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MeIlleHHe dKTYaTOPOB Ha OCHOBe NH3IEKTPUYECKHUX 3/IaCTOMEPOB I10/, ,IIEI;ICTBI/IEM BHEIIIHETIO 3JIEKTPHUYECKOTO
I10Jis1. BEISIB/IEHO BIHSIHUE KOHIeHTpallkuH HaIIOJIHUTeJIeH: THTaHaTa 68.PI/IH, 0005K>KeHHOT0 U He0b0KKEHHOTO
KBaplla Ha MOAYJIb YIIDYTOCTH K ,ELE(I)OpMaL[I/IIO AHU3JIEKTPHUYECKOT'0 3/IaCTOMEpPa ITPH BhICOKOM YIIPABJIAIOIIEM
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BBE/JLEHUE
AKTyaTOpBl Ha OCHOBEe "HHTEJJeKTYalbHBIX HIHU
"YMHBIX" MaTepHaaoB HUCIIONB3YIOTCS AJISI TOUHOIO
nepeMeIeHUs 06bekToB (06pabaTriBaeMbIX H3Je-
UM, HHCTPYMEHTOB) B MUKPO- M HAHOTeXHOJIOT K-
yecKoM 0bopynoBaHUU (MUTOrpadUUeCKUX yCTa~
HOBKaX, CKAHHUPYIOUIUX 30HIO0BBIX U 3JIeKTPOH-
HBIX MHKpOCKOImax U Ap.). K HUM oTHoCATCH,
B UHCJIe IPOYMUX, Pa3/iMUHble THUAPaBIHUUYeCcKHUe
YCTPOMCTBA Ha OCHOBe yIpaB/IsieMbIX XHJKO-
CTeM, KOTOpble 06/71aal0T CBOMCTBOM OBICTPOro
U yIpaB/sieMOro Mepexofa OT KHUIKOI0 COCTOS-
HHS [10 IJIACTUYHOTO U TBEPAOro IoJ JelcTBHUeM
BHEIIHUX I10JIeH [1], akTyaTopsl Ha OCHOBe MarHHU-
TOCTPUKLIMOHHBIX MaTepHaioB, KOTOPkle OT/IH-
YAKOTCSd KOMIAKTHOCTBIO U BBICOKOHM MOIIHO-
CThIO [2], IPUBOABI C IPUMeHeHHEeM MarHUTOpe-
0JIOTUYeCKHX 3JIaCTOMEePOB [3] U Mbe303JIeKTpHU-
YyeCKHUX MaTepuasnos [4]. IloclegHMHe MONYyUYHIU
Haubosbllee pacrpocTpaHeHHe B KauecTBe Mexa-
HH3MOB MHUKPO- U HaHoIllepeMelleHHUH. IIo cBo-
eMy NPUHILIUIY JeHCTBHUS 1be303/1eKTPHUKH CXOXKHU
C AM3/IeKTPHUUeCKUMHU 3/1acToMepaMH ([13), KOTopble
SIBJISIIOTCS IIOATPYIIION 3/1eKTPOAKTHUBHBIX I10JIH-
MepoB. AKTyaTOPBl Ha OCHOBe JH3JIeKTPUUYeCKUX
3/1aCTOMEPOB ~ 3TO 37TeKTpOMeXxaHHUYeCKHe IIpeob-
pasoBaTenu, KOTOpble paboTaoT 3a cueT gedpopma-
uuu 19, Korfa K HUM NPHUKJIa/blBaeTCsl BHeIIHee
3/IeKTpUUecKoe Ioje. 3a cueT TaKHUX XapaKTepH-
CTHK, KaK HU3KHH MOJY/Ib YIPYTOCTH, IIHPOKUI
JAMaIa30H CO3[aBaeMBbIX IlepeMelleHUH U ObICTpo-
JenCTBHe, IpUMeHeHHe [[9 1o3Bo/asieT Co34aBaTh
NPUHILKUIHNAIBHO HOBEIE YCTPOMCTBA IlepeMelle-
HHH C yJIy4IlIeHHBIMHU XapaKTePUCTUKAMHU.
OCHOBHBIM IIOKa3aTejeM, XapaKTepHU3yoOI UM
3¢ PeRTUBHOCTL IPUMeHeHHU [ID ABIsgeTCsd gua-
I1a30H Co37aBaeMbIX AedopMallMi IO AeHCTBUEM
BHEIIIHEro 3J1eKTPUUeCcKOro moas. YCTAHOBJIEHO,
YTO OJHOM K3 KIIOYeBBIX XaPaKTePUCTUK, BIIH -
IOIIUX Ha fepOpMaIHIO, SIBJISETCS AUIeKTpHYe-
CKas IIPOHHUIIAEeMOCTh, KOTOPYIO MOXXHO KOHTPO-
JTUPOBATH C IIOMOILIBIO KOJIMYeCTBA AHUITEKTpHUYe-
CKOTO HAIlIOJIHUTeNs B cocTaBe [13. Tak, HAOpHU-
Mep, B pabote [5] BrisiBIeHO UTO mobaBieHUe
HaHOIIJIACTHUH rpadeHa B /1D 3HAYUTETBHO YIy4-
IIKJIO0 3JIeKTPHUYeCKHe U MeXaHHuYeCKHe xapak-
TepPUCTHUKHU obpa3sla 1o CpaBHEHHUIO C ob6pa3noMm
M3 YHUCTOTO Kay4yKa, YBeJIHUUYUB JeDOpMalIHIO
c1,3% pmo 2,4%. KoHLLleHTpaLlus HAIOJIHUTeJIS
cocTaBisiaa 23%, OMHAKO TeXHOJIOTUSI CMellruBa-
HHUS U U3TOTOBJI€HHUS KOMIIOHEHTOB JOCTATOYHO
CJIOKHO peanu3yercs, TpebyeT crierjaapbHOro obo-
PYAOBAaHUS U 3aHHUMaeT JJIHUTeIbHOe BpeM4 [6, 7].
B KaudecTBe MAaTPHUILBl YaCTO HCIOJB3YIOT
IIOJIMMephl HAa OCHOBe aKpHJ/a, IIOCKOIBKY OHHU

