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AHHOTanHsi. Bo MHOIHUX 00/1aCcTSIX COBpeMeHHbIX HAaHOTeXHOJIOT I, OCYIIeCTBIsIeMbIX B BakyyMe, TpebyeTcs
nepemeleHHe 06beKTOB C BEICOKOM TOYHOCTHIO. B paboTe paccMOTpeH BaKyyMHBIH ABYXKOOPIAUHATHBIN ITHEB-
MOTH/paB/IHMYeCKUI IIPHUBOJ, CIIOCOOHBIN OCYILIeCTB/ISATh TOUHbIE IlepeMelleHHsI. BbICOKasi TOUHOCTh MeXa-
HH3Ma JJOCTUTAeTCs 32 CUeT IPHMeHeHHU s B KauecTBe paboder SKHUIKOCTHU T PABIHYECKON YaCTH HHTeJJIeK-
TyaJIPHOI'O MaTepHaJsia, 3IeKTPOPe0IOr HUeCKOM SKUIKOCTH, CII0COOHON MTHOBEHHO U3MEHSITh CBOU PeoIorhye-
CKHe CBOHCTBA II0f, JeICTBHeM BHeIIHero JIeKTPUYeCKOro I1osl. B paboTe sKCIIepHMeHTAIbHO YCTAHOBJIEHO,
4uTo Haubosee 3¢pPeKTHBHAS PeryIHPOBKa CKOPOCTH IlepeMellleH s IITOKA IIPHUBO/IA OCYIeCTBIISIeTCsI Ha HU3-
KHX JABJIEHHUSIX B IHeBMOLIMJIMH/PE C KOHIeHTPallHel JUCIIePCHOM da3bl pabouei SKULKOCTH 25%.
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Abstract. In many areas of modern nanotechnologies carried out in a vacuum it is required to move objects with
high precision. The paper considers a two-axis vacuum pneumohydraulic drive capable of performing precise
movements. High precision of the mechanism is achieved due to use of intelligent material as a working fluid
of the hydraulic part - an electrorheological fluid that can instantly change its rheological properties under the
action of an external electric field. It has been experimentally established in the work that the most effective
adjustment of the speed of the drive rod movement is carried out at low pressures in the pneumatic cylinder with
a 25%concentration of the dispersed phase of the working fluid.
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BBEJEHUE

[Ipeobnanaromas 4acTb COBpeMeHHBIX HAHOTEXHO-
JIOTUH OCYIIeCTBIISIeTCS B BAKYYMHOK TeXHOJIOTHYe-
CKOI cpeflle. Hanprmep, TOHKHe IIJIeHKH, HaHeCeHHbIe
B BaKyyMe, MCIIOJIb3yIOTCS B Ka4eCTBe aHTUPPUKIIHMOH-
HBIX [TIOKPBITHH peskyIlero MHCTPyMeHTa U MaIlIHHO-
CTPOMTE/IbHBIX I1ap TPeHUs. [I/1s1 obecrieueHH s paBHO-
MepHOCTH HaHeCeHHOM IIJIeHKH 4acTo HeobXoqHMo
OCYILeCTBJISITh IlepeMellleH e C BBICOKOM TOYHOCTBIO
MO3ULIMOHUPOBAHUSA M PAaBHOMEPHOCTbIO CKOPOCTH.
Hamubosee 3¢ppeKkTHBHOe yIIpaBIeHHe CKOPOCTHIO IBH-
SKeHH S OCYIIeCTBIISETCSA B IHEBMAaTUYECKUX U THIPAB-
JTMYECKUX IIPUBOAAX. [I/Is IIOBBIIIEHM S TOUHOCTH I1epe-
MellleHHUH U paBIU4ecKoro NpHuBofa, B KadyecTBe
pabouert SKUIKOCTH, MOKET OBITh HCIIOJIb30BAH MHTeI-
JIeKTyaIbHBIM MaTepHaJl, 3IeKTPOPeosIoru4ecKast SKU/-
KocTh (3P)K) [4, 5]. OP)K npescTaBsIOT cOBOM CyCIleH-
3MU YaCTHI] IO/ PU3YIOIIMXCSA MaTePHUaJIOB, PacIpeie-
JIeHHBIX B JHU/IeKTPUYeCKOH SKUKOCTH. B 0TCyTCTBHe
37eKTpHYecKoro 1onst P3K BegyT cebst Kak 60IBIIHH-
CTBO OOBIUHBIX CYyCIIEH3UH, MIPOSIB/AS IPU TeUeHHUH
HBIOTOHOBCKHe CBOMCTBA. OIHAKO, IIPH IIPHUJIOKeHHUH
3/IEKTPHUYECKOrO I10JIS1 B HUX IIPAKTHYEeCKH MITHOBEHHO
IIPOMCXOIUT pe3Koe (BIIOTh A0 100 ThIC.) yBeTHUeHHe
BSI3KOCTH 32 CYeT 06pa30BaHUS LIETIOUEYHBIX CTPYKTYP,
HaIIpaBJIEHHBIX [1apajIjIe/IbHO CHJIOBBIM JTUHHAM 3JIeK-
TPHUUECKOro I10JIs1. [IOMHMO BSI3KOCTH 6yAyT MeHSThCS
YIPYTOCTh U INTACTUYHOCTD JKHUIKOCTH.

