVK, UMEIOT BechMa
Pa3HOOOpa3HbI AW3aiH W MPOIOKAIOT Pa3BUBATHCA
1 BUAOU3MEHAThCH. M3meputensHbiid y3en C3M-mpu-
Oopa mroboro THma MoikeH oOecmeuwBath: 1D mpe-
LU3MOHHOE MEXaHWYecKoe CONMKeHHEe 30HIa ¢ 00-
pasnoMm Ui 3axBaTa B3aMMOIEHCTBUS MEKIY HUMH
0e3 MmoBpeXxAeHHUs 00paslia W TJIAaBHBIM oOpa3oM 0Oe3
MOBpEXKIAEHUS 30HAa; 2D MexaHWYecKoe mepemMelrie-
HUe 30HIa Wian oOpas3ma Juis BeIOOpa MecTa s HC-
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CIIEZIOBaHMS Ha MOBEPXHOCTH oOpasma; 3D mpernusn-
OHHOE MEXaHMYECKO€ CKaHHWPOBaHME M, HAKOHEIl, U3-
MEpPEHHE JIOKAIBbHOIO B3aWMOIECUCTBHS MEXIy 30H-
noM u obpasuom. [Ipu pabore B yCIOBUSAX CBEPXBBI-
COKOT'0 BaKyyMa WMJIM B KPHOT'€HHOH )XKMIKOCTH B KOH-
CTPYKLUSIX H3MEPUTENBHBIX Y3JIOB JOJDKHBI TaKKe
MPEeAYCMaTPUBAThCSl MaHUILYJIATOPHI, OOecreynBalo-
Lye nepe3apsaaKy 30HAa U o0pasna B Ipoiecce 3KC-
nepumenta. Kak mpasmmo, B C3M-romoBkax s
cOmmKeHus 30HAa ¢ 00pasloM, a TakKe JUId BeIOOpa
MecTa Ha MOBEPXHOCTH 00pa3la HMCHONb3YIOT LIaro-
BbI€ JIBUTATENIN U PYYHbIE I MOTOPU30BaHHBIE X-Y
cronukd. OOHUM U3 HEJOCTaTKOB KOHCTPYKLIMH
Ha OCHOBE IIAarOBBIX JBUTATENEH SIBISETCS HarpeB MX
00MOTOK, BBI3BIBAIOIINI TeMIEpaTypHBIN Apeid 30H-
Jla OTHOCUTEIBHO 00pasla U NPUBOASLIMNA K HCKaXKe-
HUIO pe3ysibTaToB u3MepeHuil. Kpome Toro, takue
KOHCTPYKIIMM WUMEIT OTHOCHUTENBHO OoJblnve rabda-
PHUTBI, YTO HE BCErlla COrjacyercsi C yCIOBHIMHU JKC-
MEPUMEHTA, & TAK)KE€ YMEHbIIaeT COOCTBEHHbIE MeXa-
HUYECKHE PE30HAHCHBIE YaCTOThl KOHCTPYKLUH H, KaK
CIIEAICTBHE, OCIA0IIAET 3aILUTY U3MEPUTEIBHOIO y3JIa
oT BUOpamuii, yxynamas craduisHOcTh pabotsr CC.
[TockonbKy TerIoBo# Apeiid MponopIoHaieH JUINHE
3JIEMEHTOB KOHCTPYKLMH, TO HPEUMYILECTBOM KOM-
nmakTHEIX C3M-TONOBOK SIBIISIETCS M YMEHBIIIEHUE Tell-
JIOBOTO Jipeiida.

B ocHoBe xomnakTHbIX C3M-TOJIOBOK JIEKHUT HC-
M0JIb30BAHUE IIbE30MHEPIIMATIBHBIX TO3ULOHEPOB [7,
8], obecrieunBarOIMMX COBMEIIEHUE TIABHOTO CKaHU-
poBaHUS B HEOOJBLIOM MPOCTPAHCTBEHHOM [Hara-
30HE C JIMCKPETHBIM MPELN3HOHHBIM HOIIArOBBIM IIe-
peMeleHneM Ha OTHOCUTENBEHO OOJIbIINE PACCTOSHUS.
B nocnenHue rogpl akTHBHO Pa3BUBAIOTCS IJEKTPO-
MEXaHUUYECKHE CUCTEMbI IPELU3MOHHOTO O3UIIUOHH-
pPOBaHUS Ha OCHOBE IbE30aKTI0ATOpOB. Ilo cpaBHe-
HUIO C 3JEKTPOMATrHUTHBIMU CUCTEMAaMH OHHU HMEIOT
Ooiree BEICOKOE OBICTPOICHCTBIE, MEHBIIIHE Ta0apUTHI
U BBIIETSIIOT MEHbIIE TeIIa, YTO MPUHLIUINAIBHO IIPH
ux ucmnoiab3zoBannu B C3M-ronoBkax. BooOme roso-
psi, C SHEPreTHYECKOH TOYKU 3pPEHUs, Al ONTHMAb-
HOH paboTHl IbE30aKTIOATOPa B CHCTEME MeXaHHue-
CKOI'O  TO3ULMOHUPOBAHUS HEOOXOOUMO, YTOOBI
B IIbE30aKTIOATOpE Obla 3alaceHa 3JIeKTpocTaTHye-
CKasi 3HEPTHsl, IOCTaTOYHAasl AJISl COBEPIIECHHUS MeXa-
HUYECKOH paboTHI M0 TepeMeIIeHrI0 HeKOTOPO Mac-
CBI:

‘ cu’?
_[OF(t)v(t)dt: > o
rac C — QJICKTpHUYECKasd €MKOCTb IbE30aKTroaTopa,

U — nampshkeHre Ha mbe3oakTioaTope, F(f) — cuina,
NEMCTBYIOIIAs HAa TIepeMeIIaeMyto Maccy, v(f) — CKo-
POCTB TIepeMeIIeH s, { — BpeMs IepeMEIeHNsI.
[Tbe30aKTIOATOPBI, M3TOTOBJIECHHBIE M3 CTaHIApT-
HBIX TBE30IJIACTHH WM THE30TPYOOK € TOJIIMHOM

~ 1 MM ¥ TIIOMIA/BIO SIEKTPOIOB ~ 1 cM’, 0bnamaroT
eMKOcThIO ~ 1 H®. B nmocienHue rogsl craay JOCTyI-
HBIMU IIb€30AKTI0ATOPhl Ha OCHOBE IIbE30IIAKETOB,
MPEACTABIAIOUINX COOOHW TOHKHE IJIOCKHE IbE30Ke-
pamMHuecKrue CJIOM C METAIMYECKHMH IUICHOYHBIMHU
JIEKTPOJIaMM, COEAMHEHHBIMHM HapajienbHo. Ewm-
KOCTh TaKOr'0 Ib€30IaKeTa ONPEAEsIeTcss CyMMapHOM
€MKOCTBIO BCEX €r0 TOHKHX CJIOEB M JOCTHUIaeT BEJH-
yiHbl ~ 1 MK®, IpH 3TOM NIBE30IAKET UMEET J0CTa-
TOYHO KOMIIAKTHBIE TabapuThl, a 3allaCeHHOW B HEM
9HEPTrUU D3JEKTPUYECKOrO MO JOCTaTOYHO JUIs
HaJAEKHOro (PYHKIMOHMPOBAHUS CHUCTEM MeXaHHYe-
CKOT0 TTO3UIIMOHUPOBaHWs. B onncanupx Hxe C3M-
TOJIOBKaX Mbl MCIIOJIb30BAJIN MbE30MAKETHl KOMIAHUH
PI B Buzie napamenenunena ¢ pasmepamu 5x5x9 mm.

C3M-T'OJIOBKA C COBMEIIEHUEM (I)YHKI_II/IIZI

CBJIMKEHUA 30HJA U OBPA3IA U ®YHKIUU

NCHOJIHUTEJIBHOI'O JIEMEHTA CJIEJAINEN
CUCTEMBI

Huxe ommcan moaxoj, oOecreyuBaroIUMi cO3/1a-
HUE KOMITaKTHBIX u3MepuTenbHbix C3M-y3moB 6e3
WCIOJIb30BaHMsI CTAaHJAPTHBIX IIArOBBIX JBUTaTeNeH
1 Ta0apUTHBIX MOTOPU30BAHHBIX X-Y CTOJMKOB.

Ha puc. 1, a, npeacraBneHa cxema KOMIAaKTHOMN
m3meputenbHO C3M-TONOBKM Ha OCHOBE IThE30-
Hakera.

[Ibe3omaker 1 ¢ HampaBIAIOIIUM CTEpPKHEM 2
MPUKPEIUIEH K HEMOABMKHOMY OcHOBaHMO 7. ITo Ha-
MPaBJSIIOLIEMY CTEPKHIO 2 MepeMellaercs Kaperka 3
CO CckaHepoM 4, Ha KOTOpPOH 3aKperieH 30HJIOBBII
natauk 5. CkaHupoBaHWE 30HIOM B ITIOCKOCTH X, Y
OCYLIECTBIISIETCSI C IIOMOILIBIO MbE30TPYOKU C IIBYMs
napaMy 3JIEKTPOJIOB Ha BHEIIHEH NMOBEPXHOCTH U 00-
MM BHYTPEHHUM 3nekTponoM. Ilmomane cka-
HUpoBaHus cocTaBiser (30 x 30) MKM® HPH MaKCH-
ManbHOM HanpsbkeHun 250 B. Kaperka 3 mpukata
K CTEpXHIO 2 C BO3MO)KHOCTBIO PErYJINPOBKH CHIIBI
npkatus (IpMKUM Ha cxeMe He mokasaH). lIre3o-
NaKeT IpenHa3HaueH Kak il paboTbl B KadecTBe
ucnonHuTenbHoro sneMmeHta CC, miaBHO Iiepeme-
LIAOLIEr0 30HA BAOJAb KOOPAMHATBI Z, Tak
W Ui NOLIaroBOrO IMEpEeMEIeHHs KapeTkd 3 BIOJIb
CTepXHS 2 Tpu COMDKEHWH 30HAa C 00pasimom
B IIpOLECCE 3aXBaTa B3aMMOACHCTBUS MEXKIY HHMHU.
Ecnu cuna uHepuuy, BOZHUKAIOIIAS B MOMEHT Hadaja
cokatua (pacTsHKeHHs) MbE30MaKeTa W JEeHCTBYIOMIAs
Ha Maccy KapeTkh 3 ¢ y4yeToM Macchl ckaHepa 4
W 30HIOBOIO JaTYMKA 5, MEHbBIIE, YEM CHJIa TPEHHS
B TIape TpeHus ''cTepKeHb—KapeTka', TO KapeTka Ie-
peMeraercs o KOopAnHaTe Z BMECTE CO CTEPIKHEM.
B nameMm ciaydae nuamasoH IUIABHOTO IEpeMENIeHHUs
nbe30Iakera Mo KoopauHare Z npu pabore B Ka-
YEeCTBE HCIHOJHUTEIBHOIO  3JIEMEHTa  Ccleasuen
cucTeMbl cocTaisieT ~ (0—7) MKM IpH yIIpaBISIOIIEM
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Puc. 1. Cxema xommnaktHo# C3M-ron0BKH (2); BHEITHUHM BHA TaKOH TOJOBKH, YCTAHOBJIEHHOU B KadecTBe C3M-

00BEeKTHBa Ha TYypemb
MTEE30MHEPIIUATBHBIM CTOIHKOM (B).