INTRODUCTION

Actuators based on "intelligent" or "smart" materials
are used for precise movement of objects (machined
items, tools) in micro- and nanotechnology equipment
(lithography facilities, scanning probe and electron
microscopes, etc.). These include, among others, vari-
ous hydraulic devices based on controlled fluids capable
of rapid and controlled transformation from liquid to
plastic and solid states in external fields [1], actuators
based on magnetostrictive materials, which are com-
pact and powerful [2], actuators using magnetorheo-
logical elastomers [3] and piezoelectric materials [4].
The latter ones are most commonly used as micro- and
nano-movement mechanisms. In their operating prin-
ciple, piezoelectrics are similar to dielectric elastomers
(DE), a subgroup of electroactive polymers. Dielectric
elastomer actuators are electromechanical transduc-
ers that function by deforming DE when an external
electric field is applied to them. Due to such charac-
teristics as low modulus of elasticity, wide range of
created displacements and fast response time, the use
of DE makes it possible to develop fundamentally new
motion devices with improved characteristics.

The main indicator that characterises effectiveness
of DE application is the range of deformations created
under the influence of an external electric field. It was
found that one of the key characteristics influencing
the deformation is the dielectric permittivity which
can be controlled by the amount of dielectric filler in
the DE composition. For example, in [5] it was found
that addition of graphene nanoplates to DE signifi-
cantly improved the electrical and mechanical charac-
teristics of the sample, compared to a pure rubber sam-
ple, by increasing deformation from 1.3% to 2.4%. The
concentration of the filler was 23%, but the technol-
ogy of mixing and manufacturing the components is
rather difficult to implement, requires special equip-
ment and takes a long time [6, 7].