B MHpe cyLecTByeT psifi UCCIelOBAHUM, CBSI3aH-
HBIX C 37IeKTPOPe0IOrHYeCKUMU SKUIKOCTSIMU. PaboThI
II0 MccaenoBaHuo SPJK, B OCHOBHOM, HaIllpaBjIeHBI
Ha 110160p AHCIIePCHOM $asbl, KoTOpas obecreyuT Mak-
CHMaJ/IbHBIH 3/IeKTPOpeoioruiecKun 3ddeKT cycreH-
3ud. Mcrnonp3oBaHUe B KauecTBe SUCIePCHOM das3bl
TUTaHaTa Oapusl [03BOJSeT IONYYUTh HAPSIKeHUe
mebopmanuu casura 400 Ila mpu HaIPSAKeHHOCTHU
37eKTpHUYecKoro mnoas 800 B/mm [1]. B ciaydae HCIIonb30-
BaHUS B KadeCTBe TBePAOU da3bl CyCIIeH3UH THUTHeBble
COJIK COIIOIMMepa II0TUCTHPOJI-6/10K-TI0IMH30IIPeHa,
JIOCTUTAeTCS HallpsKeHHe fedpopManuu casura 50 I1a
npu 560 B/mM [2]. Eciu ke HUCIIONB30BaTh B KadeCTBe
HAIIOJIHUTEJIS JUOKCH I LIePH I, MOSKHO JOCTHYb HaIIPs-
SKeHHU s fedopManinu caBura 4000 ITa mpu 3000 B/mm [3].

B kauecTBe BI0>KeTHOr0 aHaJjIora TBepzou dpa3el IPK
MOKeT OBITh UCII0/Ib30BaH KpaxMaJl.

BakyyMHBI! IByXKOOPAHUHATHBIN MeXaHH3M Iepe-
MeIlleHHH C 37IeKTPOPeosIoruueCckor PeryIHpOBKOL CKO-
pocrti (puc.1) paboTaet cienyromum obpasom.

INTRODUCTION

The predominant part of modern nanotechnology
takes place in a vacuum process environment. For exam-
ple, thin films deposited in a vacuum are used as anti-
friction coatings for cutting tools and mechanical friction
couples. In order to ensure evenness of the applied films,
it is often necessary to perform a movement with high
positioning accuracy and constant speed. The most effi-
cient speed control is achieved by pneumatic and hydrau-
lic drives. In order to improve accuracy of hydraulic drive
movements, a smart material, electro-rheological fluid
(ERF), can be used as a working fluid [4, 5]. ERF are sus-
pensions of polarizing material particles distributed in a
dielectric fluid. In the absence of an electric field, ERFs
behave like most conventional suspensions, exhibiting
Newtonian flow properties. However, when an electric
field is applied to them, there is an almost instantaneous
(up to 100000) increase in viscosity due to formation of
the chain structures oriented parallel to the electric field
lines. In addition to viscosity, elasticity and plasticity of
the liquid will change.

