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HNCCJIEJOBAHUE HANTPSI'KEHHO-JE®@OPMUPOBAHHOT'O COCTOSHUSA
CXATOI'O OBE3O2JIEKTPHYECKOT'O CTEPXKHA

M.B. BeﬂyﬁeKﬂHl, M.I'. Caprcm-lz, II.M. Cmbarsan’

1H)Ltcmumym mexanuxu HAH PA

zHaquHaﬂbeld noaumexHuyeckuil ynugepcumem Apmenuu

*Cmapuwasn wixona Hayuonansiozo ynueepcumema apxumexmypbi u
cmpoumenscmea Apmenuu

CoBpeMeHHass ~ MHKpoMexaHHKa  d(pdeKkTHBHO  OOBEIMHSIET  MEXaHHUYECKHUE,
9JIEKTPOHHBIE, KOMITBIOTEPHBIE CHCTEMBI B €IMHBIC YCTPOHCTBA, YTO MO3BOJSIET YMEHBIIUTH
pasMepsl CO3/1aBaeMbIX YCTPOUCTB. ITO CIIOCOOCTBYET Pa3BUTHIO TAKUX BAXKHBIX HAIIPABICHHI
TCXHHUKH, KaK MEXaTpOHHUKa, 61/[0M€XaHI/IKa, B KOTOPBIX 60J'II>IHOC BHUMAaHHUC YICIACTCA
pa3paboTKe MHKPOPOOOTOB, MEXaHH3MOB MHKPOIEPEMELICHHH, MHKPOMAaHUIYIATOpPOB. B
YKa3aHHbBIX MEXaHU3MaX B Ka4CCTBC HCIIOJHHUTCJIbHBIX DJJIEMCHTOB HIUPOKO TMPUMCHAIOTCS
be30MaTepUabl, KOTOPbIE BBIOJIHEHBI B BUE CTEPIKHEH, TUCKOB, MPSIMOYTOJIbHBIX IIACTHH,
paboTaloIMX Ha  C)KaTHe-pacTsDKeHWe, u3rud, cxasur. PabGota  mbe301JIEMEHTOB,
MBE30MPUBO/IOB, MbE30aKTIOATOPOB OCHOBAaHA HA HCIIOJIB30BAHUH MHPSMOTO MM OOpPaTHOTO
mbe30d(pdekra: TPAMOH - DTO TOSBICHHE OJJIEKTPHYECKOro 3apsaa NpH  JaedopMmarun
MBE303JIEMEHTA; OOpPATHBIN - TMHEHHOE U3MECHEHHE Pa3MEPOB MbE303JIEMEHTA MPU N3MEHECHUH
JEUCTBYIOILETO AJIEKTpUUecKoro moisi. [IpenMyiecTBa nMbe3031eMEHTOB Tepe] M3BECTHBIMU
MEXaHHYECKUMU CUCTEMaMM OYEBH/IHBL. DTO - Majble TabapuThl, CIOCOOHOCTh 00ecreYnBaTh
MUKPOIIEPEMEIIEHHsI, BBICOKAas TOYHOCTH ITO3HMIIMOHUPOBAHUS, OBICTpOJEHCTBHE, paboTa B
CTaTHYECKOM M JHHAMHUYECKOM PEXHUMax, IPOCTOTA KOHCTPYKIHH, CTAOUIBHOCTD PaOOTHI IPH
NOBBIICHHBIX ~ TeMIlepaTypax M, HAaKOHEI,  BBICOKAas  IPOYHOCTH.  [IpuMeHeHHe
TIBE30DJICKTPUYCCKUX DJIEMEHTOB B Pa3JIUIHBIX yCTpOﬁCTBaX Tpe6yeT HCCICaAOBaHUA HUX
HAIPSKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUSI B 3aBHCHMOCTH OT JEHWCTBHUSI DJICKTPUUECKOTO
nomsi. B mpexacTtaBieHHOW paboTe mpemiaraeTcsi MPOEKT TNpHOopa Uil JUArHOCTHKH
TUIOCKOCTOTHST OOJIBHOTO. [Ibe30KOBPUK MPEACTABISAET COOOM PE3MHOBBIA THANEKTPUUCCKHN
KOBPHK, B KOTOPBI ¢ OOJBIIOI MOBEPXHOCTHOH YacTOTOIH BCTABJIEHBI MbE30IIECKTPHYCCKUE
CTEP)KHU KpYIJIOTO IIONEPEYHOT0 CEYCHHUs, padOTaloIMe B PEKUME JaTIMKOB JaBICHHS.
bnarogapss TOYHOMY MOJENUPOBAHUIO (OPMBI CTOINBI, 3HAHWIO 3aKOHA pACIPEIEIICHHS
HArpy3KH 110 MOBEPXHOCTU CTOMBI CTAHOBUTCSI BO3MOYKHBIM HHAWBHIYAJIbHBIA MOA00D (HOPMBI
CynuHaropa. To4YHOCTHE COOTBETCTBHS CynuHaTopa B Z[aJII)HCﬁIJ_ICM TMO3BOJISICT YMCHBIIUTH
JajpHellee pa3BUTHE IUIOCKOCTOMHS, YIYYIINTh KPOBOCHAOXKEHHE CTOMBI M TOJICHH,
CMSTYUTH HeN30eKHBIE KOJIeOaHHs TPH XOAb0e.