Acrylic-based polymers are often used as a matrix
because they exhibit large deformations of up to 380%
and have a relatively high dielectric constant (x4.7).
However, due to the high viscosity, acrylic exhibits
a slow response and a long recovery time. To circum-
vent these problems, low-viscosity materials such as
silicone rubber are often used instead of acrylic. The
dielectric constant of such materials is lower (=2.8), so
itis necessary to select a filler with the highest dielec-
tric constant [8]. One of the highly effective fillers are
carbon nanotubes, whose modification is capable of
increasing dielectric permittivity and reducing the
elastic modulus, but the manufacturing technology
for such DE is extremely expensive [9]. Barium titanate
is considered to be well compatible with the elastic
matrix due to its piezoelectric properties, high dielec-
tric constant and low dielectric loss [10, 11].
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IeMOHCTPHUPYIOT bonbmne nebopmanuu go 380%
1 06/1aa0T OTHOCUTEIbHO BBICOKOM JU3IeKTPU-
YeCKOM MPOHHUIIAeMOCTbIO (x4,7). OQHAKO H3-3a
BBICOKOM BSI3KOCTH aKPHJI JeMOHCTPUPYeT Mef-
JeHHBIM OTKJIMK U MPOJOJI)KUTeIbHOE BpeMsl BOC-
CTaHOBJIeHHUS. YToObl 000MTH 3TU IpobaeMsl,
BMeCTO aKpH/Ia 4acCTO HCIOJb3yIOTCS MarTe-
PHaIbl C HU3KOM BSI3KOCTBIO, TaKHe KaK CHUIHKO-
HOBBIM KaydyK. [JU31eKTpHUUecKas IMpPOHHUIlae-
MOCTb TaKHMX MaTepHajoB HUXKe (x2,8), IO3TOMY
HeobxonKuMO nonobpaTh HAIIOJIHUTENb C HaKubo-
7Tee BBICOKMM IIOKa3aTeleM AHU31eKTPUUYeCKOH
npoHHUIlaeMoCTH [8]. OGHUM K3 BBICOKOIPdek-
THBHBIX HAaIlOJTHUTe/NEeHN SBISIOTCS yIIepOoJHbIe
HaHOTPyb6KHM, MOAHUPUIIMPOBAHHE KOTOPBIMH
criocobHo obecreunTh yBelIMYeHHe JU3TeKTpuye-
CKOM MPOHUIIAeMOCTH U CHUKeHHEe MOAY/IS yIIpy-
rOCTH, OJJHAKO TeXHOJIOTHS U3rOTOBJIEHH S TaKOTO
19 upes3BBIYaMHO Aopora [9]. 3a c4yeT mbe303yIek-
TPHUYECKHX CBOMCTB, BBICOKOH JH31eKTPHUUECKOM
IIPOHHUIAeMOCTH M HU3KHUX JHUIIeKTPUUIeCKHUX
II0TePb, XOPOIIO COBMECTHMBIM C yIIPYyTrOM MaTpPH-
Liey CYUTaeTCs TUTaHAT bapus (10, 11].

JKCMEPUMEHT
B paboTe B KauecTBe 6a30BOro HaIOJHUTEIS
IJ1s BBISABJIEHU S BIHMSAHUSA COCTaBa Ha co3jaBae-
Mble IIOJ JeHMCTBHeM BHeIIHero 3JIeKTPHU4YecKoro
Iojisg nepemMemeHus [13 HCIIOAb30BaH THTAaHAT
6apus. TakKe CXOKHM I10 Ibe303IeKTPHUUYeCKUM
CBOMCTBAM M MeXaHHUYEeCKHM XapaKTepHUCTHUKAM,
HO IIpU 3ToM 6ojlee JOCTYNIHBIM, HAaMlOJTHUTEIEM
SIBJISIeTCSl KBapll, KOTOPBIK MCII0/b30BaJICS B Kaue-
CTBe aJIbTepHATHBLl BbIOPAaHHOMY HAIOTHHUTEIO.
TakuM obpa3om, U3roToByieHO 10 mapTUM 06pas-
LIOB C Pa3HOM MacCCOBOM KOHIIeHTPAallMeH HaIloJl-
HHUTeNs, B KaueCTBe KOTOPOTO BBICTYIaIH 060K~
KeHHBIH U HeoOOXX>KeHHBIM KBapll U THTaHAT
bapusi. MccimenyeMble o6pasipl UMeJHd COCTaB,
npeacTaBaeHHBIN B Tabn.l. ITapTus Ne 10 Hamon-
HHUTe/Is He UMeeT. B KayecTBe MaTPUILBI UCIIOJIb-
30BaJICAd CUJIMKOH MapKu CHIJI 159-322A.
Mopaynb yOnpyrocTH OKa3biBaeT 3HAYKMMOE
BIMSHNE Ha XapaKTepUCTUKHU [I3. IloBhIIIeHHE
JKeCTKOCTH CII0COOCTBYyeT yMeHbIIeHUIO gedop-
MallUM I0J JeHCTBHeM 3JIeKTPHUUeCKOIo II0JId.
s BBISIBIeHHS BAHSHUS YIPYyrocTu obpas-
LIOB Ha CO3JaBaeMble IepeMelleHUsI Heobxo-
OMMO 3HATh MOAY/Ib YIIPYTOCTH Ka>K[0r0 M3 HUX.
I vccnesoBaHus MOAY/IS YIIPYTOCTH [19 B Kask-
JIOU MapTHH H3rOTOBJIEHO IIO ABa UJEHTHYHBIX
obpasma. MCHbITAaHUS NPOUCXOAUIN Ha THAPAB-
nu4veckoM mpecce Instron DX600. Ilepen pacTsaske-
HHeM obpasel] yCTaHABIMBAJICS B ClIellHaJIbHBIE
THCKH, I/le HAaXOLHJ/ICS B CBOOOJHOM COCTOSHHUH.
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Tabauya 1. Cocmas 06pa3uo8
Table1. Composition of the samples