OINITUYECKOT0  MHUKPOCKOIIa

(6); cxema xommaktHoM C3M-romoBku ¢ 2D

1 — mpe3omakeT, 2 — HaAMpPaBJISAIOMNI CTEPKEHb, 3 — KapeTka, 4 — mbe30TpyOKa (IIbe30CKaHep), 5 — 30HI0BBIH
maTauk, 6 — obOpasern, 7 — OCHOBaHWE, 8§ — JABYXKOOPIMHATHBIN Ibe30MHEPHIUANBGHEIA X,Y CTONHK, 9 —
TUIOCKHE TPY)KUHBI, Y — YCHIIUTEIb CUTHAJIA 30HIOBOrO AaT4hKa, BBY — BBICOKOBOJBTHBIN yCHIIUTENb CUTHANIA
ynpasienus npezonakerom, OC — obpatHast cBs3b ¢ [ ]I-perynstopom

Hanpsoxkenuun 0-120 B. Ecim xe cunma  uHepuuu
NpPEBBIIAET CHJIy TPEHMs, TO Kaperka IpOCKajb-
3bIBa€T I10 HANPABIIOIIEMY CTEP)KHIO B CTOPOHY,
00paTHYIO0 €ro CMelIeHHI0. MHOIOKpaTHO IOBTOPSsS
MPOLIECC PE3KOr0 CXKATHS M IUIABHOIO PACTSDKEHMS
(MM TUTAaBHOTO PACTSDKEHUST W PE3KOro  CHKATHA)
[bE30IIAKeTa, MOXHO OCYLIECTBUTh  IIOIIArOBOE
IepeMelIeHne KapeTkKu Ha paccTOsHHUE, Olpere-
JsieMoe  JUIMHOW  HANpaBJIAIOLIEro  CTEPIKHS,
C IIaramMM, BeEIWYMHA KOTOPBIX OyIer 3aBUCETh
OT TapaMeTPOB HMIIYJIbCOB NIEKTPUYECKOTO Hamps-
XKEHUS, NPUKIAIbIBAEMbIX K IbE30NAKETYy, U COCTO-
STHASI TPYIIUXCS TIOBEPXHOCTEH B mape "cTepKeHb—
kaperka". Jlms yMEHBIIEHHS BHEIIHMX TabapuToB
C3M-T0510BKH MBI OTKa3aJIUCh OT ONTHYECKOH CXEMBbI
W3MEpPEHMsT OTKJIOHEHMs KaHTHJIEBEpa, OOBIYHO HC-
MoJb3yeMOl 1pu padoTe B CHIIOBOM pPEKHUME.
B mpuBenennoi#t Ha puc. 1, 0, xommaktHoit C3M
TOJIOBKE B KadyecTBe  JaT4Mka  CHJIOBOTO
B3aMMOJICHCTBUS, PabOTaOMEero B IMOITYKOHTaKTHON
CHIIOBOW Moje, Mbl ucronsdyeMm "self-sensing” Si-
kaHTUiaeBep [9] WM yHHBEpPCANBHBIM  IThe30-
PE30HAHCHBII TaTYMK HAa OCHOBE IbE30KEPAMUYECKON
Tpyoku ¢ W-urmoir [10, 11], KoTOpeIii MOXeT
paboratp u B CTM wmopme. 30HOOBBI maTduik S
KpenuTcst K TpyO4yaroMy cKaHepy 4 OpH IOMOLIM
MUHHATIODHOTO MarHUTa M COCIMHEH JIETKUM
e oM ¢ yCHIIuTeneM CUTHaIa.

Crnemyer otMeruthb, uTo moBeneHue "self-sensing”
KaHTWIeBepa TP  H3MEPEHMSX Ha  BO3IyXe
OTIMYAeTcsi OT IIOBEIEHHS CTAaHIAPTHBIX KaHTHU-
JIEBEPOB C OINTUYECKON CXEMOW NETEKTHUPOBAHUS UX
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npornba TpH B3aUMOACHCTBUM C IIOBEPXHOCTBIO
obpasna. Ilockonmeky Ha moBepxHOCTH "self-sensing"
KaHTWJIEBEpa  PACHOJIOKEHBl  IbE30PE3UCTUBHBIH
JaTYNK W3ruba ©  Pe3ncTop, OOecredrBaroNIHi
WMITyJTECHBIA HarpeB Si-Oankw Uist BO30YXAEHUs ee
PE30HAaHCHBIX KoleOaHWi, To Tuiomans Oamku "self-
sensing" KaHTWIEBepa TMPUMEPHO Ha TOPSIOK
IOpeBbIIACT  IUIOMAAp  OaJKu  CTaHIAPTHOTO
KaHTWiIeBepa. B pe3ynpraTre Ha KpUBOM MOABOAA YXKeE
Ha paccrosHuH ~ 300 MKM OT TIOBEpXHOCTH 00Opasia
MOSBIISIETCS. HAKJIOH, OOYCIIOBJIEHHBIN JaBIEHHEM
OTPaKEHHOI'0 BO3AYIIHOI'O IOTOKA, BO30YXIaeMoro
KoneOaHusIMH Si-0alky Ha pPE30HAHCHOW dYacToTe.
HubiMu ciioBaMu, MOSBIISETCsT "JTOXKHBIM CHTHai" OT
npornba  KaHTHJIEBEpa,  BBI3BAHHBIH  HE  €ro
B3aMMOJICHCTBHEM C ITOBEPXHOCThIO 0Opasla, a JIaB-
JICHWEM Ha HEro BO3IYIIHOI'O IOTOKA, OTPa’keHHOTO
OT TIOBEPXHOCTH o00pasma. OTO NPUBOIUT K CO-
KpallleHHI0 pabouyero yvacTka Ha KpPHBOM IOABOAA
B IOJIYKOHTAaKTHOM CHJIOBOM peKnMe (ydacTka
pPE3KOro  MOJABJIEHHUS  aMIUIMTYAbl  KojiebaHuil
KaHTHJIeBepa Mpu CONMKEHNH ¢ 00pas3oM) u TpedyeT
YCTaHOBKH HEOOBIYHO OOJIBIIOro (110 CPAaBHEHHIO CO
CTaHIAPTHBIM KaHTHUJIEBEPOM) OIIOPHOTO CUTHAJIA JUIS
CC. Ilpm sToM I 3axBaTa peEANbHOTO B3aUMO-
NECTBHA C TIOBEPXHOCTHIO 00pas3ia HeoO0XOAuMO
YCTaHaBIMBaTh JOCTATOYHO OOJBIIYI0 BEIUYHUHY
MOJIABJICHUS PE30HAHCHBIX KolleOaHWU. YBEMUYEeHHE
yria MeXIy IJIOCKOCThI0 00pas3la M IJIOCKOCTBIO
KaHTWJIEBEpa TPHUBOAUT K PaCIIMPEHHIO pabdodero
ydyacTKa  Ha  KPUBOH  IIOIBOJA,  IOCKOJBKY
YMEHbIIAETCS  JAOJI  OTPaXXEHHOI'O  BO3YLIHOTO
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[IOTOKA, MOIAJAIOUIEro Ha IUIOCKOCTh KaHTHJIEBEpA.
Ortor 3ddekr, Kak U O0XHAAIOCH, MPOMANAET TMPHU
n3MepeHusx B Bakyyme. Kak mokazanu n3MepeHus
3aBHCHUMOCTH MIMPHUHBI paboyero ydyacTka Ha KpUBOH
MoJBOJa OT YyIVIa MEXAY IUIOCKOCThIO o00Opasna
U IUIOCKOCTBIO KaHTHJIEBEpa, Yrojl HAKJIOHA IOJKEH
COCTaBJIATH He MeHee 30°.

CXEMA YITPABJIEHU S ITIbE3OMHEPIHTUAJIbHBIM
JIMHEUMHBIM ITO3UIIMOHEPOM

Ha puc. 2 nana cxeMa NOAKIIIOUEHUS MbE30IIAKETa
IUISl IIaroBOro pexuma rnepemMerneHust kaperku. [Ipu
Pa3oMKHYTOM Kitoue K Ibe30maKeT 3apsbKaercs ue-
pe3 conpotuBieHne R 3a Bpems 31, = R'C = 18 mc
10 HamnpspKeHHs Ha oOKimagkax KoHueHcatopa U,
pacTAruBasicCh MM CKUMAsICh, B 3aBUCUMOCTHU OT 3Ha-
Ka HanpspkeHus. [Ipu 3aMbikaHun knroda K eMKOCTh
MbE30IIaKeTa Pa3psDKACTCsl 0 HYJIS Yepe3 CONPOTHB-
JIHWE 7 3a 3HAYUTENbHO OoJiee KOPOTKOE BpeMs
37p = rC = 18 mMkc. [lnd peanusanuy MOMIArOBOro
peXUMa IepeMeLIeHNs BpeMsi HaXOXAEHHs KIoYa
B 3aMKHYTOM COCTOSHHUH !, IOJDKHO OBITH OOJbIIe
BPEMEHHU pPa3psAAKA E€MKOCTH IbE30MAKETA # > Tpu,
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Puc. 2. Cxema ympaBieHHs MTE30IIAKETOM JIMHEHHOTO
Iar0BOI'0 MHEPLHUAIBHOTO ABMKUTEIIS.

a — MPUHLMIHIAIBHAS CXeMa YIpaBJICHUS Ibe30IIaKe-
TOM: eMKocTh mbezonakera C = 600 ud, R = 10 xOwm,
r =10 Om, U, = 40 B; 6 — ynpaBisromume AIMITyIbCHI

a BpeMs HaXOXKJICHHS KITI0Ya B Pa30MKHYTOM COCTOSI-
HUHM #, JOJDKHO OBITh MEHBIIE BPEMEHH 3apsjKy,
HO OOJIbIIIE BPEMEHH PA3PANKU Tpyp > 1r > Tpe. B Ta-
KOM clly4ae, KaKk IOKa3aHo Ha puc. 2, 0, mpu mepuo-
JMYECKOM 3aMBIKAHUH U Pa3MBIKAHUH KII0Ya K MbE3-
omakery OyayT IpHKIaIbIBaTECS ACHMMETPHUYHBIC
MEePHOINYECKH TIOBTOPSIIOIINECS HWMITYJIBCHI C Me-
JICHHBIM TIOYTH ITMHEHHBIM TiepeHHM (ppoHTOM (3a-
psinka koHgeHcaropa C) M AKCIIOHEHIMAIBHO PE3KUM
3amauM (poHTOoM (paspska xoHgercartopa C). Bua-
HO, 4T0 aMIuUTyabl U, STHX HMITYJIbCOB OymyT

OTIPEIENAThCS CKBAKHOCTBIO (#, +1,)/1, ynpasumsto-

IIUX UMITyJIbcoB. OueBHAHO, YTO B MOMEHT Hadyaja
pa3psaKud eMKOCTH (OCTpble BEPIIMHBI UMITYJIBCOB Ha
puc. 2) Ha KapeTKy AeWCTBYyeT MaKCHMallbHas Cchia
WHEPLUH, BEJIMYMHA KOTOPOW ONpEHesieTcss Bpeme-
HEM pa3psila €MKOCTH Tpy, AMIUIUTYIOH HMMITyJIbca
Us,ap ¥ Maccoll KapeTKu ¢ y4eTOM MaccChl be30TPYOKH
W Macchl 30HIOBOrO jAaTdyrka. Ecnm cunma nHepuuu
MPEBBICUT CHITy TPEHHs B TpyIIEHcs mape "Hampas-
TSIOMIAA CTepKeHb—KapeTka', TO KapeTka HadHeT
MepeMenaTbcsi IO MOBEPXHOCTH HAIPABIISIOLIEr0
CTEp)KHS B CTOPOHY, OOpaTHYI II€peMELICHUI0
HaIPaBJISIOLIErO CTEPXKHSL.