PaccmarpuBaeTcst 3a/1a4a 3aBUCHMOCTH BEJIHUYUHBI HAMPSHKEHHOCTH DJICKTPUYECKOTO
MoJIsi OT BHEIIHEH HAarpy3KkH, ISHCTBYIOLIEH BJOJIb OCH IBbE303JEKTPHUECKOTO CTEPIKHS.
HccnenoBanbl Tpu ciaydas [JEWCTBMA BHEIMIHEH HAarpy3kd MO TpeM HalpaBlIeHUSIM
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KOOPJHMHATHBIX OCEU CTEep)KHs. YKa3aHHBIC 33J]aud PElICHbl HA OCHOBE OCHOBHBIX ypaBHEHHI
MbE30CpeIbl ISl Cilydasi TONISIpU3allMd  MaTepuala BIONb Och cTepxHs. [IpoBenen
CPaBHUTENBHBIA aHANN3 pe3ynsTaToB. IlpemioskeHo mpakTHuecKkoe NMPUMEHEHHE Pe3ysbTaToB
HCCIICIOBAHNM.

Knrwuesble cnosa: mbe30CTEPKEHb, HPOJOJIBHBIC Ae)OpPMALIUK, HAMPSHKEHHOCTh
ANEKTPUUYECKOTO TOJIs, TbE30KOBPUK, MIIOCKOCTOIIHE.

Beeoenue. ViccnenoBaHue B3aUMOCBSI3M  HAIpsDKEHUH, JedopManmuil  u
AJIEKTPHYECKOTO TOJIsl B TIhe30MaTepHaiax MpecTaBisieT cO00M aKTyallbHYIO 3a/1a9y.
OTo 00yCIOBJICHO TEM, 4YTO TIIbe30MaTepHalbl B COBPEMEHHBIX MEXaHH3Max
MHUKPOIIEPEMEIIEHUI HAXOASIT BCe OOJbllice NMPUMEHEHHWE B MAIIMHOCTPOCHUH, B
YaCTHOCTH, B OMOMEXaHHMKe, MexarpoHuke. Kak MpaBuiio, MbE303JIEMEHTHI HUMEIOT
(hopMy CTep)KHEH, IMCKOB, MPSIMOYTOJILHBIX IUIACTHH. B TpeicraBieHHON pabdote
paccMaTpuBaeTCs MbE303JIEKTPHUECKUN CTEP)KEeHb, paboTaromuii TOJ JIEHCTBHEM
BHEIHETO  JIABJICHUSI Ha  PACTSDKEHHE-CKaTHe, T.e. HMMEET MECTO MpSIMOM
nbe30aIeKTprYeckuid 3P dekT.

Ilocmanoséka 3adauu u Mmemoodvl ucciredosanusn. PaccMaTpuBaeTcs
MTbE303JIEKTPUYUECKUN CTepKeHb JUIMHON H, TopleBble MOBEPXHOCTH KOTOPOTO
AIIEKTPOJNPOBAHBI U HAXOJATCS IO JICHCTBUEM BHEUTHETO JABJICHHS BEIMYWHON (,
HAIPaBJICHHOTO BJIOJb OCH Ibe30CTepXkHs. [Ipy paboTe CTepKHS Ha pacTsHKeHUe-
C)KaTue, B CHIIy MPSIMOTO 1be303(deKTa, Ha AMEKTPOAaX BOZHHUKAIOT JJICKTPHUCCKHE
3apsabpl, CO3/AaBasl  DIEKTPUYECKOE TI0Jie  HalpsbKeHHOCThio  E;.  Bennuunna
HANPSOKEHHOCTH  AJIGKTPUYECKOTO IO 3aBUCUT OT HAIMPABICHUS TOJISIPU3AINH
MTbE30CTEPIKHSI ¥ BEJTMYMHBI BHEIITHETO J1aBIICHUSI.