Homep HanonHutenb MaccoBas
napTum Fulfiller KOHLeHTpauus, %
Batch Mass
number concentration
1 33
KBapL,
2 HEOBOXOKEHHbIV 50
Unburnt quartz
3 66
4 33
KBapuy,
5 060XOKEHHbIN 50
Burnt quartz
6 66
7 33
TuTaHat 6apus
e Barium titanate =
9 66
10 bes HamonHuTens =
Barium titanate

0,5

0,45 |---annn

0,4 [--------

ke ——

g, MMNa | MPa

OTHOCUTeNbHOE yaInHeHKe, € | Relative elongation

—0— CUnnKoH | Silicone ~—o—TuTtanat 6apusa 66%

Barium titanate

—o— TuTtaHat bapusa 33%
Barium titanate

TuTtaHat 6apmsa 50%
Barium titanate

Puc.1. Tpaguku 3a8ucumocmu co30asaembix HaNps>keHul o
0m 0MHOCUMEeAbHO20 YOAUHEHUS € Npu pacmskKeHUU 06pasuos
Fig.1. Plots of the created stress a versus the relative elongation €
in tensile specimens
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Puc.2. '32omoeneHHble akmyamopbl
Fig.2. Manufactured actuators

C GUKCHPOBAHHOM HAarpy3KOH pacTsi>kKeHHe IIPO-
HUCXOAHJIO CO CKOPOCThIO 10 MM/MHUH.

B pesynbTaTe M3MepeHHH MOJy4deHH rpaduKHU
3aBUCHMMOCTH CO3[aBaeMBbIX HAIlPS)KeHUU 7
OT OTHOCHTeJIbPHOIO yAJIMHeHus €. Ha puc.l npen-
CTaBJIeHBI IIOJIYYeHHbIe 3aBUCHUMOCTH pPacTsiKe-
HUS 1711 06pas1i0oB ¢ TUTAaHATOM 6apHs, KOTOPBII
IIPY MOBHIIIeHHWY KOHUEHTPALMK [IOKa3aJl Hau-
OO0/BIIKEI POCT MOAY/ISI yIIPYTOCTH.

Tak Kak B KakJI0H MapTUH ObIJI0 H3TOTOBIEHO
o 2 obpasia Ha c>KaTHe, U 10 2 Ha PacTsSIKeHHe,
To 60/lee JOCTOBEPHBIM CUMTAJCSI UX CPeIHUM
MOJIYJ/Ib YIPYTOCTH. Pe3yabTaThl CO 3HAYCHUAMHU
MOy YIPYTOCTHU OJIs PACTAKeHUSA U CKATHA
npescTaB/eHbl B Tabn.2.

