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HCpBLIe COCIIMHEHUS TBEPJIBIX TEJ OBUIN TIOJY-
YEeHBI T10J] BO3JICHCTBUEM BHEUIHETO AJICKTPH-
yeckoro nons (BOII) (orkpwiThiil panee 3¢ dekt
Iohnsen — Rahbek omimyaercs ot MeTonoB, npe-
noxeHHbIX uecaenoaresiMu CCCP u CIIA) 55 ner
ToMy Hazax ogqHoBpemeHHo B CCCP u CIIA [1-6].
[Tonyuyennsie B CCCP coeaunenus ctanu Ha3bIBaTh
AEeKTpoaaAre3uoHHbpIME coenuHerusMu (DAC) wiu
electroadhesive Joints (EAJ). B CIIIA coxpanuiuch
tepmunbl anodic welding (anomHast cBapka) u anodic
bonding (aHomHbie coenuuenus). [lo3aHee mosBuU-
JIUCh ¥ UHBIC COSIMHEHUST — JJIEKTPOCTAaTUYCCKHE, B
4acTHOCTH, silicon on isolator (SOI), nim kpemHwMii Ha
monsitope (KHN). B mocnenctBuu cranu noapasze-
JISITh, YKa3bIBasi JaXe OTACIIbHBIC Mapbl COSAUHICMbIX
MarepuaioB (candup Ha U30JIATOPE, K IPUMEPY ), UTO
MIPHUBEJIO K TEPMHUHOJIOTHYECKOMY TUCKOMPopTy. bo-
nee Toro, B CCCP uHoOrma 3ToT MeTOJ] OTOXK 1€ CTBIISI-
JIX C paHee U3BECTHOM «KOHIEHCATOPHOU CBAPKOW»,
B KOTOPOH CLETJICHUE TBEPBIX T TPOUCXOAMIO 32
CUET HarpeBa 30Hbl KOHTAKTA, a HE BCIIECTBUE JICH-
CTBHSI DJIEKTPOCTATHYECKOTO M0oJIst. OAHUM CIIOBOM,
HEKOTOpas HesICHOCTh IMpHUcyTcTBoBajda [1-6], HO
BpeMsI pacCTaBUJIO BCE HA CBOU MecTa [7—42].

Lenb pabotbi

ens paboThl — O03HAKOMIICHUE C TTOA3a0BITHIMU
1 HCU3BCCTHBIMU (baKTaMI/I H3 UCTOPUHN CO3JaHU
niepBsix DAC B Mupe.

C HaxoIIEHHEM OrPOMHOTO (PaKTHYECKOTO Mare-
puana o u3ydenuto JAC u ¢ pa3BUTHEM TEXHOJIOTHI
HUX CO3aaHUusI OHU ObLIH pas3aeiicHbl Ha O6paTI/IMI)IC,
nojyoOparuMbie ¥ HeoOparumbie [3—06, 8, 9, 11-13,
18, 19, 21, 25, 26, 28, 29, 31, 32, 37, 40, 42]. dns
HEOOPATUMBIX JJIEKTPOAJTC3UOHHBIX COCAMHCHUMN
CIICTUICHUE MEXKIY TellaMH COXPAaHSETCS B TCUCHHE
JUIMTEILHOTO BpeMeHu (Oomee 50 jier) 6e3 BUIUMOM
MoTepY POYHOCTH aare3nonHoro coequnenus (11AC),
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kotopas gocruraer 5...20 MIla u 6onee, B 3aBUCHMO-
CTH OT MOJIAHHOTO HAINPSHKEHUS], TEMIIEPATYPhl B 30HE
KOHTAKTa, BPEMEHU NPOTEKaHMsI IpoLiecca, 3HAaUEHU I
KO3(Q(PUIMEHTOB TeMIIepaTypHOTo PacLIMpeHuUs coe-
JUHSAEMBIX TBEP/BIX T, IIEPOXOBATOCTH MOIOKEK
(rougness), TOJIIUHBI OKUCHOW TUICHKHU /1 HA METalIe
(y amoMrHHEBOH ()OJIBTY PH KOHTAKTE CO CTEKIOM
[TAC Obua MakcumansHo# ipu /1 =20. . .40 HM, yMEHb-
1aack MOYTH Ha MOpsAoK 1pu /=200 HM, 110 JaHHBIM
B.A. [Ipuxonuenko c coasT. [IpuyeM 0cHOBHBIE IPHH-
LUITBI co3aanus HeoOpaTnMbiX DAC MpaKTHUECKH He
OTIIMYAJIHCH |5, 6] B IEPBBIX ITyOIUKAIUSIX (CIICIUICHUS
TeJ MPOSIBIISIETCs PU NpUiIoykeHnH noteHnuana 100 B
U BbIlIIE, TeMIieparype HaunHast ¢ 473K u Boie). [pu
OoJiee BBICOKHMX 3HAUCHHSX TEMIIEPaTypbl M HaIpsi-
XKeHUsl TpeOyeTcs MeHbIlee BpeMsl Ha 00pa3oBaHHe
COIMOCTAaBUMBIX 10 TPoYHOCTH DAC. J[71s1 HEKOTOPBIX
npyrux tTunoB DAC 3nauenus [TAC (v ycunue npu-
TSDKeHUsT), Kak npasuito, Hiwke (0,5...0,6 MIla), uro
ClIeJlyeT U3 UX OIpe/IeNICHHUSI.