OCHOBHBIE ypaBHEHUS IbE30CPEIbl ISl CIydasl MOJSIPU3ALNNN TTHE30CTEPKHS
UMEIOT creayrommii Bua [1,2]:

011 =C1&, +C 6y +C a5 — 6 By,
0,y =C&), +C &y, +C 3655 — 65 5,
033 =C36), +C 36y, +C3&3; —€33E,,
1
Oy, = E(Cll —C1p)&1; =Cyias
(1)

T3 = Cua€r3 — €56y,
031 = Cyuéy, _elsEl’
D, =¢FE +e5,

D, =¢E, +& ¢,
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D, =&E; +6;,(¢, +&,,) + 65585,
TAe C, — YUPYrue NOCTOSHHbIC Ibe30MATEPHANA; ¢ — MEXAHHYECKHE HANPKEHUS;

€:— IIbC303JCKTPHUUYECCKHUE IIOCTOSHHBIC, 5i— JAUDJICKTPHUYICCKAasA MPOHUIACMOCTDH

i
cpenbl; g - pedopmauuu;  E,—  KOMIOHEHTBI ~ BEKTOpA  HANPSIKCHHOCTH

BJIEKTPUIECKOro Mmotst; D, — KOMIOHEHT BEKTOpa ICKTPHYCCKON HH/yKIIHH.
VYpaBHEHNS CTATHUECKOTO PABHOBECHUS B HANPSIKEHHUSIX UMEIOT BT [3,4]

oo, oo oo,
n, % %%

OX oy /4
oo, N 00,, N 00, _0

ox oy o 2
oo, N 00,, . 003 _ 0

ox oy oz ’

rotE =0, divD =0.

Ha ocHOBe mpejcTaBlieHHBIX ypaBHEHHH B paboTe paccMaTpHUBAIOTCS TPH
BapHaHTa B3aUMO/ICHCTBYSI BHEIIHEH HATPY3KH ( HA THE303JICKTPUIECKUH CTOTIOUK.

Bapuanm N1
PaccmatpuBaercs mpe30cTep:keHb BbICOTON H, monsapu3oBaHHbIi BIOAL OcH Z

(puc. 1).

0

P
Ay a— AN
JJ. r
L L4 « LA
*z
Ty

Puc. 1. Ilonapuszayus nvezocmepoichs no OnuHe

TOpLICBLIe MOBEPXHOCTHU MBE30CTEPIKHA DIICKTPOJUPOBAHBI. Ha BEPXHIOIO

o H
TOPLEBYIO IIOBEPXHOCTD ACHCTBYET Harpy3Kka q[ﬁ]

B
E3:EZ — BCJIMUMHA HAIIPSKCHHOCTHU SJICKTPHUUICCKOI'O ITOJIA [ﬂ]’ BO3HHUKaAromas oT

mbe303¢h dexra.
B yka3zaHHOI1 nocTaHOBKe 3a1a4n ypaBHeHUs (1) IpUHUMAIOT BUA
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O3 = Cy363; — €336,

D, =¢,E; +e,6,.. 3
YpaBHeHus paBHOBeCHUS (2) IPUHUMAIOT BUJ
oo
—3 =0, “4)
oz
rae 05, =0Q. (5)
y‘-II/ITbIBaﬂ COOTHOLUCHUA AJIsd I/IHIlyKI_II/II/I BHGKT'pI/I‘-ICCKOFO I10JI1
_ oD
divD =0, Te. — + oD, , D, =0, (6)
oy oz
creayeT
oD
—= 03 (7)
0z
Te. D;=A

VYpasuenus (3) ¢ yaerom (5) u (7) npuMyT CIeTyIOLUINA BUA:
€;E; =Cy633 -0,

A=cE +e.e,. ®)
U3 Broporo ypaBHeHus (2) cneayer
A ¢
&,=—+—E,.
€5 &
[Moncrasmnsis mocneaHee BBIpaKEHHE B IEPBOE ypaBHEHHE (8), clienyeT
A ¢
£33E; =Cyy(—+—E;))—q. )
33 U3