There are numerous studies worldwide related to
electro-rheological fluids. Works on ERF research are
mainly focused on selection of disperse phase which
will provide maximum electrorheological effect of
the suspension. The use of barium titanate as the
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1 TMHeBMATUYECKUI LUANHAP
Pneumatic cylinder,

2 YnpaBnsieMbl Apoccenb
Controlled throttle,

3 'mapaBAnYeCcKUm LMANHAP
Hydraulic cylinder,

4 BBOA ABWKEHUSA B BaKyyM
Vacuum inlet,

5 Kapetka
Carriage,

6 BaxkyymHas kamepa
Vacuum chamber

Puc.1. Cxema 8aKyymMH020 d8yXKOOPOUHAMHO20 MeXaHU3Ma
nepemeueHull c OP pezyauposkoli ckopocmu

Fig.1. Diagram of a two-axis vacuum displacement mechanism
with ER speed control
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Puc.2. Cxema 00HOKOOPOUHAMHO020 NHE8MO02U0pasAUu4ecko20 npugoda ¢ P ynpasneHuem:
1 - Komnbtomep; 2 = NHEBMOUUAUHOP; 3, 6 — damyuku dasaeHus:; 4 — emkocmu ¢ OPXK; 5 = IP/l; 7 - 2udpouuauHop; 8 - Wmok;
9 - damyuk nonoxkeHus:; 10 - KOHeYHble 8bikAoYamenu; 11 - 6a0K ynpasaeHus; 12 - dpocceau; 13 - nHesmopacnpedeaumens;

14 - 2a308bil pedykmop; 15 - 8bICOK080/AbMHbIL 6AOK NUMAHUS

Fig.2. Schematic diagram of single-axis pneumohydraulic drive with ER control: 1 - computer; 2 - pneumatic cylinder; 3, 6 - pressure
sensors; 4 - vessels with ERF; 5 - ERT; 7 - hydraulic cylinder; 8 - rod; 9 - position sensor; 10 - limit switches; 11 - control unit; 12 - throt-
tles; 13 - pneumatic distributor; 14 - gas reducer; 15 - high voltage power unit

KapeTka 4 npuBOOUTCS B IBHYKEHHE [IHeBMaTHYe-
CKUM LHIUHAPOM 1, COeAUHEeHHBIM C TUAPaBIMYeCKHUM
LUTHUHIPOM 2 0bOIIMM IITOKOM. BBOJ IBMKeHUS 6 06e-
CIleYyMBaeT repMeTH3a1HIO0 IIITOKA B BAKYyMHOM KaMepe.
IIITOK >keCTKO 3aKpeIlIeH K KapeTKe 4, [lepeMeIllaloIercst
[0 HallPaB/ISIOIIKMM BHYTPHU BaKyyMHOI KaMepsl 5.
VIIpaB/ieHHe CKOPOCTHIO IIepeMelleHU s OCYILeCTB/IseTCS
C IIOMOIIIBIO YIIPAB/ISIeMOL0 IPOCCeIs, 3/IeKTPOPEOIOry-
YeCKOro Jpoccesst (3PI) 3B TUAPOLIMIMHPE 2.

METOAbI UCC/IEAOBAHNA

HccnegoBaHU S IIPOBOAMIIKCH Ha ONHOKOOPAMHATHOM
[THeBMOTH/IpaB/IMYeCKOM IIpUBOJe ¢ SP-yIpaBieHHueM
(puc.2), IMUTHPYIOIIEM BaKyyMHBIH By XKOOPIHHAT-
HBIH MeXaHH3M IlepeMelleHH I C 3IeKTPopeosIoThuye-
CKOH PeryJINpoBKOM CKOPOCTH.