B kauecTBe KiIr04Ya MOXXHO HCIIONIB30BAaTh TPaH3U-
CTOp B 3aKphITOM (KITFOY PAa3OMKHYT) M OTKPHITOM
(KJTFOY 3aMKHYT) COCTOSIHHSIX. PeBepc mepemernieHus
B JIJaHHOM CXeMe YIIPaBJIHHS OCYILECTBISETCS CMe-
HOH moJsipHOCTH HampsbkeHust Uy, NpUKIaabIBaeMOro
K [IbE30MaKeTy.

TPEBOBAHMUS K TIOBEPXHOCTH ITAPBI TPEHUSA
JJISI TIPENU3MOHHOI'O IIAT'OBOI'O
HEPEMEIIEHUA

Jns ycroitunBoil pabotel Takoro 1D mbezomHep-
LUAJIHOTO IBMO)KUTENS Mbl MCHONB3YEM Napy TPEHUs
"MI0CKOCTb—ILIOCKOCTB". OCOOEHHOCThIO TaKOW Ia-
PBI TPEHUS SABISETCS yCpeOHEHUE AAaBIICHHS 10 BCel
MOBEPXHOCTH CONPUKOCHOBEHUSI, YTO MPUBOAUT K 00O-
jee PaBHOMEPHOMY MEpEMELICHNI0. OKCIEPUMEHT
MOKa3ajl, YTo IJIs peain3alii HaHOpa3MEpHbIX Iepe-
MeIIeHnH Mmapa "TTOCKOCTh—IIUTIOCKOCTR" TIpemrno-
YTHTENbHEE YeM TMapa 'MapuK—INIOCKOCTh", T.K.
NaBJICHWE, BO3HHUKAIOIIEE NPH Majoil IUIOMAagu CO-
MPUKOCHOBEHHUS, OBICTPO paspyllaeT IUIOCKYIO I10-
BEPXHOCTb, CO3/1aBasi MHKpPOLAPANIMHBI M YXyIIas
CTaOMJIBHOCTD mepeMmerneHus. [Ipu 3ToM Ui uckiro-
YEeHUS] NPWIMIAHUS Tap TPEHUS W YIyYIIeHUs BOC-
MPOU3BOAMMOCTH BEIMYMHBI LIaroB IE€PEMELICHUs
TpylIuecs IMOBEPXHOCTH HAa MHUKPO- M HAHOYPOBHE
JOJDKHBI UMETh 3€PHUCTYIO CTPYKTYPY, NOTYYHBIIYIO
Ha3BaHHeE "amnenbcuHoBas Kopka" (puc. 3).

B oTom ciyyae mpOLYKTBI TPEHHS 3aIlOIHSIOT
YTIyONleHHsI, UMEoIIrecs Ha MOBEPXHOCTH (CM. pHC.
3). Taroke U1 MUHUMH3AIWN OXMHOYHOTO IIIara mepe-

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2
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Puc. 3. Ctpykrypa HOBEpXHOCTH Mapbl TpeHHs, U300pa-
)KEHHE MOITYYEHO B ONTHYECKOM MHUKPOCKOIIE.

BcraBka a — yBeIMYEHHOE ONTHYECKOE H300paKeHHE;
BCTaBKa 0 — HM300pa)keHUE, MOIYYCHHOE B CKaHHUPYIO-
IIEM CHJIOBOM MHKPOCKOIIE

MeIeHNs He00X0ANMO MTOI00paTh MaTEPUabI TS Tap
TPEHHsI W CHJIy NpPUKHMa TaK, 4TOOBI TPEHHE ITOKOS
OBUTO ONM3KO K TPEHUIO CKONBXEHHA. B mMpoTHBHOM
Cllydae TOCJIe CPhIBa M3 COCTOSIHUS TTOKOS IBMKYIIAst-
cst Macca OyzieT MPOXOINUTh 3HAYNTEINBHOE PACCTOSIHUE
10 MHEPIMH JI0 TIOTHOTO TOPMOXKEHHUSL.

3axBaTHTh B3aMMOJefiCTBHe NPH OTIOPHOM
curHane U,

v

A 'OPHTM BBIYHC/IEHHS BE/IMYHHBI 1l1ara Ibe30ABHKHTE A

3arnoMHHTL 3HayeHHe Ha Bbixofe ITH/I-peryasTopa
Un iz

Ha Bxog ITN/I-perynaTopa nojars 3Hauexnue 0 a1
yBe/HYeHHs 3a30pa MeXAY 30HAOM H 06pasLoM

TMoaars yTpaB/IsIOLHI HMITY/IbC Ha HHEepLHa/bHbIH
LIaroBblif ABHTraTe b [/ BBIIOTHEHHs 1uara

Ha Bxog ITN]I-peryasTopa noAars CHrHaj C/IeKeHHs
A7 3aXBaTa B3aHMOZeHCTBHS MeXY 30HAOM H
obpasrom

3anoMHHTL 3Ha4yeHHe HanpsuKeHHs Ha Bbixoge ITHT-
perynaTopa U,.1 mua

OTo6pasuTs TouKy Ha rpaduxke L, = ak(U, qu,)

BbINoHATL Ha Ka)k/|OM LIare Bo BpeMd LIMK/IHYeCKoro
ABWXEHHS BBEPX-BHH3 B JIONYCTUMOM /lHarna3oHe Z 3ajlaHHoe
KO/IH4eCTBO pas

V3MepHTh Be/JHYHHY 22 -TO Luara
a4z, = ak(lU"“ ma — Un mml)

v

TTOCTPOHTBL THCTOrPAMMY
pacrpefie/leHHsl Be/IHYHHBI 1IaroB

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

MN3MEPEHUE 'HCTOTI' PAMMBbI
PACIIPEJAEJIEHU BEJIMYUHBI IIATI'OB
JIMHEMHOI'O NTbE3OUMHEPLIUAJIBHOI'O

HIAT'OBOI'O ABUKUTEJIA

IlockonpKy MO3MLMOHEP HAa OCHOBE IbE30IAKETa
MOXeET paboTaTh Kak B KayeCTBE JIMHEHHOro ILaro-
BOT'O JIBUTaTeNsl, TAK U B KaUECTBE IUIABHOI'O CKaHepa,
€ro MOXKHO WCIIONIb30BaTh Kak JUIsi TpyOoro mpuomm-
KEHHs 30HIa K 00pasiy, Tak M JUIi CTaOWIH3aIuu
B3aMMOJECHUCTBHS MEXIY 30HIOM M 00pa3LoM B PEeXHU-
M€ IOCTOSIHHOM CHJIBI MJIM TIOCTOSHHOI'O TOKa MpPHU
BKITFOUEHHOH metriie oOpatHoil cBs3u. [loatomy, pas-
pBIBas U 3aMbIKast METIII0 OOPATHON CBA3M MEXIY H-M
u (n + 1)-M maramMu KapeTku 3 W W3Mepsisl Hamps-
KEHHE Ha TIIbE30NAaKeTe IPU BKIIOYCHHOW IIeTie
00paTHOHM CBSI3M, MOXKHO ONPEAEIMTh pa3Mep LIara
AZ, u3 (2):

AZn =Olk(|U,,+1 _Un )7 (2)
rae k — xodp¢unment ycunenust BBY (puc. 1, a),
0. — YyBCTBUTENBHOCTH Ibe3omakera, U, — Hamnps-

»keHue Ha Bbixoae ITMJI-perynsitopa npu 3aMKHYTOU
merae  oOpaTHOM  CBS3M 1O €€  pas3pbiBa,
U,+1 — nHanpspkenne Ha Beixope IIMJI-perymsaropa
MIOCJIE€ CABUra KapeTKu U 3aMbIKaHUs METIN 0OpaTHOU
CBSI3U. AJITOPUTM M3MEPEHUs MepEeMELICHUs] KapeTKu
U THCTOIpaMMBbl paclpeAeieHus 11aroB MpeacTaBieH
Ha puc. 4.

Puc. 4. Anroput™M u3MEpeHHs NepeMEIIeHUs KapeTKu
U THCTOTpaMMBl paclpefeieHus BEIWYMHBI IIaroB JIU-
HEHHOr0 MHEPIUAIBHOTO ITHE30IBIKUTEIS
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Puc. 5. I'paduku momiaroBoro ImepeMeIleHus] HWHEPLHMAIBLHOIO JBIKUTENS [0 M IPOTUB CHIBI TSDKECTH BJIONb
HAIPaBJISIOMIETO CTEPXKHS (2, T) W THCTOTPaMMEBI pacrlpeaeneHusi maroB (0, B, I, €) IpH pa3HBIX aMIUIATYAAX

YIPABJIAIOIMX UMITYIECOB Usyp.

a, 0, B — aMIUIMTY/1a ynpasJstomero umnynbsca Uy, =3 B 1, 1, e — U, = 30 B

Ha puc. 5 npeacrasnens! rpaduku nepemMenieHus
KapeTKl HWHEPLMAJIbHOTO IBIDKUTENS INPH Pa3HBIX
HaNpaBJIECHUIX NEPEMELICHNsI U Pa3HbIX aMIUIUTYIax
YIpaBIAOMEro HanpskeHus U,y Ilockonbky Ha-
MPaBISIIOILUI  CTEP)KEeHb PACIOIOKEH BEPTUKAJIBHO,
TO M3-32 JEHWCTBHUSI CHMJIBI TSDKECTU BEIMYMHA IIara
BBEPX MEHbILE, 4YeM BEJIMYMHA LIara BHU3 (CM.
puc. 5).

Kak BugHO U3 puc. 5, npyu HanpsDKEHUH HA IbE30-
nakere Uy, = 3 B n nBmxenun Beepx ~ 80% miaros
MbE30JBIKUTENS MONAJaeT B Auana3zoH 9—12 HM npu

MOJIHOM Jnamna3one 4—18 HM, a Npu BHKEHUU BHU3
~ 90% maros nomnagaer B auana3oH 20-25 HM npu
nonHoM auana3zo”e 20-30 M. Ilpu HanpspkeHuun Ha
nbe3zonakere Ui, = 30 B u gpuxenun BBepx ~ 65%
mwaroB nomnajgaer B auanazoH 360-390 vM npu
nosHoM auanazoHe 350430 HM, a Opu JIBHXKEHUU
BHHU3 ~ 05% 1aroB mnomagaer B auamna3oH 400—
470 uM npu mnonHoM auanazone 400-580 HM.
HaGmomaemprit  pazdbpoc B BETHYHMHE IIIarOB MBI
CBs3bIBa€M C Tomorpagueidl IMOBEPXHOCTH Mapbl
TPEHUS] M HUMEIOLIMMHUCS Ha IOBEPXHOCTU MHUKPO-

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2
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U HAHOpPa3MEPHBIMH 3arpsA3HEHMSIMH U NPOLYKTaMH
TPEHUsI, YTO MPOSBIISIETCS] B 3aBUCUMOCTH CHJIBI Tpe-
HUS OT TIOJIOKEHMsI KapeTKH Ha HalpaBJIIOLIEM
crepkHe. JlMama3oH NepeMeIleHUs] KapeTKH OIl-
pedensercd B Hallel cXeMe JUIMHOW HANpaBJIsSOLIEro
CTEpKHA M cocTaBisieT 5 MM 1o ocu Z u 10 mm
mo ocsiMm X, Y.

