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PaboTa nocesieHa pa3paboTke KOHCTPYKLUU
oTpa)kaTesIbHOro 3/1IeMeHTa Al aMMJITYAHOro
BOJIOKOHHO-ONTUYECKOro AaTt4ynka sBubpauuu,
a TakXe TecTUpoBaHuio paboTocnoco6HOCTU
TaKoM KOHCTpYKLMU. B paboTe onncaHa
MaTtemaTuyeckas Mozesib MNonepeyHbIX
KonebaHwuii, noMoratowas onpeaenuTb
4YacToTbl pe3soHaHca B 3aBUCUMOCTU OT AJIUHbI
cB060AHOro Bo/IoKHa. PeannsoBaHa
oTpaxalollas NOBepXHOCTb, NpeAcTaBasowas
co6oi nepuoamnYeckyto CTpyKTypy HMo6arta
JINTUS M YHaCTKOB, MOKPbITbIX 30JI0TOM.
MpepcrtaBneHa KOMMNOHOBKA U KOHCTPYKLUS
AaTyuka Bu6paLmnm € BO3MOXHOCTbIO
nepecTpomKu 4acToTbl pe30HaHCa, a TakXe
npoAeMOHCTPUpOBaHa 3KCNepuMeHTasbHas
cxema. CurHan, Nosly4eHHbIN NpU NOMOLLU
OMnMCaHHOM cxeMbl, NogaaeTcs o6paboTke
npeo6pasoBaHus dypbe, paccyUTaHHbIe
4acToTbl COBNAAAIOT C YacTOTaMu KosebaHui
MUCTOYHMKA BU6paumin. MonyyeHa aMnNaUMTygHO-
YacToTHas xapakTepucTuKa, 4YactoTa pesoHaHca
KoppenupyeT € YacToTaMu, Noly4eHHbIMU
MaTemaTuyeckon mogenbto (kosdpuumeHT
Koppensiuum NMupcoHa paeeH 0,977). PesynbTaThbl
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This work is devoted to the development

of a design of a reflective element for an
amplitude fiber-optic vibration sensor, as well
as testing the performance of such a design.
In the presented work, a mathematical model
of transverse vibrations is described, which
helps to determine the resonance frequencies
depending on the length of the free fiber.

A reflective surface is implemented, which

is a periodic structure of lithium niobate

and areas covered with gold. The layout and
design of a vibration sensor with the ability
to tune the resonance frequency is presented,
and an experimental circuit is demonstrated.
The signal obtained using the described
circuit lends itself to Fourier transform
processing, the calculated frequencies
coincide with the vibration frequencies

of the vibration source. The amplitude-
frequency characteristic is obtained, the
resonance frequency correlates with the
frequencies obtained by the mathematical
model (Pearson’s correlation coefficient is
0.977). The results of the implementation of
this development are important for a new
interdisciplinary direction — agrobiophotonics,
provide a key to a more subtle and accurate
study of animal vibration sensitivity and
plant vibrotropism.



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
BN FIBER OPTIC DEVICES & TECHNOLIGIES
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

peanusaumm HacTosLwen pa3paboTku BaXKHbl Ans
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BBEOEHWE

[ToTpe6HOCTh TEeXHHYECKHUX YCTPOMCTB B JaT4H-
Kax CTPeMHTE/JIbPHO pacTeT B CBS3H C Pa3sBUTHeEM
UHGOPMAIIMOHHO-U3MEPHUTENbHBIX CHCTEM, aBTOMa-
TH3UPOBAHHBIX CHCTEM KOHTPOJIS U yIIpaBIeHUS IIPo-
HU3BOACTBOM. IIOMHMO BBICOKMX METPOJIOTHYECKHX
XapaKTepUCTUK JATUUKHU LOJKHBI 001a1aTh TAKUMU
CBOICTBAMH, KaK MaJblHi Bec, Hebonplre rabapuThl,
Manas notpebiasemMasi MOIIHOCTb, COBMECTHMOCTb
C MHKPO3JeKTPOHHBIMH YCTPOMCTBAMH 00paboTKH
nHOOpMALMK. JTUM TpebOBAaHUSIM B MaKCHMasb-
HOII CTeIleHH YA0BIETBOPSIIOT BOJIOKOHHO-OIITUYECKHe
matyuky (BOJ) [1,2].