Crenyer orMeTuTh, uTo DAC 00pa3yroTcst Ha BO3-
nyxe (MM B MHBIX Ta30BBIX cpefax) 0e3 MCIoib30-
BaHMsI a/Ir€3MBOB 32 CPABHUTEJIBHO KOPOTKOE BPEMs
(ot 3-5 mo 20 mun) st HeobpatuMbIX DAC U OT J10-
neit cexyHabl 1o 1-2 cekynn mist apyrux taros DAC.
K Henocrarkam MeToj1a mojty4eHus HeOOpaTUMBbIX CO-
eIMHCHUI MOKHO OTHECTH BBICOKHE TPeOOBaHMS K
YHCTOTE W TEOMETPHUH IUIACTHH (TIOJIOXKEK), He0OXO0-
JUMOCTBh B HEKOTOPBIX CIydasX M3rOTaBIMBaTh CO-
enuHeHre B nomenieHusax kiacca [1SO4 umm ISO3 ¢
[IEPOXOBATOCTHIO MTOBEPXHOCTEN mopsiaka 0,5 HM, XOTS
9TO KacaeTcsi B OCHOBHOM COEAMHEHHH, Mpe/THa3HAuEeH-
HBIX JJI UCTIONIb30BaHMSI B MUKPO- M HAHOJIEKTPOHHUKE.
AJBTepHATHBBI AEKTPOAATE3NOHHBIM COEINHEHUAM
MPaKTHYECKH HET, 32 UCKITFoUeHneM T Py3HOHHOM 1
XOJIOTHOM CBapKH MM OTKPBITOTO B TTOCIIETHEE BPEMS
HOBOT'O THIIA JIA3€PHOIN «CBapKU» TOPIIOB CTEKJIA U
METaJla, XOTs KayK/IbIi U3 ITepeUrCIIEHHBIX METO/IOB He
nipotie Metozaa noryyenust DAC v orpaHUYeH B accop-
TUMEHTE coeauusieMbix Ten (puc. 1-3) [1, 4, 18, 31].
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Puc 1. Cxema paGoTsl IepBoro 3axpara, paboTaroIIero o 3a-
KOHAM 3JIEKTPOCTAaTHKH [4] (Tocie CHATHS BHEIIHETO
NIEKTPUYECKOTO OIS CLETUICHHE MEXK/Ty TeIaMU HCcUe-
3aet): | — MepeKIodaTelib; 2 — H30JISIIHOHHAS PydKa,;
3 — MCTOYHUK MHUTAHUS; 4 — U30JIATOP (AUDIEKTPHK);
5 — 3aKkpemsieMblil Marepual; 6 — MeTaJlJIM4ecKue
SIIEKTPOJIBI

Fig. 1. Scheme of operation of the first gripper operating
according to the laws of electrostatics [4] (after the
removal of the external electric field, the adhesion
between the bodies disappears): / — switch; 2 —
insulating handle; 3 —power supply; 4 — insulator
(dielectric); 5 — fixed material; 6 — metal electrodes

Puc 2. CxeMa 1oJTy4eHH s IEPBBIX MOIYOOPATHMBIX IEKTPOa/I-
Ie3MOHHBIX COCJMHEHHUIT 3a Bpemsl, paBHOe 1-2 ¢, mpu
JEHCTBUM HEOAHOPOIHOTO 3JIeKTpUudecKoro mous [1]:
1 — Meraiuyeckas WIia, YKperieHHas Ha pydKe u3
JIMAJIEKTpUKa; 2 — HOJIMMEpHasi IUIeHKa; 3 — CTeKJIo;
4 — merann

Fig. 2. Scheme of obtaining the first semi-reversible
electroadhesive joints in a time equal to 1-2 s under the
action of an inhomogeneous electric field [1]: / — metal
needle mounted on a dielectric handle; 2 — polymer
film; 3 — glass; 4 — metal
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Puc 3. Cxema nonydeHuss HEOOPAaTUMBIX JIEKTPOAATe3HOHHBIX COSMHEHHIT KPEMHHS CO CTEKIIOM: d —
cxema ITOJIBEICHUSI PA3HOCTH MOTECHIMAIOB; 6 — CXeMa HOHHOI'O B3aWMOJCHCTBHUS BO BPEeMs
HPOBE/ICHUS IIPOLIeCcCa; 8 — 00J1aCTh COSIMHEHMS T10CIe 3aBepIIeHUs npolecca; / — KpeMHHIt
(Si), 2 — oxkcun kpemuus (Si0,), 3 — crekio [18, 31] (cuerieHue coXpaHAeTCs ITUTEIBHOE
Bpemsi (oteHman nopsaka 1000 B); temrmeparypa CyLeCTBEHHO HHXKE TEMIIEPATyPbl IUIABICHHS
CTEKJIa, IPOYHOCTb COSANHEHUS MOXKET JIOCTUTaTh AECATKOB Merarnackaieii)

Fig. 3. Scheme for obtaining irreversible electroadhesive compounds of silicon with glass: @ — scheme
for supplying a potential difference; 6 — scheme of ionic interaction during the process; 6 —
connection area after the process is completed; / — silicon (Si), 2 — silicon oxide (SiO,), 3 —
glass [18, 31] (adhesion is retained for a long time (potential of about 1000 V); the temperature
is much lower than the melting point of glass, the bond strength can reach tens of megapascals)

OJNeKTpoaare3nOHHbIE COEMHEHNS IUPOKO UC-
MOJIB3YIOTCSl B TEXHUKE, CAMBIX Pa3lWYHBIX MPO-
M3BOJICTBaX — OT 3JEKTPOHUKH, aBUALMOHHON U
KOCMMYECKOH OTpaciu (JIerkue acTpOHOMHUUYECKHE
aJIanTHBHBIC 3epKajia, JIeMEHTBI COTHEYHbIX OaTa-
peit) 1o nommBa 00yBH, CBapKH (pabOThI KOJUICK-
THBa 10J] pyKoBojcTBOM akaaemuka b.E. IlaTona)
JKMBBIX TKaHEH 1 OpraHoB (3KEJTYHOTO Ty3bIPsl, [IEUESHH,