C3M-T'OJIOBKA C ABTOMATHU3UPOBAHHBIM
BbBIBOPOM OBJIACTH CKAHUPOBAHMUSA

Ha puc. 1, B, npencraBieHa cxemMa KOMIAKTHOM
C3M romnoBk# ¢ 2D mbe30MHEpIUaIbHBIM CTOINKOM
IUIs1 BBIOOpa HavaJbHOW TOYKM CKAaHMPOBAHMS Ha IO-
BEPXHOCTH 00pasIia.

B ornuume or cxemsl puc. 1, a, B 3TOM cliy4ae
KapeTka 3 HeceT cKaHep 4, OCYIIECTBISIFOLINI
nepeMenieHne obpasma 6 1o koopauHatam X, Y,
a 30HIOBBIM JaTYMK S5 YCTAHOBJIEH Ha JIByX-
KOOPIMHATHOM IbE30MHEPLUAIBHOM CTOJIUKE &, B KO-
TOpOM 00a HarpaBJSIOIINX CTEPKHS PACIONOXKEHBI
TOPHU30HTANBHO (CTEp)KeHb, paOOTAIOMINKA BIIOIH OCH
Y, pasBepHyr Ha 90° W He BUICH Ha pPHCYHKE).
[TocKoNbKYy TIBE30BMKUTEN, PaOOTAIONIHMIA 110 OCH
X, Hecer Ha cebe Takoil ke MeXaHH3M, YTO M pa-
Ooratommii 0 ocl Y, TO TPU TaKOM KOHCOIHHOM
KpPEIJICHUH  CTEPXKHS  BO3MOXKHO  paspylleHHe
Mbe30IIaKeTa Mpy OONBIIION Harpy3ke Ha Kaperky. Jis
MPENOXPAaHEHUS OT M3JI0Ma HAIPaBIISIOINN CTEP>KEHb
3a(pUKCHPOBaH ¢ O0OMX TOPIIOB THOKUMHU TIACTHHAMU
9, KOTOpble HMEIOT OOJBIIYI0 J>XECTKOCTb B BeEp-
TUKQJIBHOM HalpaBJIEHUH, HO MOTYT M3ru0aThCs MpHU
BO3BPATHO-IIOCTYIIATEIbHOM ~ JBIDKEHHU — Halpasilsi-
IOLIero CTepkHSA. brmaromaps IBYXKOOpAWHATHOMY
MTbE30MHEPIINAIIBHOMY CTOJHKY (Z1ajee Mhe30CTON)
MOSBIIAETCS  BO3MOXHOCTh  ABTOMAaTH3MPOBAHHBIM
o0pa3oM mepeMeriaTh TOYKY Hayana CKaHHPOBAHUS,
TE€M CaMbIM OCYILECTBHTh CKaHHPOBAHUE IO CETKE
C MEpeKphITHEM KaJpoB M YBEIUYHUTH 00JacThb
BH3yaJM3alliy [TOBEPXHOCTH 00pa3la, YTO BaXKHO JUIS
nony4dernst 0030pHbIX C3M-u300paXkeHnH.

Hns momydeHus 0030pHBIX C3M-m300paxeHunit
IpU CKAaHMPOBAaHMM II0 CETKe pa3paboraH cre-
LUAIbHBIA ~ @QITOPUTM  —  AJTOPUTM  CIUMBKH
M300pakeHu .

Jln1s1 KOPPEKTHOIO BBHINOJIHEHUS! CKAHUPOBAHUS 110
CeTKe HEOOXOIMMO OTBIOCTHPOBATh IbE30CTON, T.C.
MUHHMU3HUPOBATh BJIMSHUE YIJIOB PAacCOINIaCOBAHUS
HamnpaBieHuil ero oceil X u Y C HampabieHUSIMU
COOTBETCTBYIOLIMX OCEH CKAaHHUPOBAaHUS  IbE30-
CKaHepa, Ui Yero HeoOXOAWMO ONPENENUTh Yol
paccornacoBaHuss OCed M BBIYHCIUTH (DU3NYECKYIO
BEJIMYMHY IIara Nbe30CTONa B HampaBieHUsAX X U Y.
IIpy sTOM BeNMYMHA [IArOB  WHEPLHUAIBHOIO
MBE30CTONA 10 OOOMM HaNpaBJICHUSIM ONpenessiercs
MyTeM HU3MEPEHHS PACCTOSHUS MEKIY TOYKaMH
Hadaja ckaHupoBaHWs Ha C3M-m300pakeHUSX IBYX

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

CIIMTBIX ~ KaJpOB, IIONYYEHHBIX C  IIOMOIIBIO
IbE30CKaHepa, YyBCTBHUTEIBHOCTh KOTOPOTO 3apaHee
n3BectHa. KOCTHPOBKA BBIMONHACTCS aBTOMAaTHUECKH,
IpU TIOMOIIM AaJTOPUTMA aBTOMATHYECKOH CIIMBKH
n300pakeHnH, OMUCAHHOTO HUXKE.

AJITOPUTM ABTOMATPI‘IECKOFI CIINBKHA
N30BPA’KEHUU

Ilepen wnawamom momydenuss o63opHoro C3M-
n300pakeHUsT BBIOMparoTcs ¢GopMa W pasMep MOt
CKaHMPOBAaHMsI, a TAKKE KOJINYECTBO CTPOK M CTONO-
LIOB B CeTKEe CKaHWpOBaHMs. BennunHa nepexpbiThs
KaJpOB CETKH CKaHUPOBAHHS MOXET KOPPEKTH-
poBaTbcsl. DKCIEPUMEHT II0Ka3all, 4TO YCTOHUYMBas
pabora amroputMa UIsL  O0pas3loB C  pa3HOM
CTPYKTYpPOHl  NOBEPXHOCTM HMMEET MECTO Ipu
nepekpoitusix ~ 20%. Ha puc. 6, a, npuBeneH npumep
CXeMbl CKaHHpPOBaHUS 00pa3la NepeKpbIBAIOIINMUCS
o0nacTsiMM, KOTOPbIE COCTaBISIIOT CETKY pPa3MepoM
2 x3 xagpa. CrpenkamMyu yKa3aHO HamlpaBJIeHHE
MEepeMeleHUs] K CIeNyIomel 00JacTu CKaHMPOBAaHUS
IIPY IOMOILY THE30CTONA.

Tak kak BEJINYMHBI NEPEMELICHNUHN, BBITOIHEHHBIX
IPH TIOMOILM 1b€30CTOJIa, UMEIOT MOTPEIIHOCTh, TOY-
Hble KOOPIMHATHI IOJIOKEHHS BCEX KaJpOB B CETKE
OTHOCHUTENBHO I1EPBOro KaJpa He U3BECTHBI.

1 =2 = 3
O.
B 0

o

Oo =

Puc. 6. Cxema ckaHMPOBaHUS IS TIOIy4e-
HUS 0030pHOT0 C3M-n300paskeHus
¢ OOJIBIION IIOMIA/IBIO.

a — cxeMa CKaHHPOBAHHS IO CETKE pa3Me-
poM 2 x 3, 6 — 00iacTh BEIYUCICHUS KOP-
PETALMOHHON (YHKIMM (OTMEYEHa IyHK-
THpOM) JuTs Kagpa Ne 2
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OnHako, 3Hasi 4YyBCTBUTEIBHOCTh IbE30CKaHepa 4
(puc. 1,B) w cmmBag W300pakeHUS TEepPEKpHI-
Barommxcs C3M-kaapoB (puc. 6), MOKHO ONPEIeNTUTh
KOODIMHATHl IIOJIOXKEHUSI BCEX KaJpOB B CETKE
OTHOCHUTENBHO MepBOoro kazapa. s 3Toro paspa-
0oTaH crenuaabHbIl aJrOpUTM CIIUBKU HECKOJIBKHX
M300pakeHnH.

ANTOPUTM aBTOMaTHYECKOW CITUBKH M300paKeHUH
COCTOMT W3 OJIOKOB TpEeIBapHUTENhHON 00paboTKH,
OIpeleNieHnss OTHOCUTEIbHBIX KOOPAWHAT KaJpoB
B PE3YyABTHPYIONIEM H300paxeHnn (coOCTBEHHO,
CIIMBKH) U TOCTOOpaborku. Cxema anroputMa IpH-
BEJCHA Ha pHuC. 7.

[IpenBapurenbHas obpaboTKa 3aKiIrOdaeTcs B yrua-
JIEHWHW W3 M300pakeHusl apTedakToB, THITHYHBIX IS
W3MEpPEHUH, TNPOBOAUMBIX IPU IMOMOLIM IhE30CKa-
Hepa, — YOAJCHUU IOBEPXHOCTH IEPBOIO WM BTO-
poro nopsiaxa.

B ocHoBHOM Onoke anropuTMa BBIIOIHSETCS
KOHBeliepHast 00paboTKa IIEMOYKH HM300paKeHHH.
Llenouka mM300pa’keHWA COCTaBIEHA B TOM TOPSJIKE,
B KOTOPOM BBINOJHSJIOCH UX CKaHMpoBaHHe. K Kax-

CINIAXKMBAHMS, SKBaJM3alUM THCTOIPaMMbl U Bble-
JIeHUsT KpaeB mpu momouy oneparopa Jlammaca.
N300paxenuss paccMarprBaloTCs IONAPHO, KaxKaoe
ciemyromiee n300pakeHue B Ienodke "mpuimBaercs”
K mnpemsigymemy. Jis storo B m300paxkeHUH
BBIOMpaerca (hparMeHT, KOTOphIi B COOTBETCTBUU
C HallpaBJIEHUEM [BID)KEHMS I10 CETKEe KaJpoB U C 3a-
JNAHHOW OOJIAaCTBIO TEPEKPBITHS COCEIHMX KaIpoB
JOJDKEH Taxke OBITh W B MPEIbIAYIIeM N300paKeHu!
(puc. 6,6). Jlamee  BBITIONHSETCS  BBIYMCIICHHE
MEePEKPECTHON KOPPENSIIIAA BBIOpAaHHOTO (parMeHTa
c 3aJaHHOU 00J1aCcTBIO MPEALIECTBYIOLIEr0
n300pakeHust (00NMACTh, I KOTOPOW BBIUMCIIAETCS
KOppersuoHHas (yHKIWS Ha TpuMepe kaapa Ne 2,
MoKa3aHa Ha puc. 6, 0). Berumcinenue mepekpecTHO
KOppEJSILUK BBIIOIHACTCS B YaCTOTHOM 0OJIACTH NpH
nomou anroputma bBII®. B3anMHoe nonoxeHue
n300pakeHUI oOIpenensercs TOYKOH, B KOTOpPOit
JNOCTUraeTcsi MAaKCUMyM Koppersiunu. Takum o6pazom
BBIUUCIISIIOTCS  OTHOCHTENIBHBIE KOOPOMHATBI BCEX
KaJpOB B LIEMIOYKE, KOTOPhIE 3aTE€M I1€PECUUTHIBAIOTCS
B KOODAMHATBHl OTHOCHUTEIBHO HAYaJbHOW TOYKH