OueBHAHO, YTO C YBeJIMYeHHEM KOHLEHTPalluHU
HaMOTHUTE/IS YBeJIMYHUBAETCS KeCTKOCTD 3J1aCTO-
MepoB. IIpu Hcc/leloBaHKUHU 00pasiioB Ha pacTsiKe-
HHe U IIPU IOBBIIIeHUM KOHLIEHTPALMH HAIIOTHU-
Tessl € 33% 10 66% y MOOUPUIIMPOBAHHBIX KBaplieM
MOJIYJIb YIIPYTOCTH YBeIUYMIICS B 5,75 pas, y MOIH-
duLIPOBaHHBIX 060K>KeHHBIM KBaplieM B 4,2 pasa,
y MOAUUIIMPOBAHHBIX TUTAHATOM bapus B 1,7 pas.

Tabauua 2. Modyab ynpyzocmu npu pacmsKeHuu u cxamuu
Table 2. Tensile and compressive modulus of elasticity

Homep

napTum

Batch
number

CpegHee 3HaYeHue
MOAYNS YNpYyroctTu
Ana pactsixeHus, MlMa
Average value of

CpegHee 3HaYeHue
MOAYNS YyNpYyrocTu
Ana cxarua, MlMa
Average value of
elastic modulus
for compression,

elastic modulus for
tension, MPa

MPa
1 0,39109 1,8769
2 0,92519 2,85675
3 2,33795 6,52195
4 0,5141 1,5622
5 0,99757 2,68895
6 2,16215 6,17635
7 0,55529 1,0721
8 0,397385 1,19845
9 0,949325 2,1246
10 0,27577 0,79285

EXPERIMENT

In this work, barium titanate was used as a base filler
to reveal the effect of the composition on the DE move-
ments created under the action of an external electric
field. Quartzis also similar in piezoelectric properties
and mechanical characteristics but is more accessible
filler which was used as an alternative to the selected
filler. Thus, 10 batches of samples with different
mass concentrations of the filler - burnt and unburnt
quartz and barium titanate - were made. These sam-
ples had the composition shown in Table 1. Set No. 10
had no filler. Silicone of SIEL 159-322A grade was used
as a matrix.

The elasticity modulus has a significant influence
on the characteristics of the DE. Increase of the stiff-
ness contributes to reduction of deformation under
the influence of electric field. In order to find out the
influence of elasticity of the samples on the displace-
ments created, it is necessary to know the modulus of
elasticity of each of them. In order to study the elastic-
ity modulus of DE, two identical samples were made
in each batch. Tests were performed on an Instron
DX600 hydraulic press. Before stretching, the sam-
ple was placed in a special vice where it was held in
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Jnst 06pa3LoB Ha CkKaTHe ¢ KBaplLeM IIPU yBe-
JTUYeHUHU KOHLUEHTpaluu c 33% [0 66% Moaynb
YIIPyTOCTH yBeJIMYHJICS B 3,5 pa3a, c 0boK>KeH-
HBIM KBapIieM - B 4 pa3a, ¢ TUTaHaTtom bapus -
B 2 pa3a. Takum obpasom, MogudPHUKALHS KBAP-
[eM IOBBIIIaeT MOAY/b YIIPYTOCTH B CpelHEM
B 2 pa3a sdderTuBHee TUTAHATA bapus.

M3 ynoMSHYTBIX PaHee 00pa3lloB JOIs KaK-
JI0M IapTHUU WU3TOTOBJIEHO C IIOMOIIbIO CKJIEHBa-
HH S 3JIaCTOMEPOB C 3JIeKTPOLaMHU I10 4 aKTyaTopa
C Pa3HBIM KOJKMYeCTBOM CJIO0€B: OJHOCIONHBIH,
JIIBYCJIOMHBIM, YeTBIPEXCJIOHNHBIK U BOCBMUCIOH-
HBIN. [laHHBIe 00pa3Libl IIpeCcTaBIeHbl Ha PUC.2.