IIpuBoOJ SIBNsSIeTCS KOMOMHUPOBAHHBIM U COCTOUT
M3 [THeBMOLIMIMHAPA 2 M THAPOLIMIMHAPA 7, UMEIOIIHUX
OOIIMIT IITOK 8, KOTOPBIM COBEpIIAeT BO3BPATHO-TIOCTY-
naTesibHOE JBUKeHHe. Pabouell JKUIKOCThIO B THPO-
HuIuHApe sBiseTcs SPJK. ITpu ABHSKeHUH LITOKA ITPH-
Boja OP)K mepeTeKaeT U3 O HOM MOIOCTH IUIPOLIUIUH-
Ipa B IPYIYyI0 yepes 3a30p YIpaBIsgeMoro Apoccess 5.
3a cueT OP-3¢dpeKTa IPOUCXOLUT YMeHbIIeHHe 00 beM-
Horo pacxona IP>K uepes gpoccenb 1, COOTBETCTBEHHO,
3aMe/lJIeHHe IITOKa.

LleJ1bro 3KCIIEPUMEHTA I10 UCC/IeOBAHU IO PEOJIOTHYe-
CKHX XapaKTePHUCTUK IP)K Ha 0CHOBe KpaxMaJia sBJis-
JI0Ch orpeeneHue 3GpPeKTUBHOCTH PeryJIupoBaHUS
CKOPOCTH LITOKA ITHEBMOI'H/IPaBIMYECKOr0 IIPUBOAA.

HAHO MHAVCTPUA Tom 15 Ne 2 2022

disperse phase allows of obtaining a shear strain of
400 Pa at electric field strength of 800 V/mm [1]. If
lithium salts of polystyrene-block copolymer-polyiso-
prene are used as the suspension solid phase, a shear
stress of 50 Pa at 560 V/mm can be achieved [2]. If
cerium dioxide is used as the filler, a shear stress of
4,000 Pa at 3000 V/mm can be achieved [3].

Starch can be used as a cheaper analogue for the
solid phase of the ERF.

The vacuum two-axis displacement mechanism
with electro-rheological speed control (Fig.1) functions
as follows.

Carriage 4 is driven by pneumatic cylinder 1 con-
nected to hydraulic cylinder 2 by a common rod.
Movement input 6 ensures sealing of the rod in the
vacuum chamber. The rod is rigidly fixed to car-
riage 4 moving along the guides inside vacuum cham-
ber 5. The movement speed is controlled with the aid of
a transductor and electro-rheological throttle (ERT) 3
in hydraulic cylinder 2.

RESEARCH METHODS

This study was carried out on a ER controlled single-
axis pneumohydraulic drive (Fig.2) which simulates a
vacuum two-coordinate movement mechanism with
electro-rheological speed control.

The drive is combined and consists of pneumatic
cylinder 2 and hydraulic cylinder 7, which have com-
mon rod 8 that performs reciprocating motion. The
working fluid in the hydraulic cylinder is ERF. As the
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ITpy pasnuYHBIX AAaBIeHUAX B IHEBMOLIMIMHIpE
Y Pa3IHMYHBIX HAIIPSSKEHUSIX Ha 0OKJIaIKax JApoccens
IIPOBOJMJIOCH H3MePeHHe II0JI0KeHHU I IITOKA U Pa3HOo-
CTH JABJIEHUH.

B paboTe mpecTaBiieHBl HCC/IeOBaHUS 00pa3lioB
C KOHLIeHTpallyeH AUCIIepCHOM da3bl kKpaxmaia 15, 25,
40%. [ycriepCHOHHOM CpeJok IIOCTY>KHIa KpeMHHHOP-
raHHYecKas SKUAKOCTh [IMC20. AKTUBATOp —~ Boza.