IoMy — m300pakeHWIo — npuMmeHsiores  ¢yHkuoua  (Touka O Ha puc. 6, a).
IJerouxa KaZpoB 110
TI€pEeKPhIBAOLIHMMCA obnactam
IpesBapuTebHas obpaboTka
| MacrabupoBasue |
¢ HGHOqK}{ KaJpoOB B pa3/M4YHbIX macmrabax
G
v
Kl K N

Max (K ) /
TTocTo6pabotka
v
Pesynsrar — kagp

110 OONBIION MITOIAIN

Puc. 7. Cxema paboTBI alTOpUTMa CIIMBKH N300paKeHNH

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2
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KonmnuecTBeHHON ~ XapaKTEpUCTUKOM  KauecTBa
COBMEILEHMSI JIBYX KaJpOB CIY)KUT HOPMHPOBaHHAas
BEJIMYMHA MakCcUMyMa (QYHKIOUHM IE€PEKPEeCTHON
Koppensinuu K;, rae i — HoMep KaJpa B LEHOUKE,

K; = (max; — min;) / (mean; — min;). 3)

I[J'ISI XapaKTEPpUCTUKU Ka4YeCTBa CHIMBKH BCEX
KaJIpOB BBIYHCIIACTCA CyMMa BEJIMYHUH Ki

K;=Y'K,. 4

Jns Toro 9TOOBI aNTOPUTM CIIUBKA  OBLI
JIOCTATOYHO YHUBEpPCAJIEH M padoran sl IIMPOKOTo
Kjacca M300pakeHUH, NpeIaraeTcsi BbIIOIHSITD
KOHBEHEepHyI0 00paboTKy Iemouykd H300paxeHui
HECKOJIbKO  pa3, U3MEHAsA IHKCEIbHBIH  pa3sMep
(macmTab) obpabaTeiBaeMBIX H300pakKeHUH W Kax-
nblil pa3 Beluucisis BenuuunHy K. Ilpencrasnenue
n300pakeHUs] B CEepUU (PUKCHPOBAHHBIX pPa3MeEpOB
MO3BOJISIET BBISABIIATH B IPOLIECCE OKOHTYPUBAHUS NIPH
KaXIOM Maclmrade pasiauyHble [PU3HAKH & —
OT MEJKUX IPU MAaKCHMaJIbHOM MacliTabe o caMbIX
KPYIHBIX IIPM MHHUMajbHOM MaciuTtabe. Jlyumas
Koppersus Oymer MOCTUTHYTa Ha TOM MaciiTade,
Ha KOTOPOM NpPOABMJINCH Haubolee 3HauNMBIE,
MOBTOPSAIOLIMECS B COCEOHHMX OOJIACTAX MPHU3HAKH.
CmBKa, COOTBETCTBYIOIIASI MAKCUMAJIbHOI BEJIMYNHE
K;, cumrtaercs Hammyumeid. Ilocme  BwIOOpa
HaujIy4dlledl CHIMBKY BBIIOJHSETCS CIEAYIOUIMI 3Tar

00paboTkm — yAaydllIeHHe KadecTBa pPe3yIabTH-
pytoiero u3odpaxeHus (moctodpadoTka).
Ha  »srame  mocrobpaborku BBITIOTHSIETCS

BBIPAaBHMBAHUE CPEOHMX 3HAUCHUH BBICOTHI peibeda

MKM

B 00MacTsIX NepeKphITHS N300paKeHUIH U YCpEeaHEHNE
3HaYeHWH Ha TPaHWLAX COCENHWUX M300paxKeHuH
B CIIUBKE.

B ToM cnyuae, eciu pe3yiabTar aBTOMAaTUYECKOU
CIIMBK{ HEYIOBJIETBOPUTEIIEH, NIMEETCS BO3MOXKHOCTh
COBMECTHUTh CKaHbI Bpy4HYI0. [y 3TOr0 B porpamme
yOpaBlIeHHs TNPUOOPOM peann3oBaH HHTepdeiic,
MO3BOJIIONIMKA NPU TIOMOLIM MBIIIK IepeMelIlaTh
M COIOCTABIATH IOMYYEHHBIE H300pa)KEeHUsI, YTOOBI
YCTaHOBUTh HX B3aUMHOE pACHOJIOKEHHE U IIO0-
CTPOUTHh M300pa’keHHe OONBINON TUIOMAAH, O0BEnr-
HSIOIIEE BCE KaJpbl CETKH.

IOCTHPOBKA JIBYXKOOPIUHATOT'O
INBE3OUMHEPHUAJIBHOI'O CTOJIMKA

CxannpoBaHue 00pasla B OMUCHIBAEMOM TpHOOpe
ocymiecTBisiercss BAomb oced (X, Y) mpu momMomu
mbe3oTpybuaroro 2D-ckanepa (4 Ha puc. 1, B) B cu-
CcTeMe KOOpJAMHAT, CBA3aHHOH CO CKaHEpOM, a mepe-
MEILEHHE K ciemyromeil o0lacT CKaHUPOBAHHUA —
Bronb oceit (X, Y) B cucteMe KOOPAWHAT, CBSI3aHHON
¢ 2D-mwpe3ocronom (8 mHa pumc. 1, B). IIpe3ockanep
U TbE30CTON SBISAIOTCS HE3aBUCHUMBIMH KOHCTPYK-
TUBHBIMH 3JIEMEHTAMH C HEH30€KHBIMHU IIOTPELIHO-
CTAMH B M3TOTOBJIEHUH, W II03TOMY CBSI3aHHBIE
C HUMM CHCTEMBbl KOOPIMHAT IOBEPHYTHl Ha HEKO-
TOpBIN yron paccornacoBanus a # 0. s Toro 9To0s!
oOecrieunTh KOPPEKTHBIH Iepexod B 3aJaHHYIO
HauaJIbHYI0 TOYKY CJIEAYIOIIEro KaJpa B CETKE,
HEOOXOANMO MTPOBECTH IOCTHPOBKY I1bE30CTOJIA.

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

Puc. 8. Onpenenenne mapaMmeTpoB
IOCTHPOBKH ITE30CTONA.

Obpazerr — 3epHHCTas TOBEPX-
HoCcTh ctanu. IlokazaH yrom pac-
COTTIACOBAHUS @ MEXKAY Hampaslie-
HHEM CKaHHUPOBAHHMS ITbE30TPYOKH
1 u HampaBJIEHHEM IEpEMEIICHNUS
MTbE30MHEPLUATBHOTO CTONMKA 2.
W3mepurensHast Moga — CHIIOBas
MIOYKOHTAKTHAsI, 30HAOBBIN JAaT-
YUK — MMbe30TpyOKa ¢ W-Hrioit
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JIJ1s1 BBINOMHEHUS! IOCTUPOBKM HEOOXOIMMO B Iep-
BYIO OuYepeAb IPOBECTH CKAaHUPOBAaHHE II0 CETKe
U, NPUHSB yroa paccoriacopanus o = 0, IPUMEHUTD
K IOJYYEHHBIM KaJpaM aJrOpUTM aBTOMAaTHYECKON
cmmBKY n300paxenuit. locne atoro, mcxoms u3 mo-
mydeHHoro C3M-uzo0paskeHus, BBIYHACISIIOTCS JIeH-
CTBHUTEJIBHBIA yTOJl PaccoIacoOBaHUS «, pa3Mep Liara
BIOJIb JBYX OCEH IbE30CTONa M PaCCUMTHIBACTCS
KOJIMYECTBO ILArOB IbE30CTONA, HeoOXoammoe [yis
KOMITEHCaIu yria paccornacoBanus. KOctruposka 2D
MBE30CTONA 3aK/IoYaercs B TOM, 4YTO MpU Hepe-
MELIEHUU CTOJla IO OJHOM W3 OCell OCYLIECTBISIETCS
TaKKe KOPPEKTUPYIoLIee IepeMeNIeHrEe BI0JIb BTOPOM
ocH, KOMIICHCHPYIOLEEe YIoJl paccoracoBaHus O.
Ha puc. 8 mpuBeneHa cxema pacuera HapamMeTpoB
IOCTUPOBKH TIbE30CTOJIa HAa IpuUMepe [ByX Iepe-
kpeiBarommxcss C3M-m3o0paxenuii. [IpaBoe m300pa-
KEHHE MOIYYEHO II0C/Ie IEPEeMEIEeHHs Ibe30CToNa
BIOJb OAHOIO M3 HANpaBICHUWH Ha 3aJaHHOE
KonuyecTBO maroB  N. BuaHo, d4Yro  Mexnay
HampaBlieHHeM ckKaHupoBaHWs (1) W HampaBIeHHEM
MepeMeIeHns Mbe3ocTona (2) CyIecTByeT yroi
paccormacoBanus o # 0. Paccrosaue S (HM), Ha KO-
TOPOE MEPEMECTHIICS 30HA, ¥ YTOJl PacCcOIIaCOBAHUS O
OIpEeNsoTCs B pe3yiabraTe CIIUBKU H300pakKeHHH
(puc. 8), mpu 3TOM pa3Mep Iara Mbe30CTONa BIOIH
BBIOpaHHOM ocH Beraucisiercs o hopmyne (5), yron a
ompenensercs BeipakerneM (6):

S
=— 5
Step, N )
o = arctg % (6)

AHaJOru4HO ompeznenserca pasMmep mara Step,
[bE30CTOJIA BJIOJb APYTOW OCH.

B kax10M HOBOM CKaHMPOBAaHHMHM IO CETKE KaIpOB
BBIIIOJIHAETCSL pacyeT Konudectsa maroB (N, N,),
KOTOpPbIE IbE30CTON JIOJKEH BBIIIOIHHUTB, YTOOBI NPH
nepexoie K CIEAyIoIleMYy Kaapy 30HJ CMECTHICA
Ha 3aJlaHHOE paccTosHue L B cucreMe KOOpAWHAT
nbe30cKkaHepa. Pacuer mnpou3BOAMTCS 10 3apaHee
OIpEeeNIeHHbIM pa3MepaM IIaroB IbE30CTONA BJONb
JIBYX OCEH M YIJIOB PAcCOINIaCOBaHMS (, C HCIOMb-
30BaHHMEM CTaHIAPTHBHIX (hopmyn mepexona U3 OOHOU
CHCTEMBI KOOPIUHAT B IPYIYIO:

Scosa
N, =round| —— |, (7
Step
Ssina
N, =l —| ®)
Step,
rae Step, u Step, — BEIMYHMHBI IIATOB IbE30CTONA,

round — omnepanus OKpyTIICHHS.
AHAJIOTMYHBIM CITOCOOOM  BBITIONHSIETCS  FOCTH-
POBKa ThE30CTONIa BO BTOPOM HAITPABICHUU.

PE3YJIbTATBI U BBIBO/IbI

Ha puc. 9, 10 npencrasnensr C3M-n300paxeHus,
MOTy4YeHHbIE C WCIONb30BaHWEM KOoMIakTHBIX C3M-

TOJIOBOK.