C momMomipio pa3dpaboTaHHOro 1ab60paTOpHOro
cteHza B MITY um. H.9.BaymaHa 6bl1K ITpoBe-
IeHbl U3MepeHHU s [lepeMellleHU S U3TO0TOBIeHHBIX
aKTyaTOPOB Ha OCHOBe JID c pa3HOM KOHIleHTpa-
LIMel U pa3HbIM KOJIMYeCTBOM Cy10eB. Ha 06pasiisl
mogaBajioch HampsskeHue 00 3000 B ¢ BRICOKO-
BOJIBTHOIO 6J/I0Ka IIMTaHUS.

CxeMma cTeHpma u3o6paskeHa Ha PpHC.3.
HampsskeHHe HoLaBaJoCh C IMIOMOIIBIO BBICO-
KOBOJIBTHOTO 6510Ka nnuTtaHug (BBBII) Ha menu-
Tenb HaNps>keHUH (JIH), KOTOPBIHM MOAKJIIOYAJICS
K 3JIeKTpo/iaM HCIbITyeMoro obpasmua. Cam obpa-
3ell HaXOJMJICS Ha M30JIHPOBAHHOK IOBEPXHO-
CTH, HaJ KOTOPOM yCTaHaBIHBAJICSI eMKOCTHOH
OATUYUK II0JIOKeHHU S, MOAKIIOUYeHHBIH K 670Ky
yIOpaBJieHUs AaT4HMKoM mojoxeHus (BYIII).
JaTuuK GUKCHUpOBAJI IOJIOKeHHe HCCieaye-
Moro o6bexrTa, moka mojgaBaeMoe ¢ 6JioKa IMUTa-
HHe HaIlpsaskeHHe CTYIIeHYaTo YBeJIHUYHBaJIOCh
oT 0 10 3000 B c marom B 170 B.

Ha puc.4 mpencraB/ieHB 3aBUCHMOCTH
nepeMeIeHHsI aKTyaTOPOB C HAIIOJHUTeEIEM
M3 KBapla OT IIOoJaBaeMOIO HAaNpsKeHUS IIPHU
KOHIeHTpauuu 50%. IIpu yBeJlHMYeHUHU KOH-
LOeHTpaLMKU KBapLa oT 33% po 66% MaKCH-
MaJIbHO BO3MOYKHOE IIepeMeleHue YBeJIUYHJIOCh
B2pa3a-c5mo010 MKRM.

[Ipu MOBBIIIEHHUU KOHLEHTPAILUHU 060KKeH-
HOro KBapua B [19 ¢ 33% mo 66% mepeMmeljeHue
yBeIMYMBAETCS B 2 pasa c 3,5 407 MKM, YTO FOBO-
PHUT O HOJOKHUTEJIBHOM BIMUAHUU HA Onedpopma-
OUI0 KOHLEHTPAaL KWK HANOJTHUTeNS. Y 3aBU-
CUMOCTeHN AJisg 06pa3oB ¢ TUTAHATOM bapus
B Ka4YeCTBe HAIIOJIHUTE/IS aHAJIOTUYHOM TeH/IeH-
UU He ImMpociaeskuBaeTcsa. [lepemelteHuss Oo4HO-
CJIOMHOT0 aKTyaTopa MeHSIOTCS He3Ha4YUTe/IbHO
B 3aBHCHMOCTH OT KOHLIeHTpPallUU. BeposiTHee
BCero, NpUYMHA B HeH36eXXHBIX BO3AYIIHBIX
3a30pax MeXXAy 3JIeKTPogaMU U JHCKaMH [13,
MCKa>XaOIMMUMU 3KCIepUMeHTAaJIbHbIe JaH-
Hble U BHOCAIIHEe Heolpele/IeHHOCTb. OOHAKO
IIPOC/IeSKUBAETCSA TeHLeHIMs yBelHUYeHHUS

HAHO MHAVCTPUA Tom 15 Ne6 2022

[aTunK nepeMeLLeHni
Displacement sensor

13| DE

M3ondatopol
Isolators

OQ BYAN
PTCU
O

IH|VD |:| BBEM | HVPSU |

Puc.3. Cxema ycmaHo8KuU 0AS1 UCCAed08aHUS 00HOCAOLIHO20 06~
pasua
Fig.3. Schematic diagram of a single-layer sample unit

a free state. Tensioning was carried out at a speed of
10 mm/min under a fixed load.