KHUILIEYHUKA), PETyJIUPOBAaHUS B3aUMOJICHCTBUIMU
TUIA KJIIOY — 3aMOK, TPAHCIIOPTUPOBKHU I'PY30B
U MaHUNIYJIMPOBAHUA PA3JIMUYHBIMU MUKPO- U Ha-
HooOBbekTamu. [llupokoe KoMMepUYecKOe HCIIONb-
3oBanne JDAC MOMYy4YUIU MPU CO3MaHUU CIETYIO-
IUX YCTPOMCTB: NPUKUMOB, 3aXBaTOB, IIPUBOJIOB,
MHUKPOIHMHIIETOB, Y3JIOB POOOTOB U POOOTOTEXHHU-
YECKHUX YCTPOHCTB — pobormuel1, podoTapakaHoB,
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pobomypaBbeB, pOOOMYX, ITEKTPOCTATUIECKUX Kpe-
NEeXHBIX yeTpoiicTB (OKVY), MaHUIYIATOPOB, aKTy-
aTopoB, CEHCOPOB, 3JICMEHTOB, JaTYUKOB JaBJICHHUS
razoB, y3JI0B THPOCKOIOB, CBEPXOOJBIINX HHTE-
rpanbHbIX cxeM). Ilpu Bo3americtBun BOII moxHO
JOOUTHCS TIOBBILICHUS! POYHOCTH KJICEBBIX COEIU-
HEHHUH JPEBECUHBI, YIYUIINTh MPOLECCHI Cenapa-
UM, IeKTpodoTorpaduu, OUUCTKH MOBEPXHOCTEH
KPEMHHUEBBIX IIacTHH (Wafer), CopTUpoBKH eTasnei
pa3nu4HbIX (HOPM U Pa3MEpOB, CO3AaTh YCTPOMCTBA,
oOJeryaromme TylmeHne MoKapoB B 3[JaHUAX, Kpe-
IUIeHUE MY(T A7 K30CKENETOB, 001eryuTh OOpHOY
C HaJIUMMaHUEM BYJIKAHWUYECKOH NBUIM Ha KOPILyC
caMoJIeTa M JIONATKH ABUTATENs, CA)KHU K CaMbIM
Pa3NUYHBIM MOUIOKKAM, YTO MOAPOOHO ONMKCAHO B
pabotrax [7-9, 11-16, 18-21, 23-25,29-35, 37-42].

C nomoripro HeoOpaTuMbix IAC MOKHO COCITH-
HSATh PA3JIUYHBIE TBEP/bIE TENA: KPEMHUN — CTEKIIO,
KpEMHMI — KepaMHKa, CTEKJIO — KPEMHUN — CTeK-
710, KPEMHUN — CTEKJIO0 — KPEMHUH, MeTaJll —
KepaMMKa, METaJl — MOJIUMEpP; MOKHO COETUHATh
MOJIYIPOBOJHUKU C PAa3IMYHBIMU MaTepuajaMu:
KpeMHHI —Bonb(hpam — okcug kpemuus (IV), amo-
MUHHI — CTEKJI0, OKCUJT KPEMHUS — KOBap — KpeM-
HUH, MeTaJul — IOJYIIPOBOJHUK — JUAJIEKTPUK,
KpPEMHHUI — CTEKJIO — YTIepoaHble HAaHOTPYOKH,
yIIepOAHbIE HAHOTPYOKH — CTEKIIO, Tpad)eH — pas-
JIMYHBIE TIOJIOKKH, METaILT — (IIOJTYTIPOBOAHUK) —
CETHETOANEKTPUK |5, 6, 9, 11-14, 18-21, 26, 29, 31,
34,36, 37,39-42].

B CCCP mnepBbie paboTsl mo co3ganuio DAC
poBeJieHbI Ha Kadeape XuMuu MOCKOBCKOTO JIeco-
TEXHUUECKOTo MHCTUTYTA [1, 2] 1 B JIeHuHrpaackoM
JJIEKTPOTEXHUYECKOM UHCTUTYTE UM. B.1. VibsHOBa
(Jlenuna) B naboparopuu B.H. Tauposa (paboTst
B.A. Ilpuxomuenko u H.II. Kocorosoii [25, 28]).
BriocnencTBum Havacst B3pbIBHON POCT MOJOOHBIX
pabor [13-18, 22-26, 28-31, 38-39, 42]. Taxas xe
cuTyalus HaOJroAalIach HAYMHAsL C TIEPBBIX TyOJIH-
kanuii B CIIIA [4-6] u 3akaHuMBas MyOIUKAIUSIMU B
necsTkax crpas [7,9, 11,12, 19-21, 32-37, 40-42].
Cuerutenue ten B DAC ocyecTBIsSeTCs 3a CUeT Ky-
JIOHOBCKUX CHJI IPUTSKEHUSI ITH TTOHIEPOMOTOPHBIX
(MexaHHnYecKkoe JTaBJICHHUE p) CHJI AIIEKTPUUYECKOTO
noJisg (HaJu4Hue CErHETOdIEKTPUUECKUX MPOCIOEK
YBEJTMUMBAET 3HAYEHHUE p 10 HECKOIBKHUX Merarnacka-
JIeH 32 CYET BBICOKUX M0KAa3aTeNel JUIEKTPUIECKOI
MOCTOSSHHOM CErHeTOIEKTPUKOB, JIOCTUTAIONINX
sradenust 10 000 u Oosiee). DTO JABICHHUE p MOXK-
HO paccyuTaTh OIEHOYHO WX TO4YHO [2-4, 16, 25,
32, 38]. Cpennue 3nadgenus p oxono 6...7 xlla mpu
BO3IyIIHOM 3a30pe /2 = 0,3 MKM MEXAy CKperuisie-
MBIM MaTepuaioM u DKV miaHapHOro Tuma B pe3Ko
HEOJTHOPOAHOM dJiekTprudeckom nose. [Ipu o6paso-
BaHuK HeoOparuMbix IAC BO3MOXKHO MPOSIBIICHHE
LIMPOKOTO CIIEKTPa B3aUMOJIEHCTBHH (0T MEXMOJIe-
KYJIAPHBIX ¥ BOJOPOIHBIX CBSI3€H O XUMUYECKUX

tuna Si-OH-OH-Si, Si-O-0-Si u cun Kazumupa most
MHUKPOOOBEKTOB H HAHOOOBEKTOB) B 3aBUCIMOCTH OT
MIPUPOBI COSTUHIIEMBIX T, HCIIOIb30BAHHBIX CXEM
u crioco0oB ocymectBieHus: JAC [2-6, 11, 12, 16,
18,19, 25, 28-35, 38, 42].