MKM

Puc. 9. Ilpumepsl n300pakeHU#, MONyYEHHBIE C MOMOIIBIO KommakTHoH C3M-

TOJIOBKH.

a — un3o0paxkenue (parmMeHTa AUGPAKIUOHHON pemieTku Ha Si ¢ Au TOKPBITHEM,
nonyuennoe B CTM-mone, 30Hn — Bonmb(pamoBas uria, Vy = 1 V, [ = 0.5 nA;

6 — wu3oOpaxenue wmonekynsl JIHK Ha moOBepXHOCTH —CIIOMBI,

TIOJTy9IEHHOE

B MOJYKOHTAKTHOM CUIIOBOM MOJie, 30H10BbIN naTunk — "self-sensing" Si-kaHnTunesep

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2



KOMITAKTHAS T'OJIOBKA CKAHUPYIOHIEI'O 30HJOBOI'O MHKPOCKOITA 13

MKM
30

2200

0 10 20 30 4Q

o0
MKM

Puc. 10. TIlpumep yBenmuueHuss o0030pHON momaan npu C3M-Bu3yanu3alu aHcamMONs 3PUTPOLUTOB HA
CTEKJITHHON ITOJUIOKKE 33 CYET HMCHOJB30BAHHMSA NPOrPaMMbl aBTOMATHYECKOHW CIIMBKU JBYX HEPEKpbIBAIOIIHXCS
ckaHoB (a) u (0), MONyYeHHBIX B MOJYKOHTAKTHOM CUIIOBOM MoOJie, B 0030pHOE H300pakeHue (B).

3onnoBbIl naTunk — "self-sensing" kaHTUIIEBEP B BUjIE Mbe30TPyOKH ¢ W-HTITOM

Takum oOpa3om, B paboTe TMOKa3aHO, dYTO
JNEKTpUYEcKasl EMKOCTb ITbE30IaKETOB IO3BONISET
3amacaTb B HUX HPH OTHOCHTEIBHO HEOOIBIINX
ANMEKTPUYECKUX HANPSDKEHUSX OSHEPruio, J0CTaTod-
HYIO JUISl CO3/IaHMS JIBVDKUTENCH, HCIONB3YIOMMX
WHEPUUAIBHBI ~ NMPUHOWO — HepeMemieHus.  DKc-
MEePUMEHTAIBHO MPOAEMOHCTPUPOBAHO, YTO pazdpoc
BETMYMHBI OIMHOYHOTO IIara JIMHEHHOro WHep-
[IUAJIbHOTO JIBIDKHUTENSL  ONPEAENeTCS CTPYKTYpOit

MOBEPXHOCTEH  MCHONB3YeMBIX  Hap  TPEHus.
[IpencraBneHHslidi B JaHHOW paboTe ITUHEHHBIN
WHEPLUAIbHBI  [BE30ABMKUTEND  O0ECleurBaeT

repeMelleHue Ha paccrossHust Ao 10 MM ¢ MHHH-
MaJIbHBIM IIaroM, JIeKaIMM B auamma3oHe 4—18 HM.
DTO OTKphIBaeT TIEPCHEKTHBBI Ui  Pa3pabOTKH
koMakTHBIX C3M-TONOBOK, paboTarommx B TYyH-
HEIBHOW U  TMONYKOHTAKTHOM CHJIOBOM  MoJax.
Munnmuzanms rabaputHeix pasMepoB C3M-romoBku
00ycIIOBJIeHa HECKONbKUMH (PaKTOpaMu: BO-TIEPBHIX,
MPUMEHEHHE IbE30MAaKEeTOB I103BOISIET YMEHBLINTh
pasMepbl 3a cuYer OOBEIMHEHHS B OOHOM Y3Jie
¢byHkumii  ucromHUTENbHOrO 3nMementa CC u y3na
cOnmmKeHus 30HAa C 00pa3IoM; BO-BTOPHIX, HA OCHOBE
MBE30IIAKETOB MOI'YT OBITh peajIn30BaHbl Majo-
rabapuTHbIE AaBTOMATHU3UPOBAHHBIE JABYXKOOPIMHAT-
HBIE CTOJIBI, B-TPETbHUX, YMEHBIICHHE Pa3MEPOB J0-
CTHTaeTcss 3a CyYeT 3aMeHbl  Si-KaHTHJIEBEPOB
C ONTHYeCKoW cxemol m3MmepeHus Ha "self-sensing"
KaHTHIEeBEphL. [Ipennoxen alropuTM aBTOMaTHYECKOM
CIIMBKMA HECKOJIBKHX MEPEKPHIBAIOLINXCA KaIpoB
ckanupoBaHus. [lokazaHo, 4TO B paMKax ajaropurma
cumBkd  C3M-u300pakeHHI MOXHO MHHUMH3H-
poBaTh Yroia paccoriacoBaHusi MEXKIy Halpas-
neansiMia (X, Y) B crcTeMaxX KOOPAWHAT, CBSI3aHHBIX
CO CKaHEpOM U CTOJIOM, BO3HHMKAIOIIMH M3-3a
KOHCTPYKTHBHBIX mnorpemnocred. [lokazano, dto
IpPUMEHEHHE aJropuTMa aBTOMATHYECKOM CIIHMBKH
C3M-n300pakeHu#t COBMECTHO C MHHHMH3AIKEH
yrjla  paccoriacoBaHUsl  IO3BOJSIET  YBEJIUYUTh

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

miomanas o0030pHoi  C3M-BH3yanm3allii  TOBEpX-
Hocth obOpasna. Kommakrtaeie C3M-TonoBKE Tpen-
CTaBJISIIOT HWHTEPEC, HarpuMmep, NpH OO0beJUHEHUU
C3M c OnTHYECKUMH W DIEKTPOHHBIMH MHKPO-
CKOIIaMH WJTH TIPU TIPOBEICHNN HU3KOTEMITEpaTypHBIX
C3M-uccnenoBaHuii B KPHOCTaTax C KPHOXKHIKO-
CTSIMH.
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COMPACT SCANNING PROBE MICROSCOPE HEAD
BASED ON INERTIAL THRUSTERS USING PIEZOPACKETS

O. M. Gorbenko, M. V. Zhukov, S. V. Pichahchi, I. D. Sapozhnikov,
M. L. Felshtyn, A. O. Golubok

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The instrumental principles of constructing a compact measuring head of a scanning probe microscope are
discussed. To minimize the overall dimensions, a piezo package is used, which makes it possible to implement
in one unit both the functions of the actuating element of the SPM tracking system and the functions of the
module for approaching the probe to the sample. A control scheme for a piezo-inertial linear step mover is pre-
sented, and histograms of the step size distribution are measured. Diagrams of compact SPM heads operating in
tunneling and semi-contact power modes using self-sensing probe sensors are presented. To increase the size of
the survey SPM images, scanning over several overlapping areas was implemented with further stitching of the
SPM images in a single frame. The algorithm for stitching SPM images is discussed. The deviations in the di-
rections of the stage and probe movements, arising during the new scanning frame selection, are being corrected
within the framework of the SPM image stitching algorithm. The results of capturing SPM images using a com-
pact SPM head and stitching SPM images by means of elaborated algorithms are presented.

Keywords: scanning probe microscope, piezo-inertial step mover, self-sensing cantilever, automatic image stitching

INTRODUCTION SPMs, the main structural modules are: a measuring

unit, which is also called a measuring head; electronic

Experiments on passing a tunneling current controller and software. If over 35 years of develop-
through an adjustable vacuum gap [1] became the ba-  ment the electronic controller and the SPM software
sis for the creation of a scanning tunneling microscope  have acquired a rather unified form, then the SPM
[2, 3], whose inventors were awarded the Nobel Prize  measuring units, due to the wide variety of SPM de-
in physics in 1986 [4]. The scanning tunneling micro-  vices and techniques, have a very diverse design and
scope, in turn, opened a new direction of research, continue to develop and change. The measuring unit
called scanning probe microscopy (SPM). SPM in- of any type of SPM device should provide: 1D preci-
cludes surface microscopy of high, up to atomic, spa-  sion mechanical approach of the probe to the sample
tial resolution, local spectroscopy, nanolithography to capture the interaction between them without dam-
and manipulation of nanoobjects using sharp solid- aging the sample and, mainly, without damaging the
state probes [5, 6]. SPM is based on the detection of  probe; 2D mechanical movement of the probe or sam-
local interaction between the surface and a sharp sol-  ple to select a location for examination on the sample
id-state probe, close to the sample surface at a certain  surface; 3D precision mechanical scanning and finally
distance A (where A is the characteristic length of in- the measurement of the local interaction between the
teraction decay) and precision mechanical scanning by  probe and the sample. When working in ultrahigh
the probe relative to the stationary sample or by the vacuum or in a cryogenic liquid, the designs of the
sample relative to the probe. In this case, a tracking measuring units should also include manipulators that
system (TS) with a negative feedback loop is used to  ensure the recharge of the probe and the sample dur-
stabilize the value of the interaction between ing the experiment. As a rule, in SPM heads, stepper
the probe and the sample. The nature of the interaction ~ motors and manual or motorized X-Y stages are used
of the probe with the surface can be very diverse, to bring the probe closer to the sample, as well as to
which determines various types of SPM devices and  select a location on the sample surface. One of the
a variety of SPM techniques operating in vacuum, gas, design flaws on the basis of stepper motors is the heat-
and liquid at various temperatures, including cryogen-  ing of their windings, which causes a temperature drift
ic ones. Among the main types of SPM devices, one  of the probe relative to the sample and leads to distor-
can distinguish a tunnel microscope, a force micro- tion of the measurement results. In addition, such
scope, an optical near-field microscope, an ion current  structures have relatively large dimensions, which are
microscope, as well as combinations of an SPM with  not always consistent with the experimental condi-
optical and electron microscopes. In all types of tions, and also reduce the natural mechanical reso-

15



16 O. M. TOPBEHKO, M. B. ’)KVKOB, C. B. IMYAXYHU u gp.

nance

Fig. 1. Diagram of a compact SPM head (a); the appearance of such a head installed as an SPM objective on the
turret of an optical microscope (b); diagram of a compact SPM head with a 2D piezoinertial stage (c).

1 — piezo package, 2 — guide rod, 3 — carriage, 4 — piezotube (piezoscanner), 5 — probe sensor, 6 — sample,
7 — base, 8 — two-coordinate piezo-inertial X-Y stage, 9 — flat springs, y — signal amplifier for probe sensor,
BBY — high-voltage amplifier of the piezoelectric package control signal, OC — feedback from the PID control-

ler

frequencies of the structure and, as a result, weaken
the vibration protection of the measuring unit, impair-
ing the stability of the TS operation. Since thermal
drift is proportional to the length of structural ele-
ments, the advantage of compact SPM heads is also
a reduction in thermal drift.

The compact SPM heads are based on the use of
piezo-inertial positioners [7, 8], which ensure the
combination of smooth scanning in a small spatial
range with discrete precision step-by-step movement
over relatively long distances. In recent years, electro-
mechanical precision positioning systems based on
piezo actuators have been actively developed. Com-
pared to electromagnetic systems, they have a higher
speed, smaller dimensions and emit less heat, which is
fundamentally when they are used in SPM heads.
Generally speaking, from an energy point of view, for
optimal operation of a piezo actuator in a mechanical
positioning system, electrostatic energy, stored in
a piezo actuator, is to be sufficient to perform me-
chanical work to move a certain mass:

CcuU?
2’ (1)

I;F(t)v(t) dr =

where C — the electric capacity of the piezo actuator,
U — the voltage across the piezo actuator, F(f) — the
force acting on the moving mass, v(f) — the velocity
of travel, t — time of travel.