The measurements resulted in the plots illus-
trated dependence of the generated stress o on the
relative elongation €. Fig.1 shows the obtained
tensile stress dependences for samples with bar-
ium titanate, which showed the greatest increase
in elastic modulus when the concentration was
increased.

Since 2 compression and 2 tension samples were
produced in each batch, their average modulus of
elasticity was considered to be more reliable. The
results with tensile and compression modulus val-
ues are presented in Table 2.

It is evident that the stiffness of elastomers
increases with increasing filler concentration.
When studying the samples subject to tension at
the filler concentration increasing from 33% to 66%,
it was recorded that the quartz-modified samples
exhibited elasticity modulus by 5.75 times, the sam-
ples modified with burntquartz exhibited 4.2 times
and the barium titanate-modified samples exhib-
ited 1.7 times higher elasticity modulus.

For compression samples with quartz, an increase
in concentration from 33% to 66% increased the mod-
ulus of elasticity by a factor of 3.5, with burnt quartz
by a factor of 4, with barium titanate by a factor of 2.
Thus, modification with quartz increases the modu-
lus of elasticity by on average of 2 times more effec-
tively than barium titanate.

From the previously mentioned samples for each
batch, 4 actuators with different number of layers
were made by bonding elastomers with electrodes:
one-layer, two-layer, four-layer and eight-layer.
These samples are shown in Fig.2.
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rnepeMelleHUs C yBeJIHYeHHeM KOJTUYeCTBa CI0eB
12 B akTyaTope.

Hedbopmanus 15 Bo BHEIIHEM 3J1eKTPHUUYECKOM
IoJjie IPOUCXOOUT B pe3yabTaTe NJeHCTBUS pas-
JTUYHBIX 3O PEKTOB: 3JIeKTPOCTATHYECKOrO IMPU-
TSA>KeHU S 371IeKTPOJOB, OpHeHTALMH U CMeIleHU
OUIIOJBbHBIX YaCTHI] HAaIIOTHUTE/ISI IPU JeHCTBUHU
BHEIIHEro Ioisa. M3yyeHue BIUSAHUA 3TUX paK-
TOPOB Ha XapaKTePUCTUKH aKTyaTOPOB SABISAETCH
3a/ladyel Ja/IbHEHIIMX HCC/IeJOBAHUU.

BbIBO/1bl

XapaKTepUCTUKHU AU3JIEKTPHUUYLCKUX 37TaCTOME-
POB 3aBHUCHAT B IIePBYI0 0Yepeb OT COCTaBa KOMIIO-
31Ta, XapaKTePUCTHUK YIIPYyrok cpefbl ~ MaTPHILBI
U HanojaHuTensd. K kao4yeBoMy GpaKTOpPy OTHO-
CUTCS KOHLeHTPalMs HAIlOJIHUTE/Isl, BJIUAIOIL A
Ha gebpopMallMIo U MOOY/Ab YIIPYTOCTHU JH3JIEK-
TPUYECKHX 3/ITACTOMEPOB.

YCTaHOBJIEHO, UTO Y 06pa3loB ¢ KBapleM IpHU
NOBHIIIEHHUY KOHLEHTPAaU MKW HANOJIHUTEIS
(3mech U najlee KOHLIEHTPaIlKsl MaccoBasi) oT 33%
o 66% co3maBaemas gepopMalus yBeJIHYUBA~
7macek B 2 pasa. s 06pasioB ¢ TUTaHATOM bapus
B KayeCTBe HAIIOJHHTeJsI aHAJOTUYHOM TeH-
JeHU MU He HpociaexxuBaercda. IIpu ucciemosa-
HUU 06pa3lioB Ha pacTsSKeHHe U CKaTHe U IPHU
IIOBBIIIEHHU M KOHILIEHTPALIUH HAIOTHUTEN C 33%
0 66% y MOOUGHULIMPOBAHHBIX KBapLeM MOAYIb
YIIPYyTOCTH YBeJIMYHJICI COOTBETCTBEHHO B 5,75
U 3,5 pasa, y MOAUPHUIIMPOBAHHEIX 0005KKEHHBIM
KBapuem - B 4,2 1 4 pasa, y MOAUPUILIMPOBAHHBIX
TUTaHaToM bapus - B1,7 1 2 pasa.