BOJl 3a4acTyio BBIIIOJIHSAIOTCA M3 MaTepHajoB,
SBJISIIOIIUXCS  JUIIeKTPUKAMH, UYTO HCKIIOYaeT
PHCK BOSHUKHOBEHMS HCKPbl U Kak CJIe[CTBHEe BO3-
rOpaHMs, CaMO >Ke BOJIOKHO YCTOMYHBO K KOPpPO3UU
U paguauuu. Takke mpousBoAcTBo BOJ] xapakre-
pHU3yeTcd XOPOUIMMHK IIOKas3aTelasIMH IIPOH3BO-
JUTEIBHOCTH M HHM3KOM CTOMMOCTbIO. BOJI MoOTyT
HaXOOUThCS Ha OOJBIIOM PACCTOSHHUH OT KOHTPO-
THpyeMoro o6beKkTa, BO3MOXKHO II0C/IeJ0BaTeIbHOe
coelMHEHHe MHOXeCTBa UyBCTBUTEIbHBIX 3IeMeHTOB
B OOHY JIMHHIO, CYIIECTBYIOT TaKKe pacIpefeneH-
Hble BOJIOKOHHO-OIITUYeCcKHe maTyukd [1, 3-5]. Oco-
OeHHO MHTEpeCHO UX HCIIOb30BaHME B TAKOM HOBOK
MEXKIOUCUHUIUIMHAPHON 006J1acTH, KaK MOHUTOPHHT
aKyCTHU4ecKuX Ioserd Gnopbl U (ayHBl Pa3THYHBIX
IIPUPOIHBIX JTOKALIME (B 061acTy QU3HOIOTHH U pery-
JSIAM POCTAa PACTeHHH, 300JI0THH, arpobrodoro-
HUKH, aKBaKY/IbTypbl, MPOAYKTHUBHOCTH MOJIOYHOIO
SKUBOTHOBOZCTBA U T. II.).

Tak, HM3BeCTHO, UYTO PAaCTeHHS YyBCTBHUTEIbHBI
K BHOpaLlUM BOJbI, I[IOYBBI, HACEKOMBIX - OIIBI-
AuTenel HaceKOMBIX, I[OeJAIOUIUX pacTeHUs,
U pearupyloT Ha 3TH BO3LEHCTBHEe [BHKEeHHEM -
TPOIIM3MaMU U CUHTE30M IIPOTEKTOPHBIX MeTabonu-
TOB [6, 7]. B 4aCTHOCTH, CpeJl KOPHEBBIX TPOIIM3MOB
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INTRODUCTION

The demand for sensors is growing rapidly due to
the development of information and measurement
systems, automated control systems and production
management. In addition to high metrological char-
acteristics, the sensors should have such properties
as low weight, small dimensions, low power con-
sumption, and compatibility with microelectronic
information processing devices. These requirements
are met to the maximum extent by fiber-optic sensors
(FOS) 11, 2.

FOSs are often made of materials that are dielec-
trics, which eliminates the risk of sparks and, as
a result of fire, the fiber itself is resistant to corro-
sion and radiation. Also FOSs have good performance
and low cost, can be located at a great distance from
the controlled object, it is possible to serially con-
nect many sensitive elements in one line, there are
also distributed fiber-optic sensors [1, 3, 4, 5]. Their
use is especially interesting in new, interdisciplinary
areas: for example, in monitoring the acoustic fields
of flora and fauna of various natural locations (in the
field of physiology and regulation of plant growth,
zoology, agrobiophotonics, aquaculture, productivity
of dairy farming, etc.) distributed sensors operating
on ultra-weak backscattered signals and requiring
complex signal processing are almost not applicable.
In such cases, the best practical solutions would be
either quasi-distributed sensors or point sensor arrays.
Quasi-distributed sensors require a rather serious and
expensive hardware base, while simple point FOSs
can be the optimal solution.