PE3YJIbTATbI
I[Tony4eHHBIe 3HAYEHH I KOOPAUHAT ObLIH [TIe€peCUNTaHEI
B CKOPOCTH IlepeMelleHUs ITOKa. B pe3ynbprare obpa-
BOTKH SKCIIEPUMEHTAIBHBIX JAHHBIX ITOTyYeHbI 3aBUCH-
MOCTH CKOPOCTH IIepeMellleHH s IITOKA OT HaIlPSKeH U
Ha obkagkax AP mJis o6pa3u013 9PK c KOHIIeHTpallHek
aucriepcHou dasel kpaxmaina 15, 25 u 40%. Yka3aHHBIe
rpaduKHU Oj1s OaBjlIeHUs B IHeBMOLUIUHApPe 0,4 aTM
U 0,5aTm mpeacTaB/IeHbl Ha PC.3, 4 COOTBETCTBEHHO.
O6Hapy>KeHO, YTO C POCTOM HAIIpPSIKeHH S Ha 00K/Ia-
Kax IP/l MpOHCXOAUT CHUKeHHEe CKOPOCTH IBUKeHU S
mroka. g gasneHus 0,4 aTM ¥ KOHL@HTPALIMH JHC-
IepCHOM ¢a3el 25% HM3MeHeHHe CKOPOCTH Hauboiee
BBIpPaskeHo, A/ KOHueHTpauI/IfI 15 1 40% — U3MeHeHHe
CKOPOCTH He CyIeCTBeHHO. [Ipy faB/IeHHUH B IIHEBMO-
uunuHape 0,5 aTM obHapy>KeHO MOHOTOHHOE CHUKe-
HHe CKOPOCTH /151 BceX 06pa31ioB.

OBCY)XAEHUE

M3meHeHMe CKOPOCTH CBS3aHO C 3JIeKPOPEOIOTHYECKUM
3dderTOM, IIpoucxofIIIKM B pabouem 3a3ope IPI.
dopMHUpOBaHHeE LIETIOUHBIX CTPYKTYP MeXKAY 06KIam-
KaMH fipoccesisi obecriedrBaeT I0KaIbHOE YBeIMYeHHe
3KBHBaJIeHTHON BS3KOCTH >KMIKOCTH B 3a30pe, IIPH-
BoJsIllee K CHUKeHHIO pacxoja pabouerl SKUIKOCTH
Y YMeHBIIeHH IO CKOPOCTH IBHKEHHU S LITOKA.

IIpu BBICOKOM [LaBJjieHHH 0,5 aTM pacXof SKUIKOCTH
OTHOCHUTeJIbHO 6OJIBIIOK, B pe3y/apTaTe 4ero Habimo-
JaeTcsa Manas 3¢eKTHUBHOCTD PeryJIHpPOBKH CKOPOCTH
IITOKA. llemouyHble CTPYKTYPhI He YCIIeBalT CHOPMU-
POBaThCS U OBICTPO BEIMBIBAIOTCS 6OBIINM IIOTOKOM
SKHUIKOCTH.

Haunbosnee s3¢pdeKkTHBHOe yIIpaBiieHHe CKOPOCTHIO
IBUSKEHU S IITOKA HabM0aeTcst IIPU HU3KOM JaBIle-
HuHU 0,4 aTMm. ITpH 3TOM C POCTOM HaATIPSI>KEHHUS 10 2 KB
CKOPOCTb CHU>KAeTCS Ha 75%.

BbIBO/Lbl

1. O6HapysKeHO, YTO IIPH KCII0Nb30BAHUH B KauecTBe
pabouer 5KUIKOCTH TUPaBIMYeCcKOM YacTH IPUBOIA
IPJK MO’KHO 3pPEeKTHUBHO YIIPAB/IATE CKOPOCTBIO BaKY-
YMHOTO IByXKOOPAMHATHOI0 MeXaHKM3Ma IepeMelle-
HMI 3a CUeT BO3/IeHCTBHS Ha 3/IeKTPOPEe0/IorHUecKyIo
SKUKOCTD 3/IEKTPHUYECKHMM II0JIEM.