Piezo actuators made of standard piezo plates or
piezo tubes with a thickness ~ 1 mm and an area of
electrodes ~ 1 cm’, have a capacitance of ~ 1 nF. In
recent years, piezo actuators based on piezo packages
have become available. Piezo packages are thin flat
piezoceramic layers with metal film electrodes, con-
nected in parallel. The capacity of such piezoelectric
packages is determined by the total capacity of all its
thin layers and reaches a value of ~ 1 pF, while the
piezoelectric package is rather compact, and
the stored electric field energy in it is sufficient for the
reliable functioning of mechanical positioning sys-
tems. In the SPM heads described below, we used pi-
ezoelectric packages of PI company in the form of
a parallelepiped with dimensions of 5x5x9 mm.

SPM HEAD WITH A COMBINATION
OF THE PROBE AND SAMPLE APPROXIMATION
FUNCTION AND FUNCTION OF THE
TRACKING SYSTEM ACTUATING ELEMENT

The described below approach provides the crea-
tion of compact measuring SPM nodes without the use
of standard stepper motors and oversized motorized
X-Y stages.

In Fig. 1, a, a diagram of a compact measuring
SPM head based on a piezo package is presented.
Piezopackage 1 with a guide rod 2 is attached to
a fixed base 7. A carriage 3 with a scanner 4 moves
along the guide rod 2, on the carriage a probe sensor 5
is fixed. Scanning with a probe in the X, Y plane is
carried out using a piezotube with two pairs of elec-
trodes on the outer surface and a common internal
electrode. The scanning area is (30x30) um” at a max-
imum voltage of 250 V. The carriage 3 is pressed to
the rod 2 with the possibility of tuning the pressing
force (the clamp is not shown in the diagram).
The piezo package is designed both to work as an ac-
tuating element of the TS. The actuator both smoothly
moves the probe along the Z coordinate, and moves
the carriage 3 step-by-step along the rod 2 when the
probe approaches the sample in the process of captur-
ing the interaction between them. If the force of iner-
tia, arising at the beginning of compression (stretch-
ing) of the piezoelectric package and acting on the
mass of the carriage 3(taking into account
the mass of the scanner 4 and probe 5), is less than
the friction force in the friction pair "rod-carriage",
then the carriage moves along the Z coordinate to-
gether with the rod. In the present case, the range of
smooth travel of the piezoelectric package along the Z
coordinate when operating as an actuating element of
the TS is ~ (0—7) um, a control voltage is 0-120 V. If
the inertial force exceeds the friction force, then the
carriage slides along the guide rod in the direction
opposite to its travel. Repeating the process of sharp
compression and smooth stretching (or smooth
stretching and sharp compression) of the piezoelectric
package, it is possible to move the carriage step by
step at a distance determined by the length of the
guide rod, with steps, the size of them will depend on
the parameters of electrical voltage pulses applied to
the piezoelectric package, and the state of rubbing
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surfaces in the "rod-carriage" pair. To reduce the ex-
ternal dimensions of the SPM head, we abandoned the
optical scheme for measuring the deflection of the
cantilever, which is usually used when operating in
the power mode. In a compact SPM head, presented in
Fig. 1, b as a force interaction sensor operating in
a semicontact force mode, we use a "self-sensing" Si-
cantilever [9] or a universal piezo-resonance sensor
based on a piezoceramic tube with a W-needle [10,
11], which can also work in the STM mode. Probe
sensor 5 is attached to the tubular scanner 4 using
a miniature magnet and is connected to a signal ampli-
fier by a light loop.

It should be noted that the behavior of the "self-
sensing" cantilever during measurements in air differs
from the behavior of standard cantilevers with an op-
tical scheme for detecting their deflection when inter-
acting with the sample surface. Since a piezoresistive
bending sensor and a resistor providing pulsed heating
of the Si-beam to excite its resonant oscillations are
located on the surface of the "self-sensing" cantilever,
then the area of the "self-sensing" cantilever beam is
about an order of magnitude larger than the area of the
standard cantilever beam. As a result, a slope appears
on the approach curve already at a distance of ~ 300 pm
from the sample surface due to the pressure of the re-
flected air flow excited by vibrations of the Si-beam at
the resonant frequency. In other words, a "false sig-
nal" appears from the deflection of the cantilever,
caused not by its interaction with the sample surface,
but by the pressure of the air flow reflected from
the sample surface. This leads to a reduction in
the working area on the approach curve in the semi-
contact power mode (the area of sharp suppression of
the amplitude of the oscillations of the cantilever
when approaching the sample) and requires the instal-
lation of an unusually large (compared to a standard
cantilever) reference signal for the TS. In this case, to
capture the real interaction with the surface of the
sample, it is necessary to set a sufficiently large value
of the suppression of resonant oscillations. An in-
crease in the angle between the plane of the sample
and the plane of the cantilever leads to an expansion
of the working area on the approach curve, since the
fraction of the reflected air flow, falling on the plane
of the cantilever, decreases. This effect, as expected,
disappears when measured in vacuum. As shown by
measurements of the dependence of the width of the
working area on the approach curve on the angle

between the plane of the sample and the plane of the
cantilever, the tilt angle must be at least 30°.

CONTROL SCHEME OF PIEZOINERTIAL
LINEAR POSITIONER

Fig. 2 shows a diagram of connecting a piezoelec-
tric package for a stepping mode of carriage travel.
When the key K is open, the piezoelectric package is
charged through the resistance R in a time of 37, =
=R-C = 18 ms to the value Uj of voltage on the capac-
itor plates, stretching or contracting, depending on the
sign of the voltage. When the key K is closed, the ca-
pacity of the piezoelectric package is discharged to
zero through the resistance » in a much shorter time
37ps = 7*C = 18 ps. To implement a step-by-step mode
of travel, time when the key is in the closed state #
must be longer than the discharge time of the capacity
of the piezoelectric package #; > 7,4, and the time
when the key is in the open state #, should be less than
the charging time, but longer than the discharge time
Tyap > b2 > Tpas.. In this case, as shown in Fig. 2, b, when
the key is periodically closed and opened, asymmetric
periodically repeating pulses with a slow, almost line-
ar leading edge (charging of capacitor C) and an ex-
ponentially sharp trailing edge (discharge of capacitor
() will be applied to the piezoelectric package. It can
be seen that the amplitudes U.,, of these pulses will be

determined by the pulse ratio (7, +¢,)/t, of the control

pulses. Obviously, at the moment of the beginning of
the discharge of the capacitance (sharp tops of the
pulses in Fig. 2), the carriage is under impact of the
maximum inertia force, the magnitude of which is
determined by the discharge time 7,,,0f the capaci-
tance, the pulse amplitude U,,, and the carriage mass,
taking into account the mass of the piezotube and the
mass of the probe sensor. If the force of inertia ex-
ceeds the friction force in the rubbing pair "guide rod—
carriage", then the carriage will begin to move along
the surface of the guide rod in the direction opposite
to the movement of the guide rod.

As a key, you can use a transistor in the closed
(open key) and open (closed key) states. Reverse of
movement in this control circuit is carried out by
changing the polarity of the voltage U, applied to
the piezoelectric package.

Fig. 2. Control circuit of the piezoelectric package of the linear step inertial propulsive device.
a — schematic diagram of piezoelectric package control: capacitance of piezoelectric package C = 600 nF,
R=10kQ, r=10 Q, Uy=40 V; 6 — control impulses
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REQUIREMENTS FOR FRICTION PAIR SURFACE
OF A PRECISION STEP MOTION

For stable operation of such a 1D piezo-inertial
mover, we use a "plane-plane” friction pair. A feature
of such a friction pair is the averaging of pressure over
the entire contact surface, which leads to a more uni-
form movement. The experiment showed that for
the realization of nanoscale movements of the "plane-
plane" pair is more preferable than the "ball-plane"
pair, since the pressure generated by the small contact
area quickly erodes the flat surface, creating micro-
scratches and impairing the stability of movement. At
the same time, in order to exclude adhesion of friction

pairs and to improve the reproducibility of a size of
the travel steps, the surface of the rubbing planes at
the micro- and nanolevels should have
a granular structure called "orange peel" (Fig. 3).

In this case, the products of friction fill the depres-
sions on the surface (Fig. 3). Also, to minimize a sin-
gle step of movement, it is necessary to select materi-
als for the friction pairs and the clamping force so that
the static friction would be close to the sliding fric-
tion. Otherwise, after a breakdown from a state of rest,
the moving mass will travel a considerable distance by
inertia until it is completely decelerated.

Fig. 3. The structure of the surface of the friction pair, the image was obtained

in an optical microscope.

Insert a — enlarged optical image; insert b — image obtained in a scanning

force microscope

MEASURING THE HISTOGRAM
OF THE DISTRIBUTION
OF THE STEPS VALUE
OF A LINEAR PIEZOINERTIAL STEP MOVER

Since a positioner based on a piezo package can
operate both as a linear stepper motor and as a smooth
scanner, it can be used both for a rough approximation
of the probe to the sample and for stabilizing the in-
teraction between the probe and the sample in the
constant force mode or direct current when the feed-
back loop is on.

Therefore, breaking and closing the feedback loop
between the n-th and (n +1)-th steps of the carriage 3
and measuring the voltage across the piezoelectric
package with the feedback loop on, it is possible to
determine the step value AZ, from (2):

), 2

where k — the gain ratio of the high-voltage ampli-
fier BBY (Fig. 1, a), a — the sensitivity of the piezo
package, U, — the voltage at the output of the PID
controller when the feedback loop is closed until it is
broken, U,+; — voltage at the output of the PID regu-
lator after the carriage shift and the feedback loop clo-
sure. The algorithm for measuring the travel of the
carriage and the histogram of the distribution of steps
is shown in Fig. 4.

AZn = ak(|Un+1 - l]n

Fig. 5 shows the graphs of the travel of the carriage of
the inertial mover at different directions of movement
and different amplitudes of the control voltage ULy,.
Since the guide rod is located vertically, than due to
the action of gravity, the size of step up is less than
the size of step down (Fig. 5).

As can be seen in Fig. 5, if a voltage across the pi-
ezo package U,, = 3 V and the move is up than
~ 80 % of the steps of the piezo mover falls into the
range of 9—12 nm in terms of the full range of 4—
18 nm, and if the move is down than ~ 90% of the
steps fall within the 20-25 nm range in terms of the
full range of 20-30 nm. If a voltage is U,,, = 30 V and
the move is up ~ 65% of the steps fall into the range
of 360-390 nm in terms of the full range of 350—
430 nm, and if the move is down ~ 65% of the steps
fall into the range of 400-470 nm in terms of a full
range of 400-580 nm. We associate the observed scat-
ter in the size of steps with the topography of the sur-
face of the friction pair and the micro-and nanoscale
contaminants and friction products, which manifests
itself in the dependence of the friction force on the
position of the carriage on the guide rod. The range of
travel of the carriage is determined in our diagram by
the length of the guide rod and is 5 mm along the Z
axis and 10 mm along the X, Y axes.

Fig. 4. Algorithm for measuring the movement of the carriage and the histogram of the distribution of the magnitude

of the steps of the linear inertial piezoelectric mover

Fig. 5. Graphs of the step-by-step movement of the inertial mover along and against the force of gravity along the guide
rod (a, 1) and the histogram of the distribution of steps (6, B, 1, €) at different amplitudes of control impulses Us,.
a, 06, B — the amplitude of the control pulse U,,, =3 Vi1, 1,6 — U, =30 V
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SPM-HEAD WITH AUTOMATED
SCAN AREA SELECTION

Fig. 1, B shows a diagram of a compact SPM head
with a 2D piezoinertial stage for selecting the initial
scanning point on the sample surface.