M3 (9) BuaHO, YTO MpH OTCYTCTBUH BHENIHETO NaBieHus (q=0) HanpsKeHHOCTh
anexkTpudeckoro noist E; = 0, a cnenoBatensHo, mocTossHHAS A=0).
B pesynbraTe BoipakeHue (9) mpuMeT cleayomui BUI:

e2 c
33 33 _
C33&3 €33
eZ
e BemmunHa —>— = X, ABIAeTcs KOO(DQUIMEHTOM dIeKTPOMEXaHHUECKOH CBS3H
C358;

nbe3oMarepuraia u, Kak BUJAHO, 3aBUCUT OT €ro @HSHKO-MGX&HH‘{GCKI/IX KOHCTaHT. B
HUTOI'C BBIPAKCHUC CBA3U MCXKIAY BHEIIIHEH Harpy31<0171 U HAIPsSHKEHHOCTBIO
DJICKTPUYCCKOTO ITOJIsI UMECT BUL
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€53 1

E.=— .
e 14 X,

(1D
Bapuanm N2
Ha puc. 2 nokazan ciyuail 1eficTBUSI BHEIIHEN HArpy3Ku B HalpaBJIEHUH OCH X,

T.e. 0, =(

EE
Q& o = F
il 4 L

Tz
Puc. 2. Ilonapuzayus nve3ocmepoicHs no moawjune
VYpasuenns (1) umerot Bu
0, =C,&, —€;E;,
D, =&E;+e,¢,,
D, _,
oz
Crnenys B najpHeHIIEM METOIMKE, TOKa3aHHON B BapuanTe N1, OKoHUaTeIbHOE
BBIpa)KCHHE MPUMET BUT

e 1
E,=——————q, (12)
C,& 1+ X,
2
e
e X,=—1. (13)
C &
Bapuanm N3
EZ

- -y

x* Tz

Puc. 3. [onapuzayusa nbe30cmepicHsa no wupuue
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Ha puc. 3 nokasan ciay4aii 1efiCTBHs BHELIHEW Harpy3KH B HalpaBJIEHUH OCH Y,
T.e. 0,5, =(.
CrnenoBarenbHO, ypaBHeHus (1) mpumyT BUA
0y, =C &5, —65E;,

D, =&E; +6,65,

o,
0z
Crnesyst METOUKE, TIPUBEJICHHOM paHee, OKOHYATEILHOE BHIPAKEHHE TIPUMET
BH
e 1 e
E,=——L-——-q, re X,=—.
C & 1+ X, Ci &3

[IpencraBieHHbIe pe3ysnbTaThl MOTYT HWMETh IMPAKTHYECKOE 3HAYCHHE IPU
NPOEKTHUPOBAHUU MEXaHU3MOB MHUKPOIMEPEMELICHHS, B KOTOPBIX B KA4eCTBE MPUBOIA
JUHEHHBIX MTEPEMEIICHUN MOYKET MCITOJIb30BATHCS MTHE30CTEPKEHb [6,7].

B pabore mpemnaraercs mMpoeKkT MpHOOpa-“Ihe30KOBPUKA”, TO3BOJISIOICTO
OTPENIeNINTh 3aKOH PACHpPEICTICHUsT HAarpy3KH 10 TOBEPXHOCTH CTOIBI YeJIOBEKa U
HPOBOJIUTH TUATHOCTUKY ILIOCKOCTOIIHSL.

Ha puc. 4 npencraBneHa cxema “Nbe30KOBPHKA”, TPEICTABISIONIETO COOON
IUTACTUKOBBI WJIM PE3UWHOBBI KOBPHK, B KOTOPBIH BCTAaBICHBI C OOJBIIONH
MOBEPXHOCTHON TUIOTHOCTHEO TIHE30JATYHKH, BBHIMIOJHEHHBIE B BHJIE CTOJOHKOB
muamerpoMm @1,5 ... 2 mm n BBIcOTOM 15...20 Mm.

Nbe30KOBPpUK
nbesocTon6uKH

FonyGom oTmevers
QOCOAOC S HOToD
lelolo/00/0/0® KOCOIOTCR 3EMTH
lele]e)0/0/000) ocTasAnor
QOO0 —~ creau

OO0 Narepansiuih npogonmmd cooq —
QOO0 .