B nepcriekruse ucnonb3oBanue DAC Oyner pac-
mupsThest. OO ATOM CBHIIETEIBCTBYIOT COTHHU CTaTei
B O0JIACTH 3TIEKTPOATe3UH, HAMCAHHBIE U OITyOITH-
KOBaHHBIE OIPOMHBIM KOJIMYECTBOM HCCIIEIOBATENICH,
paboTaromuX HaJl YKa3aHHBIMH TEXHOJIOTUSIMHU.

BbiBOAbI

HUctopus coznanus nepseix B Mupe DAC 1 TeXHO-
JIOTMH MX OCYIIECTBJIEHUS C YU€TOM MPUOPUTETHON
POIH COBETCKOH (POCCUIICKOI) a/Ir€3MOHHOMN IITKOJIBI
0Ka3aj1a BO3MOXHOCTb MOJTyUEHHs IPOYHBIX COE/IU-
HEHH TBEP/IBIX TEJ B aTMOC(EPHBIX YCIOBHSIX O€3 Hc-
0JIb30BaHMs KJIEEB, YTO 0KA3aJ0Ch aKTyaJIbHBIM IIPU
M3TOTOBJIEHNH U3/IETTH MUKPOPaIUOIEKTPOHUKH.

HecMmotps Ha naBHOCTh nonyuenus DAC, ocra-
I0TCS BO3MOYKHOCTH JUIsI JalbHEHIIEro coBepIleH-
CTBOBaHHMSI CIIOCOOOB MX M3TOTOBJICHUS U YITyULICHUS
XapaKTEePUCTHK.

CnuUcokK nuTepatypbl

[1] Hsnes N.M., EBnokumoB KO.M., Mocksutuna H.W. U3ro-
TOBJICHUE U HAPYHICHUE CKIICEK BHECIIHUM JJICKTPUYCCKHUM
nosem // Coopuuk pador MJITHU. M.: Uzn-Bo MIJITU,
1967. Boim. 19. C. 110-114.

[2] Esnoxumos KO.M. HccnenoBanue 1eKTpoaAre3MOHHbIX SB-
JICHHUIT ¥ BO3MOYKHOCTH CO3aHMUSI U HAPYIICHHS are3HOH-
HOTO KOHTAKTa JISHCTBHEM BHEIITHETO IIEKTPHIECKOTO TTOJIS:
IIC. ... KaHA. XuM. Hayk. M.: M3n-so MTUJII, 1968, 137 c.

[3] Esmoxumon IO.M., Kecrensman B.H., Kongparses E.M.
DrekTpoare3noHHbIe coeuHeHus // Teopust 1 mpaKTHKa.
M.: MI'VJL, 2004, 394 c.

[4] Krape R.P. Application study electroadhesive devices / NASA
report CR-1211, Washington, D.C., Oktober 1968, 78 p.

[5] Pomerantz D.J. Anodic bonding. Patent USA 3397278.
August 13, 1968.

[6] Wallis G., Pomerantz D.J. Field assisted glass—metal
sealing // Appl. Phys., 1969, v. 40, no 10, pp. 3946-3949.

[7] Nakamura T., Yamomoto A. Modeling and control of
electroadhesion force in DC voltage // Robomech Journal,
2017, v. 4, no. 18;
https://doi.org/10.1186/s40648-017-0085-3

[8] Esmoxumor HO.M., Cynumenko B.A. Hcnons3oBanue
ANIEKTPOaAre3nn B HaHoTexHonoruu // HanoctpykrypHbIe
marepuainsl — 2016, berapycs — Poccust — VYkpauna,
Marepuanst V MexnyHap. koHd. MuHCK, 22-25 HOA0ps
2016. Munck: benopycckas nayka, 2016. C. 458-461.

[9] Andrieu F., Makovejev S., Kilchytska V., Olsen S., Md
Arshad M.K., Raskin J.-P., Flandre D. Impact of self-
heating and substrate effects on small-signal output
conductance in UTBB SOI MOSFETs // Solid-State
Electronics, 2012, v. 71, p. 93-100.
DOI:10.1016/j.s5¢.2011.10.027

[10] Munuyk JI.C., [onpmane B.A. DiexkrpeTHble MaTepHabl B
MamHocTpoeHun. ['omens: MuaboTprbO, 1998. 288 C.

JlecHoit BecTHUK / Forestry Bulletin, 2023, Tom 27, Ne 1

109



Woodworking and chemical wood processing

The history of the creation of electroadhesive...

[11] Wei J., Nai S.M.L., Wong C.K., Lee L.C. Glass-to-glass
anodic bonding process and electrostatic force // Thin
Solid Films, 2004, v. 462-463, pp. 487-491.

[12] Bergh M. Wafer bonding —Problems and Possibilities.
Doctoral thesis. Chalmers University of Technology, 1998.
URL: https://research.chalmers.se/en/publication/888
(mara obpamenus 22.05.2022).

[13] CkynoB A. AHogHas M HEMOCPEICTBEHHAs CBapKa ILIa-
CTHH JUTSI MUKPOAJIEKTPOHUKH. BBIOOp MaTepraioB u Kiro-
4eBbIe TapameTpsl // Bektop BeICOKHX TexHOMOTHH, 2015,
Ne 5(18). C. 3644

[14] Mansues ILI1., Yanasirun F0.A., Tumomenkos C.I1. [Tep-
CIIEKTHBBI Pa3BUTHS TEXHOJIOT U KPEMHUI-Ha-K13051sTOpE //
N3B. By30B. Dnexrponuka, 1998, No 5. C. 5-11.

[15] Banosa T.B., [Tmenko H.C., )KykoB B.A. Monuduxarus
CBOWCTB IJICHOYHBIX TOKPBITHIT IPU UX 3JIEKTPOAAre3HOH-
HOIt 06paboTke / BectHuk [IckoBCKOTO rocy1apcTBEHHOTO
yausepcutera. Cep. EcrecTBenHbIe U (hU3HKO-MaTeMaTu-
geckue Haykd, 2022. T. 15. Ne 3. C. 69-76.

[16] Mmenko H.C. DOnexrpodusuyeckre METOABI HEpa3py-
MIAIONIETO KOHTPOJIS U (OPMHPOBAHHS METAIIIOIHAICK-
TPUYECKHUX CTPYKTYp: AHUC. ... A-pa TexH. Hayk : 05.11.13,
05.27.06. Cankr-IlerepOypr, 2011, 372 c.