Thus, it is known that plants are sensitive to vibra-
tion of water, soil, insects-pollinators, insects that eat
plants and react to these effects by movement, tro-
pisms and the synthesis of protective metabolites [6, 7].
In particular, among root tropisms, the movement of
plants in the direction of vibrations generated by
flowing water was found, but the sound recording of
flowing water did not cause such a reaction, therefore,
the plant reacts to low-frequency mechanical vibra-
tions [6, 8]. However, the absence of highly sensitive
sensors, the operation of which does not depend on
external electric fields and electromagnetic oscilla-
tions, sound interference, high humidity and the
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obHapy>KeHO ABMKEHHE PaCTeHHM B HaIlpaBIeHUHU
Bubpanyi, o6pas3yeMbIX TeKyIleH BOLOM, HO 3BYKO-
3aIIMCh TeKYyIer BOABI TAKOM PeaKIMH He BBI3bIBAJIA,
C/le0OBaTeIbHO, pacTeHHe pearnupyer Ha HH3Koda-
CTOTHBIe MexaHH4ecKue KojebaHus [6, 8]. OgHaKoO
OTCYTCTBHE BBICOKOYYBCTBUTEJNBHBIX [JATUHUKOB,
paboTa KOTOPBIX He 3aBUCHUT OT BHEIIHUX IIEKTPHU-
YeCKUX II0JIeH K 3JeKTPOMAarHHUTHBIX KojnebaHHUH,
3BYKOBBIX IIOMEX, BBICOKOM BJIaKHOCTH M YIPO3BI
OHOIIOBPeskAeHUN, OTPAHHUYKBAET Pa3sBUTHE TAaKHX
MCCIefloBaHUM. TakKe K3BeCTHA YYBCTBHUTENIb-
HOCTb >KMBOTHBIX K BHOpALlUSIM M HeperyasipHbIM
MeXaHUYeCKUM KojlebaHHUSIM, BBI3BAHHBIM [py-
TMMH KUBBIMH CUCTEMaMHU, a TAKKe IIPUPOIHBIMHU
[ aHTPOIIOT@HHBIMU SIBIEHUSIMH, TAKUMHU KaK TeK-
TOHHUYeCKHe SBJIeHHUS, IPHUPOAHBle, OHOreHHBIe
Y TeXHOTeHHBbIe KoebaHUS 3eMIU U BOJHOM CpPelbl.
OcobeHHO BakHBI OHU Iisi TUApobuoHTOB [9, 10].
JlaHHbBIe SBJIeHUS TaKKe HeLOCTAaTOYHO H3y4eHH,
a UX [IOHUMaHUe, KpoMe HOBBIX PyHAaMeHTaTbHbIX
3HAaHUM, LAeT BO3MOXKHOCTb HCIIOTIB30BAHUS [JIsS
IIOBBIIIEHUS IIPOAYKTUBHOCTH CeJIbCKOXO35HCTBEH-
HOTI'O IIPOHM3BOZICTBA.

Pe3yynbpTaThl peaNH3alMKd HACTOSIIEH Ppaspa-
60TKM SIBASIOTCS BaKHBIMH [JISI HOBOI'O MeXKIHC-
LUIUIMHAPHOrO0 HAIIpPaBIeHUs - arpobHoOTOHUKY,
JAI0T KII0Y K 6071ee TOHKOMY U TOYHOMY H3y9eHHUIO
BUOPOYYBCTBUTENBHOCTH >KHUBOTHBIX M BHOpOTpO-
IIM3Ma PacTeHUM, K UCIIOTIb30BAHUIO JAHHOrO beHo-
MeHa ISl YIIPaBJIeHHUs POCTOM U IIPOAYKTHUBHOCTBIO
KYJIBTYPHBIX PACTeHHIH KaK B YCIOBHUSX CBETOKYJIb-
TYpBl, TaK U B YCJIOBHSX OTKPBITOTO TPYHTa, pa3Be-
IeHHeM U yBelHYeHHeM IIPOLYKTHUBHOCTH CeIbCKO-
XO3SFCTBEHHBIX JKUBOTHBIX M AaKBAKY/IBTYPBHIL.

JlanpHENIINM HaIlpaBleHHeM PaboThl SIBISETCS
peaynn3anysi KOHCTPYKLMH C BO3MOXKHOCTBIO Peru-
CTpaluu ABYxX ocel Bu6pamuu. Takke B pabore [11]
6pUIa IIPOJEeMOHCTPUPOBAHA BO3MOXKHOCTH MYJIBTH-
IIJIEKCUPOBAHUSI, KOTOpass MOXKeT OBITH afalTHPO-
BaHa IIOf ITPe[CTaBIeHHBIN YYBCTBUTENIBHBIN 3JIe-
MeHT, 4YTO OTKpBIBaeT BO3MOXKHOCTb Aa/IbHEHIIel
MOZEpPHU3ALUH.

[1s pemreHHsI 3afady MOHHUTOPHHIA AKyCTHYe-
CKUX ITonell ¢ropel U GayHBl TeXHUYECKH CIOKHO
HCII0JIB30BATh YCTPOMCTBA Ha OCHOBe paclpefe-
JIEHHBIX CEHCOpOB, paboTalomMX Ha CBepXCIabbIxX
CUTHajax oOpaTHOrO paccesiHHs, KOTOpble TPeOyIoT
CJIOKHOM 06paboTKu s monaydeHUs HHopMa-
LMK, B TakUX Clydasx Jy4dIIHMMH NPaKTHYeCKUMU
pemeHUsIMH 6ymyT nubo KBasupaclpeneneHHbIe
OATYUKH, 1100 MacCUBBL TOUEUYHBIX CEHCOPOB. KBa-
3upacrpezieieHHble JATUUKK TPebYyIOT AOCTATOYHO
Cepre3HOM U [OPOTOCTOSAINEeN ammapaTHOW 6as3sl,
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threat of biodeterioration, limits the development of
such studies. The sensitivity of animals to vibrations
and irregular mechanical vibrations caused by other
living systems, as well as natural and anthropogenic
phenomena, such as tectonic phenomena, natural,
biogenic and technogenic vibrations of the earth and
the aquatic environment is also known. They are
especially important for aquatic organisms [9, 10].
These phenomena are also insufficiently studied, and
their understanding, in addition to new fundamental
knowledge, makes it possible to use them to increase
the productivity of agricultural production.