QOOOOO0
QOO0
OOO0O0O0000

cTon

Puc. 4. Cxema nbe30K06pPUKO6 07151 OUACHOCMUKU NIOCKOCMONUS

[Tbe30KOBpPHK MOXKET OBITh HCIIOJIb30BAH JIJISl U3TOTOBJICHHSI WHIUBHUIYaIbHOM
oproreu4eckoi 00yBu. Pe3yibTaThl MCCiIe0BaHM MOTYT ObITh aHAJIM3MPOBAHBI C
MTOMOIIBIO KOMIIBIOTEPA, TIOCKOJIBKY Ha ““BBIXOJIE” TIOIYYaeTCs ANEKTPUIECKUI CUTHAI
B BUJIC HAIPSHKEHHOCTHU DJIEKTPUUECKOTO TTOJIS.

3akniouenue. Ha 6aze OCHOBHBIX ypaBHEHHH IMbE30CPEIbl, C YUETOM ITOCTAHOBKH
3aJlaud HMCCIICAOBAHMS HAINPSHKCHHO-IC(POPMUPOBAHHOTO COCTOSHHS MTHE30CTEPIKHS,
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NOoJIyd€Ha MaTEMaTH4YCCKasl CBA3b MCKIAY HeﬁCTBy}OHlHM JIaBJICHHEM M BEIUYHMHOM
BCKTOpa HAIPSIKECHHOCTH  JJICKTPHUYCCKOIO  ITOJIA. DTO TO3BOJSIET MIPUMCHSATH
NbE30CTCPIKECHL B KAaUCCTBE JaTUHKa yCI/IJ'II/Iﬁ JAaBJICHUA [4], a TAaKKC€ B KadCCTBC
NbE30IIpUBOJAa B MEXaHU3MaX JIMHCHHBIX HCpeMeH.lCHHﬁ. Hpezmox(eﬂa cXeMma
NbE30KOBpUKa i1 JUArHOCTHKHU IIJIOCKOCTOIIHA, a TAaKKE MOACIUPOBAHHUA (bOpMI:I
CTOIIBI.
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INVESTIGATING THE STRESS-STRAIN STATE OF A COMPRESSED
PIEZOELECTRIC ROD

M.V. Belubekyan, M.G. Sargsyan., Ts.M. Smbatyan

Modern micromechanics effectively integrates mechanical, electronic, computer systems
into single devices which makes it possible to reduce the sizes of the devices created. This
contributes to the development of such important directions of technology as mechatronics,
biomechanics, in which much attention is paid to the development of microrobots, mechanisms
of microtranslations, micromanipulators. In the mentioned mechanisms, piezomaterials are
widely used as actuating elements, made in the form of rods, disks, rectangular plates, working
on compression-stretching, bending, and shearing. The operetion of piezoelements, piezo
drives, piezo actuators is based on the use of direct or reverse piezoelectric effects: the direct is
the appearance of an electric charge in the deformation of a piezoelectric element, the reverse-
linear change in the size of a piezoelement when the effective electric field changes. The
advantages of piezoelements over known mechanical systems are obvious. These are: small
size, ability to provide micro-displacements, high positioning accuracy, speed, operation in
statistical and dynamic modes, simplicity of design, stable operation at elevated temperatures
and finally high strength. The use of piezoelectric elements in various devices requires the
study of their stress-strain state depending on the action of the electric field. In the presented
work, the project of the device for diagnostics of a flat-footed patient is offered. A piezocoupe
is a rubber dielectric mat in which piezoelectric rods of circular cross section, working in the
mode of pressure sensors, are inserted with a large surface frequency. Due to precise modeling
of the foot shape, the knowledge of the law of load distribution over the foot surface makes it
possible to individually select the shape of the instep. The accuracy of the instep suppressor
further reduces the further development of the flat feet, improves the blood supply to the foot
and the lower leg, and softens the inevitable fluctuations at walking.

The problem of the dependence of the electric field strength on the external load, acting
along the axis of the piezoelectric rod is discussed. Three cases of the action of an external load
in three directions of the coordinate axes of the rod are investigated. These problems are solved
on the basis of the basic piezo-environment equations for the case of polarization of the
material along the axis of the rod. The results are compared and analyzed. The practical
application of research results is offered.

Keywords: piezo-column, longitudinal deformations, electric field strength, piezo-carpet,
flat-feet.
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