2. 9pdeKTUBHEHN BCero peryIHnpoBKa CKOPOCTBIO Iepe-
MeIlleHH s IITOKa BaKYYMHOTO IIPHUBOA MOXKET OBITh
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Puc.3. Tpaduk 3agucumocmu ckopocmu om HANpsKeHUs 0As
dasnerus 0,4 amm

Fig.3. The graph of the dependence of speed on voltage for a pres-
sureof 0.4 atm

actuator rod moves, the ERF flows from one cavity of
the hydraulic cylinder to the other through the gap in
controlled throttle 5. Due to the ER effect, the volume
flow of the ERF through the restrictor is reduced and,
consequently, the rod is slowed down.

The aim of the experiment to study the rheological
characteristics of starch-based ERF was to determine effi-
ciency of the pneumohydraulic drive rod speed control.

At different pressures in the pneumatic cylinder
and different stresses on the throttle shells the rod
position and pressure difference were measured.

In this work the studied samples with concen-
tration of disperse phase starch 15, 25, 40% are pre-
sented. The dispersion environment was an organosil-
icon fluid PMC-20. In this case water was used as the
activator.
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Fig.4. Diagram of speed/voltage dependence for a pressure of
0.5 atm
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OCYyLIeCTB/IeHA Ha HU3KOM JaBjieHuH 0,4 aTM B [THEeB-
MOLIMJIMH/I e IIPUBOaA.

3. CKOpOCTb LITOKA IIPUBOJA U3MeHeTCs OT 12 10 3 Mm/c
IIPH POCTe YIIPaBIISIONIero HaMPsiKeHUs Ha 06KIaf-
Kax 3P ot 0 1o 2000 B mpu MCII0Ib30BaHUU IPJK
C KOHIIeHTpallHel JUCIIepCHOH da3bl 25%.

NHOOPMALIUA O PELLEH3UPOBAHUU

Pepmakuus 61arofapuT aHOHHMHOIO pelLleH3eHTa
(pelieH3eHTOB) 3a KX BKJ/IaJ, B PelleH3HMpPOBaHUe 3TOM
paboThl, a TakKe 33 pa3MelleHHe CTaTel Ha calTe
SKypHaJla 4 Ilepefavy UxX B 3JIeKTPOHHOM Bue B HOb
eLIBRARY.RU.
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RESULTS
The resulting coordinate values were converted to a rod
movement speed. As a result of experimental data pro-
cessing the dependences of the piston rod speed on the
pressure on ERT covers were received for ERF samples with
concentration of disperse phase starch of about 15, 25 and
40%. These diagrams of pressure for pneumatic cylinder at
0.4 atm and 0.5 atm are shown on Figs.3, 4, respectively.
It was found that as the voltage on the ERF shells
increases, the rod speed decreases. For pressure of 0.4 atm
and concentration of the dispersed phase 25 % the change
of speed is most pronounced but for concentrations 15
and 40% the change of speed is not essential. At pressure
in pneumatic cylinder of 0.5 atm the steady decrease of
speed was recorded for all samples.

DISCUSSIONS

The change in speed is due to the electrorheological effect
occurring in the ERT working gap. The chain structures
formation between the throttle shells provides a local
increase in the equivalent viscosity of fluid in the gap,
resulting in a reduction in the working fluid flow rate and
reduction of the rod speed.

At high pressures of 0.5 atm, the fluid flow rate is rela-
tively high, resulting in low efficiency of rod speed con-
trol. The chain structures do not have time to form and
are quickly washed out by intensive liquid flow.

The most efficient control of the rod speed was observed
at low pressure of 0.4 atm. Simultaneously, the rod speed
is reduced by 75% as the voltage increases to 2 kv.

CONCLUSIONS

1. It has been found that by using the hydraulic part of
the ERF drive as a working fluid, the speed of the vac-
uum double-coordinate movement mechanism can be
effectively controlled by influencing the electro-rheo-
logical fluid by electric field.

2. The vacuum drive speed rod movement can be con-
trolled most effectively at a low pressure of 0.4 atm in
the pneumatic drive cylinder.

3. The drive rod speed varies from 12 to 3 mm/s with the
increase of control voltage on ERT shells from 0 to
2,000 V when using ERF with disperse phase concen-
tration of 25 %.
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