MaccoBasi KOHLIEHTpalusa 66% O1d Hucciaenye-
MBIX HAIlIOTHHUTeNIeH sIBasieTCs Haubonee sapdex-
THBHOM C TOYKHU 3peHHUSI MaKCMManbHOU Aedop-
MalMU JU3IEeKTPUYECKOr0 3/1aCTOMepPa BO BHEII-
HeM 3JIeKTPUYeCKOM IIOJIe.

WHOOPMALMUA O PELLEH3UPOBAHUN

Pemaruus 6arogapuT aHOHHMHOTO pelleH3eHTa
(peLleH3eHTOB) 32 UX BKJIAJ B pelileH3UPOBAHUE
3TON paboThl, a Takke 3a pa3MelleHHe CTaTeH
Ha CaMTe XXypHaja U lepefavyy UX B 37IeKTPOHHOM
Buge B HO6 eLIBRARY.RU.

Hekaapauus o KOHPAUKMe UHMepecos. Asmopbl 3098~
Asilom 06 omcymcmauu KOHPAUKMOB8 UHMepecos UAU AUMHbLX
0MHOWeHUil, Komopble Mo2Au bbl no8AUAMb Ha pabomy, nped-
cmasAexHyto 8 daHHOI cmambe.
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With the help of the developed laboratory bench
at the Bauman Moscow State Technical University,
displacement measurements of manufactured actu-
ators based on DE with different concentrations and
different number of layers were carried out. A volt-
age of up to 3,000 V from a high voltage power supply
was applied to the samples.

The diagram of the test bench is shown in Fig.3.
Voltage was applied by means of a high voltage
power supply (HVPSU) to a voltage divider (VD) which
was connected to the electrodes of the test sample.
The sample itself was placed on an insulated surface
over which a capacitive position sensor connected
to the position transmitter control unit (PTCU) was
installed. The sensor recorded the position of the
test object while the voltage supplied from the unit
was increased in steps from 0 to 3,000 V in 170 V
increments.

Fig.4 shows the movement of the quartz-filled
actuators as a function of the applied voltage at a
50% concentration. When the quartz concentration
was increased from 33% to 66%, the maximum possi-
ble displacement doubled from 5 pm to 10 pm.
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Increasing the burnt quartz concentration in DE
from 33% to 66% increases the displacement twofold
from 3.5 pm to 7 pm, indicating a positive effect of
filler concentration on strain. The dependencies for
samples with barium titanate as a filler do not show
a similar trend. The displacements of the single-
layer actuator vary only slightly with concentration.
Most likely, the reason is inevitable air gaps between
electrodes and DE disks which distort the experi-
mental data and introduce uncertainty. However,
there is a tendency for the displacement to increase
as the number of DE layers in the actuator increases.

Deformation of DE in an external electric field is
the result of various effects: electrostatic attraction
of electrodes, orientation and displacement of dipole
filler particles in an external field. The study of the
influence of these factors on the characteristics of
actuators is the task of further research.

CONCLUSIONS

The characteristics of dielectric elastomers depend
primarily on the composite composition, the char-
acteristics of the elastic medium - matrix and filler.
A key factor is the concentration of the filler, which
affects deformation and modulus of elasticity of
dielectric elastomers.

It was found that for samples with quartz, when
the concentration of the filler was increased (here-
after mass concentration) from 33% to 66%, the cre-
ated strain increased by a factor of two. For samples
with barium titanate as a filler, a similar trend was
not observed. In tensile and compression tests and
at increasing the filler concentration from 33% to
66%, the elasticity modulus of the quartz modified
samples increased by a factor of 5.75 and 3.5, accord-
ingly, with the burnt quartz modified samples the
increase equaled 4.2 and 4 times and with the bar-
ium titanate modified samples it was 1.7 and 2 times
accordingly.

The 66% mass concentration for the tested fillers
is the most effective in terms of maximum deforma-
tion of the dielectric elastomer in an external elec-
tric field.
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