[17] Hepsirua B.B., KpotoBa H.A., Cmmra B.II. Axresus
TBepabIx Tea. M.: Hayka, 1973. 280 c.

[18] Cunes JI.C. Pacuer m BBIOOp PEXHMMOB 3IEKTPOCTATHU-
YECKHX COCIMHEHMII KPEMHHSI CO CTEKJIOM 10 KPHTEPHIO
MHHHMMYMa OCTAaTOYHBIX HAIPSDKCHU: UC. ... KaHA. TEXH.
Hayk. M., MI'TY um. baymana H.D., 2016, 119 c.

[19] Overney R.M., Tyndall G.W., Frommer J. Springer
Handbook of Nanotechnology. Ed. B. Bhushan, Springer-
Verlag Berlin, Heidelberg, 2004.
DOI:10.1007/978-3-540-29857-1_45

[20] Electrostatics and its application / Ed. A.D. Moore. Wiley,
New York, 1973, 481 p.

[21] Tiwari E., Chandra S. The silicon-to-silicon anodic
bonding using sputter deposited intermediate glass layer //
J. Nano Electron. Phys., 2011, no. 1, pp. 418-425.

[22] AxmetoB b.C., Muxaitnos I1.I., OxukenoB K.A. TexHo-
Jgorun pOPMHUPOBAHUS M KOHTPOJISL HEPA3bEMHBIX COCJIH-
HEHUI KPEMHUSI U CTeKJIa B MUKPOMEXaHUUECKHX y3Jax 1
M3MEPUTENTBEHBIX MOMYIISIX HHTEIUICKTYaIbHBIX JATIHKOB //
Becrank HanmonaneHol akagemun Hayk Pecryonmku Ka-
3axctaH, 2004, Ne 4. C. 20-24.

[23] HlenapukoB M.A. IloBbllIeHHE IPOYHOCTH KIIEEBBIX COE-
JUHCHUH IyTeM MOANQHIIMPOBAHUS KIIesl JCKTPHISCKUM
HOJIEM: aBTOP. JIHC. ... KaH[. TeXH. HayK. Boponex, 371-Bo
BI'Y, 2011, 24 c.

[24] boromonbHbIE B.M. DrnexrpoaAre3uoHHOE COCIUHEHUS
JIVDIICKTPUYECKUX U AJIEKTPONPOBOJHBIX MaTephasioB //
KoHcTpykunu n3 KOMIO3UTHBIX Marepuanos, 2011, Ne 4,
C. 38-43.

[25] AGpapos B.H. Dnexrpoaiare3oHHbIE 3axXBaThl U 3aKpe-
IULIONHE yCTPOHCTBA THOKMX IPOM3BOJICTBCHHBIX CH-
creM. M.: DHeproarommsnar, 1991. 160 c.

[26] Xomenxo H.H., JIuzun A.U., bap6am C.B. Texauka u Tex-
HOJIOTHSI CBapKH B AJICKTPUYECKOM II0JIe KPYITHOrabapuT-
HBIX CTEKJIOKPEMHHUEBBIX y3JI0B-3aroToBoK // [Ipnbops n
cucrembl ynpasineHus, 1992. Ne 8. C. 41-43.

[27] bepnun A.A., bacun B.E. OcHOBBI agre3uu noauMepos.
M.: Xumus, 1974. 391 c.

[28] [Mpuxomuenko B.A., Taupos B.H., Xombuie A.®. Dnek-
TPOAIre3HOHHOE COCIMHEHHE JUAICKTPHKOB C MaJIbIMU
TeMIiepaTypHbIMU KodddunnenTamu pacimpenus // 1U3B.
JIDTU, 1982. Bemm. 302. C. 90-93.

[29] KocmoB D.I. OOpaTMBIii 31eKTPOCTaTHUSCKUA «KIei //
Hayxka u3 nepBbix pyk, 2009. T. 26. Ne 2. C. 8-9.

[30] Gradetsky V.G., Ermolov L.L., Knyazkov M.M., Semenov
E.A., Sukhanov A.N. The experimental investigation of
the sensitivity in the exoskeleton control loop. In V. G.
Gradetsky, M. O. Tokhi, N. N. Bolotnik, M. Silva, G. S.
Virk (Eds.), Robots in Human Life / CLAWAR 2020: 23rd
International Conference on Climbing and Walking Robots
and the Support Technologies for Mobile Machines,
Moscow, Russian Federation, 24-26 August 2020.
https://doi.org/10.13180/clawar.2020.24-26.08.55

[31] Koznos UK., Cuporkur J.I. Mccinenosanus u paspa-
0oTKH B oOnacTu aHOMHOUM cBapku // Tpymsl Hukeropon-
ckoro 'OCyTapcTBEHHOTO TEXHHYECKOTO YHHUBEPCHTETa
uMm. P.E. Anekceesa, 2014, Ne 5 (107), C. 426-432.

[32] Monkman G.J. Compliant Robotic Devices and
Electroadhesion // Robotica, 1992, v. 10, pp. 183—185.
[33] Mizes H.A. Adhesion of small particles in electric fields //
J. of Adhesion Science and Technology, 1994, v. 8, no. 8,

pp. 937-951.

[34] Schmidt M.A. Wafer-to-Wafer Bonding for Microstructure
Formation. Invited Paper // Proc. of the IEEE, 1998, v. 86,
no. 8, pp. 1575-1583.

[35] Graule M.A., Chirarattananon P., Fuller S.B., Jafferis N.T.
Perching and takeoft of a robotic insect on overhangs using
switchable electrostatic adhesion // Science, 2016, v. 352,
iss. 6288, pp. 978-982. DOI: 10.1126//science.aaf1092

[36] EBnokumoB FO.M., ®@urosckuii O.JI., Kecrenpman B.H.
DnekTpoaare3us — UTor (OTKPBITHE, PA3BUTHE. TIEPCIICKTH-
BbI) // CO. Te3ucoB nokianoB X exxeroaHoit koud. HOP. M.
U3n-Bo OOrmepoccuiickoil OOIIECTBEHHOH OpraHu3alin
«Poccniickoe npodeccopckoe codbpanue», 2019. C. 43-45.