In contrast to the diagram in Fig. 1, a, in this case,
the carriage 3 carries the scanner 4, which moves
the sample 6 along the coordinates X, Y, and the
probe sensor 5 is mounted on a two-coordinate piezo-
inertial stage 8, in which both guide rods are located

horizontally (the rod operating along the Y axis is ro-
tated 90° and is not visible in the figure). Since
the piezo mover, operating along the X axis, carries
the same mechanism as that operating along the Y
axis, this cantilever mounting of the rod makes it pos-
sible that the piezo package may be destroyed under a
large load on the carriage. To prevent breakage, the
guide rod is fixed at both ends with flexible plates 9,
which have greater rigidity in the vertical direction,

Fig. 6. Scanning scheme for obtaining an overview SPM imagewith a large area.
a — scanning scheme on a 2 x 3 grid, 6 — area for calculating the correlation function
(marked with a dotted line) for frame No. 2

Fig. 7. Diagram of the image stitching algorithm

but can bend during the reciprocating movement of
the guide rod. Due to the two-coordinate piezo-inertial
stage (hereinafter referred to as the piezo-stage), it
becomes possible to move the scanning start point in
an automated manner, thereby to scan along the grid
with overlapping frames and increase the visualization
area of the sample surface, which is important for ob-
taining survey SPM images.

To obtain survey SPM images during scanning
a grid, a special algorithm has been developed —
an image stitching algorithm.

For the correct scanning on the grid, it is necessary
to adjust the piezo-stage, i.e. to minimize the influ-
ence of the angles of misalignment of the directions of
its X and Y axes with the directions of the correspond-
ing axes of the piezo-scanner scanning, for which it is
necessary to determine the angle of misalignment of
the axes and calculate the physical size of the step of
the piezo stage in the X and Y directions. In this case,
the size of the steps of the inertial piezoelectric stage
in both directions is being determined by measuring
the distance between the points of the beginning of
scanning on the SPM images of two stitched frames
obtained using a piezoscanner, the sensitivity of which
is known in advance.The alignment is performed
automatically using the automatic image stitching al-
gorithm described below.

ALGORITHM OF AUTOMATIC
STITCHING OF IMAGES

Before starting to obtain a survey SPM image, the
shape and size of the scanning field, as well as the
number of rows and columns in the scanning grid, are
selected. The area of overlapping frames of the grid of
scanning can be adjusted. The experiment showed that
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the stable operation of the algorithm for samples with
different surface structures takes place at overlaps of
~ 20%. Fig. 6, a shows an example of a pattern for
scanning a sample with overlapping areas, which
make up a 2 x 3 frame grid. The arrows indicate
the direction of movement to the next scan area using
the piezo stage.

Since the wvalues of the displacements of
the piezo table have an error, the exact coordinates of
the position of all frames in the grid relative to the
first frame are not known.

However, knowing the sensitivity of piezoscanner
4 (Fig. 1, B) and stitching the images of overlapping
SPM frames (Fig. 6), it is possible to determine
the coordinates of the position of all frames in the grid
relative to the first frame. For this, a special algorithm
for stitching several images has been developed.

The algorithm for automatic stitching of images
consists of blocks: preprocessing, determining the rel-
ative coordinates of the frames in the resulting image
(actually, stitching) and post-processing. The scheme
of the algorithm is shown in Fig. 7.

Pre-processing consists in removing artifacts, typi-
cal for measurements carried out with a piezoscope,
from the image — removing the surface of the first or
second order.

The main block of the algorithm performs pipeline
processing of the image chain. The chain of images is
arranged in the order in which they were scanned. An-
ti-aliasing, histogram equalization and edge enhance-
ment using the Laplace operator are functions, applied
to each image. Images are considered in pairs, each
next image in the chain is "sewn" to the previous one.
For this, a fragment is selected in the image, which, in
accordance with the direction of movement along
the grid of frames and with a given area of overlap of
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adjacent frames, should also be in the previous image
(Fig. 6, 6). Next, the calculation is carried out for
the cross-correlation of the selected fragment with
a given area of the previous image. The area for which
the correlation function is calculated on the example
of frame No. 2 is shown in Fig. 6, 6. The cross-
correlation calculation is performed in the frequency
domain using the FFT algorithm. The relative position
of the images is determined by the point at which
the maximum correlation is achieved. Thus, the rela-
tive coordinates of all frames in the chain are calculat-
ed, which are then converted into coordinates relative
to the starting point (point O in Fig. 6, a).

The quantitative characteristic of the quality of
alignment of two frames is the normalized value of
the maximum of the cross-correlation function Kj,
where i is the number of the frame in the chain,

K; = (max; — min;) / (mean; — min;). 3)

To characterize the quality of stitching of all
frames, the sum of K values is calculated

K=Y K,. “4)

In order for the stitching algorithm to be sufficient-
ly universal and working for a wide class of images, it
is proposed to perform pipeline processing of

the chain of images several times, changing the pixel
size (scale) of the processed images and calculating
the value of K; each time. The representation of
the image in a series of fixed dimensions allows for
the identification of various features during the con-
touring process at each scale — from small ones at
maximum scale to largest ones at minimum scale.
The best correlation would be achieved at the scale
which showes the most significant features, repeating
in neighboring areas. The stitching, corresponding to
the maximum K, value, is considered to be
the best. After choosing the best stitching, the next
stage of processing is performed — improving
the quality of the resulting image (post-processing).

At the post-processing stage, the average values of
the relief height in the overlapping areas of the images
are aligned and the values are averaged at the bounda-
ries of neighboring images in the stitching.

If the result of automatic stitching is unsatisfactory,
it is possible to stitch the scans manually. To do this,
the device control program implements an interface
that allows an operator to move and to compare
the obtained images in order to establish their relative
position and build an image of a large area, combining
all the frames of the grid.

Fig. 8. Determination of the adjustment parameters of the piezo-stage.
Sample — grained surface of steel. Shown is the mismatch angle a be-
tween the scanning direction of the piezotube 1 and the direction of
movement of the piezoinertial stage 2. The measuring mode is tapping
force, the probe sensor is a piezotube with a W-needle

ADJUSTING THE TWO-ORDINATED
PIEZO-INERTIAL STAGE

Scanning the sample in the described device is car-
ried out along the axes (X, Y) using a piezotubular 2D
scanner (4 in Fig. 1, B) in the coordinate system asso-
ciated with the scanner, and moving to the next scan-
ning area — along the axes (X , Y) in the coordinate
system related with 2D piezo stage (8 in Fig. 1, B).
Piezoscanner and piezo stage are independent struc-
tural elements with inevitable manufacturing errors,
and therefore the coordinate systems, associated with
them, are rotated by a certain mismatch angle a # 0. In
order to ensure the correct transition to the given start-
ing point of the next frame in the grid, it is necessary
to adjust the piezostage.

To perform the adjustment, one must first scan
along the grid and, taking the mismatch angle o = 0,
apply an algorithm for automatic stitching of images
to the received frames. After that, based on the ob-
tained SPM image, the actual mismatch angle o,
the step size along the two axes of the piezo stage, and

the number of piezo stage steps required to compen-
sate for the mismatch angle are calculated. Adjust-
ment of the 2D piezo table is that when the table is
moved along one of the axes, a corrective movement
along the second axis is also carried out, which com-
pensates for the misalignment angle a. Fig. 8 shows
a diagram for calculating the adjustment parameters of
the piezoelectric table using the example of two over-
lapping SPM images. The right image was obtained
after moving the piezo stage along one of the direc-
tions by a given number of steps V. It can be seen that
between the scanning direction (1) and the direction of
movement of the piezo stage (2) there is a mismatch
angle o # 0. Distance S (nm), at whuch the probe
moved, and the mismatch angle a are determined as
a result of image stitching (Fig. 8), while the step size
of the piezo stage along the selected axis is calculated
by the formula (5), the angle « is determined by the
expression (6):

S
Step. =—, 5
P =7 (5)
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o = arctg| — |- 6
{jon) ©
The step size Step, of piezo stage along

the other axis is determined in the same way.

In each new scanning on the frame grid, the calcu-
lation is carried out to obtain the number of steps (N,
N,) of the piezo stage to performe in order for the
probe to move to the specified distance L in the pie-
zoscanner coordinate system. The calculation is car-
ried out according to the predetermined sizes of the
steps of the piezoelectric stage along two axes and

mismatch angles a, using standard formulas for
the transition from one coordinate system to another:

N, =r0und[Scosaj, (7
’ Step,

N - Ssina ’ ®)
* | Step,

where Step, and Step, are the sizes of the steps of the
piezo stage, round is the rounding operation.

The piezo stage is adjusted in the second direction
in a similar way.

Fig. 9. Examples of images obtained with a compact SPM head.
a — image of a fragment of a diffraction grating on Si with Au coating, obtained in the STM mode, the probe is

a tungsten tip, V; =1V, ;= 0.5 nA;

b — an image of a DNA molecule on the surface of mica, obtained in a semicontact force mode, probe sensor is "self-

sensing" Si-cantilever

Fig. 10. An example of an increase in the viewing area during SPM visualization of an ensemble of erythrocytes on
a glass substrate by using the program for automatic stitching of two overlapping scans (a) and (0), obtained in a semi-

contact force mode, into an overview image (B).

Probe sensor is "self-sensing" cantilever in the form of a piezotube with a W-needle

RESULTS AND CONCLUSIONS

Figures 9, 10 show SPM images obtained using
compact SPM heads.

Thus, the research has shown that the electric ca-
pacity of piezo packages allows storing energy in
them at relatively low electric voltages, which is suf-
ficient to create movers that use the inertial principle
of travel. It has been experimentally demonstrated that
the scatter of the size of a single step of a linear iner-
tial mover is determined by the structure of the sur-
faces of the friction pairs used. The linear inertial pie-
zoelectric mover presented in this paper provides
movement over distances of up to 10 mm with a min-
imum step in the range of 4-18 nm. This opens up
prospects for the development of compact SPM heads
operating in tunneling and semicontact power modes.
The minimization of the dimensions of the SPM head
is due to several factors: firstly, the use of piezoelec-
tric packages makes it possible to reduce the dimen-
sions by combining the functions of the TS actuator
and the node of approaching the probe with the sam-
ple in one unit; secondly, small-sized automated two-
coordinate stages can be realized on the basis of piezo
packages; thirdly, the size reduction is achieved by
replacing the Si-cantilevers with optical measurement
scheme for "self-sensing" cantilevers. An algorithm
for automatic stitching of several overlapping scan

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

frames is proposed. It is shown that, within the
framework of the SPM image stitching algorithm, it is
possible to minimize the angle of misalignment, aris-
ing from design errors between the directions (X, Y)
in the coordinate systems associated with the scanner
and the stage. It is shown that the use of an algorithm
for automatic stitching of SPM images together with
minimization of the mismatch angle makes it possible
to increase the area of the survey SPM visualization of
the sample surface. Compact SPM heads are of inter-
est, for example, when combining SPM with optical
and electron microscopes or when carrying out low-
temperature SPM studies in cryostats with cryo-
liquids.
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