[37] Evdokimov Yu.M., Kestelman V.N., Schindel-Bidinelli
E. Electroadhesive Joints with glass // Gordon Research
Conference «Bonding to glass». USA: University of
Missuri, 1994, pp. 1-4.

[38] Konppatees E.M., EBnokimos FO.M. DiekTprdeckue CUITH,
JEHCTBYIOIIIE Ha IHAICKTpHIecKue moepxuoctyu // Hayu-
Hble Tpyas! MI'VIL. M.: MI'VII, 1996. Beim. 287. C. 69-73.

[39] bepesun JI.51. HexoTopbie 0COOCHHOCTH CBApKH B IICKTPO-
CTaTHYCCKOM TI0JIC JTUAJICKTPUKOB C METAJUIAMH M MEXKIY
coboii / ABromarnueckas capka, 2001. Ne 8. C. 45-48.

[40] Bergstedt L., Persson K. Printed Glass for Anodic Bonding
A Packaging Concept for MEMS and System On a Chip //
Advancing Microelectronics, 2002, v. 29, no. 1, pp. 1-4.

[41] Gaunekar G.S. Implementation of electroadhesion based
astrictive prehension system // Intern. J. of Advanced
Research in Electronics and Communication Engineering
(IJARECE), 2016, v. 5, iss. 11, pp. 2503-2510.

[42] Guo J., Bamber T., Petzing J., Justham L., Jackson M.
Experimental study of relationship between interfacial
electroadhesive force and applied voltage for different substrate
materials // Applied physics Letters, 2017, v. 110, p. 051602.

110

Lesnoy vestnik / Forestry Bulletin, 2023, vol. 27, no. 1



McTopua co3paHmna anekTpoaare3noHHbIX. .. [OepeBoobpaboTka n xummuueckas nepepaboTka gpeBecuHbl

CsBepeHua 06 aBTopax

EBnoxumos IOpuii MuxaiiyioBuu*™ — KaHJ. XUM. HayK, npodeccop Kadeapsl IpoLeccoB rOpeHust
Axaznemun [ocynapcTBenHoi npotuBomnoxapHoi ciayx0s1 MUC Poccun, evdokur@mail.ru

Cynumenko Baagumup AHaTo/ibeBUY — KaH[. TEXH. HayK, Ipodeccop kadenpbl IpoLeccoB ropeHust
Axaznemun ['ocynapcTBenHol nporuBonoxapHoil ciy:x061 MUC Poccun, sulimenko39@yandex.ru

MemnepsikoB AJjiekceii BukTopoBuu — HadansHuK YuebHo-Hayunoro Kommnekca Axagemun Iocy-
JapcTBEHHOHN npoTuBonokapHoi ciry:x061 MUC Poccun, malviktpp@gmail.ru

Pycckux JImutpuii BukropoBuu — 3aB. kadeapoii nporeccos ropenust Akagemun l'ocynapcTBeHHOR
nporuBonoxkapHoi ciyx0st MUC Poccun, russcience@mail.ru

IToctynuna B penakiuto 15.08.2022.
Onob6peno mocne perensupoBanust 29.09.2022.
[punsTa k myonukarym 19.12.2022.

THE HISTORY OF THE CREATION OF ELECTROADHESIVE JOINTS

Yu.M. Evdokimov™’, V.A. Sulimenko, A.V. Meshcheryakov, D.V. Russkikh
State Fire Academy of EMERCOIM of Russia, 4, Boris Galushkina st., 129366, Moscow, Russia
evdokur@mail.ru

The history of the first electroadhesive joints, their features, physical-chemical and other characteristics are
considered. A significant contribution to the development of these directions of science and technology of Soviet
(Russian) scientists is shown.

Keywords: history of adhesion, electroadhesive joints, external electric field

Suggested citation: Evdokimov Yu.M., Sulimenko V.A., Meshcheryakov A.V., Russkikh D.V. Istoriya sozdaniya
elektroadgezionnykh soedineniy [The history of the creation of electroadhesive joints]. Lesnoy vestnik / Forestry
Bulletin, 2023, vol. 27, no. 1, pp. 107-113. DOI: 10.18698/2542-1468-2023-1-107-113

References

[1] Ivlev .M., Evdokimov Yu.M., Moskvitin N.I. /zgotovienie i narushenie skleek vneshnim elektricheskim polem [Making and
breaking glues by an external electric field]. Sbornik rabot MLTI [Collection of works of MLTI]. Moscow: MLTI, 1967, iss.
19, pp. 110-114.

[2] Evdokimov Yu.M. Evdokimov Yu.M. Issledovanie elektroadgezionnykh yavleniy i vozmozhnosti sozdaniya i narusheniya
adgezionnogo kontakta deystviem vneshnego elektricheskogo polya [Investigation of electroadhesive phenomena and the
possibility of creating and breaking adhesive contact by the action of an external electric field]. Diss. Cand. Sci. (Chem.).
Moscow: MTILP, 1968, 137 p.

[3] Evdokimov Yu.M., KesteI’'man V.N., Kondrat’ev E.M. Elektroadgezionnye soedineniya [Electroadhesive compounds].

Teoriya i praktika [Theory and practice]. Moscow: MSFU, 2004, 394 p.

] Krape R.P. Application study electroadhesive devices. NASA report CR-1211, Washington, D.C., Oktober 1968, 78 p.

] Pomerantz D.J. Anodic bonding. Patent USA 3397278. August 13, 1968.

] Wallis G., Pomerantz D.J. Field assisted glass—metal sealing. Appl. Phys., 1969, v. 40, no 10, pp. 3946-3949.

] Nakamura T., Yamomoto A. Modeling and control of electroadhesion force in DC voltage. Robomech Journal, 2017, v. 4, no.

18; https://doi.org/10.1186/s40648-017-0085-3

[8] Evdokimov Yu.M., Sulimenko V.A. Ispol’zovanie elektroadgezii v nanotekhnologii [The use of electroadhesion in
nanotechnology]. Nanostrukturnye materialy — 2016, Belarus’ — Rossiya — Ukraina, Materialy V Mezhdunarodnoy
konferentsii [Nanostructural Materials — 2016, Belarus — Russia — Ukraine, Proceedings of the V International Conference],
Minsk. November 22-25, 2016. Minsk: Belarusian Science, 2016, pp. 458—461.

[9] Andrieu F., Makovejev S., Kilchytska V., Olsen S., Md Arshad M.K., Raskin J.-P., Flandre D. Impact of self-heating and
substrate effects on small-signal output conductance in UTBB SOl MOSFETs. Solid-State Electronics, 2012, v. 71, p. 93-100.
DOI:10.1016/j.ss¢.2011.10.027

[10] Pinchuk L.S., Gol’dade V.A. Elektretnye materialy v mashinostroenii [Electret materials in mechanical engineering]. Gomel:
Infotribo, 1998, 288 p.

[11] Wei J., Nai S.M.L., Wong C.K., Lee L.C. Glass-to-glass anodic bonding process and electrostatic force. Thin Solid Films,
2004, v. 462-463, pp. 487-491.

[12] Bergh M. Wafer bonding —Problems and Possibilities. Doctoral thesis. Chalmers University of Technology, 1998. Available at:
https://research.chalmers.se/en/publication/888 (accessed 22.05.2022).

[13] Skupov A. Anodnaya i neposredstvennaya svarka plastin dlya mikroelektroniki. Vybor materialov i klyuchevye parametry
[Anode and direct welding of plates for microelectronics. The choice of materials and key parameters]. Vektor vysokikh
tekhnologiy [Vector High Technologies], 2015, no. 5 (18), pp. 36-44.

JlecHoit BecTHUK / Forestry Bulletin, 2023, Tom 27, Ne 1 111



Woodworking and chemical wood processing The history of the creation of electroadhesive...

[14] Mal’tsev P.P., Chaplygin Yu.A., Timoshenkov S.P. Perspektivy razvitiya tekhnologii kremniy-na-izolyatore [Prospects for the
development of silicon-on-insulator technology]. Izvestiya vuzov. Elektronika [Izvestiya vuzov. Elektronika], 1998, no. 5,
pp- 5-11.

[15] Ivanova T.V., Pshchelko N.S., Zhukov V.A. Modifikatsiya svoystv plenochnykh pokrytiy pri ikh elektroadgezionnoy obrabotke
[Modification of the properties of film coatings during their electroadhesive processing]. Vestnik Pskovskogo gosudarstvennogo
universiteta. Seriya: Estestvennye i fiziko-matematicheskie nauki [Bulletin of the Pskov State University. Series: Natural and
Physical and Mathematical Sciences], 2022, v. 15, no. 3, pp. 69-76.

[16] Pshchelko N.S. Elektrofizicheskie metody nerazrushayushchego kontrolya i formirovaniya metallodielektricheskikh struktur
[Electrophysical methods of non-destructive testing and formation of metal-dielectric structures]. Diss. Dr. Sci. (Tech.),
05.11.13, 05.27.06. St. Petersburg, 2011, 372 p.

[17] Deryagin B.V., Krotova N.A., Smilga V.P. Adgeziya tverdykh tel [ Adhesion of solids]. Moscow: Nauka, 1973, 280 p.

[18] Sinev L.S. Raschet i vybor rezhimov elektrostaticheskikh soedineniy kremniya so steklom po kriteriyu minimuma ostatochnykh
napryazheniy [Calculation and selection of modes of electrostatic silicon-glass joints according to the criterion of minimum
residual stresses]. Diss. Cand. Sci. (Tech.). Moscow: MSTU im. Bauman N.E., 2016, 119 p.

[19] Overney R.M., Tyndall G.W., Frommer J. Springer Handbook of Nanotechnology. Ed. B. Bhushan, Springer-Verlag Berlin,
Heidelberg, 2004. DOI:10.1007/978-3-540-29857-1_45

[20] Electrostatics and its application. Ed. A.D. Moore. Wiley, New York, 1973, 481 p.

[21] Tiwari E., Chandra S. The silicon-to-silicon anodic bonding using sputter deposited intermediate glass layer. J. Nano Electron.
Phys., 2011, no. 1, pp. 418-425.

[22] Akhmetov B.S., Mikhaylov P.G., Ozhikenov K.A. Tekhnologii formirovaniya i kontrolya neraz emnykh soedineniy kremniya i
stekla v mikromekhanicheskikh uzlakh i izmeritel 'nykh modulyakh intellektual 'nykh datchikov [ Technologies for the formation
and control of permanent silicon and glass joints in micromechanical units and measuring modules of intelligent sensors].
Vestnik Natsional 'noy akademii nauk Respubliki Kazakhstan [Bulletin of the National Academy of Sciences of the Republic
of Kazakhstan], 2004, no. 4, pp. 20-24.

[23] Shendrikov M.A. Povyshenie prochnosti kleevykh soedineniy putem modifitsirovaniya kleya elektricheskim polem [Increasing
the strength of adhesive joints by modifying the adhesive with an electric field]. Diss. Cand. Sci. (Tech.). Voronezh, VSU,
2011, 24 p.

[24] Bogomol’'nyy V.M. Elektroadgezionnoe soedineniya dielektricheskikh i elektroprovodnykh materialov [Electroadhesive
bonding of dielectric and electrically conductive materials]. Konstruktsii iz kompozitnykh materialov [Structures from
composite materials], 2011, no. 4, pp. 38—43.

[25] Abrarov V.N. Elektroadgezionnye zakhvaty i zakreplyayushchie ustroystva gibkikh proizvodstvennykh sistem [Electroadhesive
grippers and fixing devices for flexible production systems]. Moscow: Energoatomizdat, 1991, 160 p.

[26] Khomenko N.N., Lizin A.l., Barbash S.V. Tekhnika i tekhnologiva svarki v elektricheskom pole krupnogabaritnykh
steklokremnievykh uzlov-zagotovok [Technique and technology of welding in an electric field of large-sized glass-silicon
assemblies-blanks]. Pribory i sistemy upravleniya [Instruments and control systems], 1992, no. 8, pp. 41-43.

[27] Berlin A.A., Basin V.E. Osnovy adgezii polimerov [Fundamentals of polymer adhesion]. Moscow: Chemistry, 1974, 391 p.

[28] Prikhodchenko V.A., Tairov V.N., Khomylev A.F. Elektroadgezionnoe soedinenie dielektrikov s malymi temperaturnymi
koeffitsientami rasshireniya [Electroadhesive bonding of dielectrics with low thermal expansion coefficients]. Izv. LETI,
1982, iss. 302, pp. 90-93.

[29] Kostsov E.G. Obratimyy elektrostaticheskiy «kley» [Reversible electrostatic «glue»]. Nauka iz pervykh ruk [Nauka first hand],
2009, v. 26, no. 2, pp. 8-9.

[30] Gradetsky V.G., Ermolov L.L., Knyazkov M.M., Semenov E.A., Sukhanov A.N. The experimental investigation of the
sensitivity in the exoskeleton control loop. In V. G. Gradetsky, M. O. Tokhi, N. N. Bolotnik, M. Silva, G. S. Virk (Eds.), Robots
in Human Life. CLAWAR 2020: 23rd International Conference on Climbing and Walking Robots and the Support Technologies
for Mobile Machines, Moscow, Russian Federation, 24-26 August 2020. https://doi.org/10.13180/clawar.2020.24-26.08.55

[31] Kozlov L.K., Sirotkin D.G. Issledovaniya i razrabotki v oblasti anodnoy svarki [Research and development in the field of
anode welding]. Trudy Nizhegorodskogo Gos. Tekhnicheskogo Universiteta im R.E. Alekseeva [Proceedings of the Nizhny
Novgorod State University. Technical University named after R.E. Alekseeva], 2014, no. 5 (107), pp. 426-432.

[32] Monkman G.J. Compliant Robotic Devices and Electroadhesion. Robotica, 1992, v. 10, pp. 183-185.

[33] Mizes H.A. Adhesion of small particles in electric fields. J. of Adhesion Science and Technology, 1994, v. 8, no. 8, pp. 937-951.

[34] Schmidt M.A. Wafer-to-Wafer Bonding for Microstructure Formation. Invited Paper. Proc. of the IEEE, 1998, v. 86, no. 8,
pp. 1575-1583.

[35] Graule M.A., Chirarattananon P., Fuller S.B., Jafferis N.T. Perching and takeoff of a robotic insect on overhangs using
switchable electrostatic adhesion. Science, 2016, v. 352, iss. 6288, pp. 978-982. DOI: 10.1126//science.aaf1092

[36] Evdokimov Yu.M., Figovskiy O.L., Kestel’'man V.N. Elektroadgeziya— itog (otkrytie, razvitie. perspektivy) [ Electroadhesion —
the result (discovery, development, prospects)]. Sbornik tezisov dokladov Kh ezhegodnoy konferentsii NOR [Collection of
abstracts of the X annual conference NOR]. Moscow: All-Russian public organization «Russian professorial meetingy, 2019,
pp. 43-45.

[37] Evdokimov Yu.M., Kestelman V.N., Schindel-Bidinelli E. Electroadhesive Joints with glass. Gordon Research Conference
«Bonding to glass». USA: University of Missuri, 1994, pp. 1-4.

[38] Kondrat’ev E.M., Evdokimov Yu.M. Elektricheskie sily, deystvuyushchie na dielektricheskie poverkhnosti [Electric forces
acting on dielectric surfaces]. Nauchnye trudy MGUL [Nauchnye trudy MGUL]. Moscow: MSFU, 1996, iss. 287, pp. 69-73.

[39] Berezin L.Ya. Nekotorye osobennosti svarki v elektrostaticheskom pole dielektrikov s metallami i mezhdu soboy [Some
features of welding in an electrostatic field of dielectrics with metals and between themselves]. Avtomaticheskaya svarka
[Avtomaticheskaya svarka], 2001, no. 8, pp. 45-48.

112 Lesnoy vestnik / Forestry Bulletin, 2023, vol. 27, no. 1



McTopua co3paHmna anekTpoaare3noHHbIX. .. [OepeBoobpaboTka n xummuueckas nepepaboTka gpeBecuHbl

[40] Bergstedt L., Persson K. Printed Glass for Anodic Bonding A Packaging Concept for MEMS and System On a Chip. Advancing
Microelectronics, 2002, v. 29, no. 1, pp. 1-4.

[41] Gaunekar G.S. Implementation of electroadhesion based astrictive prehension system. Intern. J. of Advanced Research in
Electronics and Communication Engineering (IJARECE), 2016, v. 5, iss. 11, pp. 2503-2510.

[42] Guo J., Bamber T., Petzing J., Justham L., Jackson M. Experimental study of relationship between interfacial electroadhesive
force and applied voltage for different substrate materials. Applied physics Letters, 2017, v. 110, p. 051602.

Authors’ information

Evdokimov Yuriy Mikhaylovich™ — Cand. Sci. (Chem.), Professor of the Department of Process of
fire, State Fire Academy of EMERCOM, Moscow, edvdokur@mail.ru

Sulimenko Vladimir Anatol’evich — Cand. Sci. (Tech.), Professor of the Department of Process of fire,
State Fire Academy of EMERCOM, Moscow, sulimenko39@yandex.ru

Meshcheryakov Aleksey Viktorovich — Head of the Department of Process of fire, State Fire Academy
of EMERCOM, Moscow, malviktpp@gmail.com

Russkikh Dmitriy Viktorovich — Head of the Derartment of Process of fire, State Fire academy of
EMERCOM, Moscow, russcience@mail.ru

Received 15.08.2022.
Approved after review 29.09.2022.
Accepted for publication 19.12.2022.

Bxkuiaji aBTOpOB: Bce aBTOPBI B PABHOM J1071€ y4acTBOBAJIN B HAIIMCAHUU CTAThU
ABTOpBI 3asBIISIFOT 00 OTCYTCTBUM KOH(INKTA HHTEPECOB

Authors’ Contribution: All authors contributed equally to the writing of the article
The authors declare that there is no conflict of interest

JlecHoit BecTHUK / Forestry Bulletin, 2023, Tom 27, Ne 1 113