In measuring technology, the most simple to pro-
cess the output signal are FOSs based on amplitude
modulation of the signal. Amplitude modulation
schemes impose practically no special requirements
on the source or receiver of radiation [3,12]. Also, FOSs
need an additional circuit that processes the output
signal of the sensor, since the amplitude-modulated
signal is directly recorded using a conventional pho-
todetector [1,13]. In [3], the physical foundations of
amplitude modulation methods are considered in
detail, the issues of constructing amplitude sensors
and their classification are also considered.

In open-type fiber optic sensors [1], the reflective
surface is the most complex and expensive part. The
reflective surface is susceptible to shape distortion
and degradation of reflective characteristics against
a background of temperature fluctuations, which can
severely degrade sensor performance. In this regard,
the problem of creating a reflective element for FOSs,
which have a simpler design and low production cost,
remains urgent.

A number of works are known aimed at optimizing
the circuits of fiber optic sensors with a lens [14-24].
The authors of these works carried out mathematical
modeling, which makes it possible to determine the
design parameters of fiber-optic converters, at which
these designs are the most sensitive.

There are works [25-27] to improve the known from
the literature designs of fiber-optic converters of the
reflective type, in which modulation is carried out by
changing the position of the (mirror) reflecting sur-
face, such designs are mainly used in pressure sensors.
In these works, computer modeling and experimental
studies were carried out in order to improve the metro-
logical characteristics, reduce optical losses, increase
the sensitivity of the presented structures with vary-
ing geometric and optical parameters.

Also of great interest are works devoted to modeling
the parameters of fiber-optic converters with a reflec-
tive attenuator [24], this design is a periodic struc-
ture. Analyzing the simulation results, the authors
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B TO BpeMs KaK IIPOCThie ToueuHble BOJ| MOTYT CTaTh
OITHMaJIbHBIM pellleHHeM.

B M3MepUTeNnpHOM TeXHHKe Haubosee IIPOCThIE
BO/ B 06pa60TKe BBIXOJHOTO CHMIHa/Ia CYHTAIOT
Te, KOTOpble OCHOBaHBl Ha AMIUIMUTYAHOM MOZYJIS-
uui. CxeMbl aMIUIMTYOHOH MOIYIALMH He Mpegb
SBJIIIOT IIPAKTHYeCKHM HHUKaKHUX CIIelHaJlbHBbIX
TpeOOBaHUI K HMCTOUYHHUKY HIM K IIPHEMHHUKY H3/y-
yeHHUs [3, 12]. Tarke BOJ| HYKXAAIOTCA B OOIONHU-
TeJIBHOM cxeMe, 00pabaThIBaOIIer BEIXOAHOM CUTHAII
JAaTYMKa, TaK KaK aMIUIUTYLHO-MOAY/IHPOBAaHHBIN
CHUI'HaJ/l HeIIOCPeACTBEHHO PeruCTPUPYEeTCs C IIOMO-
mpio obprvHOro porormpueMHuKa [1, 13]. B pabote [3]
noApobHO pacCMOTpeHBl GpU3HUeCKHe OCHOBBI CIIOCO-
00B MOAYISIIMU aMIUIATYAbl, TaKXKe PacCMOTPeHBI
BOIIPOCHI IIOCTPOEHMSI aMIUIMTYOHBIX JATUHMKOB U KX
KIaccupuKanus.

B BOJIOKOHHO-OIITUYECKUX OATYMKAX OTKPBITOTO
TUna (1] oTpaskalomias IOBepXHOCTDb ~ CaMas CIOXKHas
U Joporas 4acTb. Popma U ee OTpaskarolire CBOKCTBA
IIOABEP>KeHBI HeIlpeaCcKa3yeMbIM H3MeHEeHHSIM M3-3a
TeMIIepaTypPHBIX QIyKTyallUM, YTO MOKET Pe3KO CHH-
3UTh 3QPEKTUBHOCTh JaTUYHKA. B CBA3H C 3THUM aKTy-
ajibHa 3aJjaya CO3JAHMS OTPasKaloLlero 1eMeHTa i
BO/I, koTopble UMeI0T 6ojiee IIPOCTYI0 KOHCTPYKLIUIO
Y HM3KYI0 CTOMMOCTD IIPOM3BOACTBA.

HccnemoBaHMAMKM B 3TOM HaIlPaB/JeHHH HAYT
I10 IIYTH IIPOBeJeHUS MaTeMaTHYeCKOr0 MOJe/INPOBa-
HUS KOHCTPYKUKH BOJI ¢ 1enbio mofbopa ONTHMalIb-
HBIX [IapaMeTPoB, 00ecreYHBAOMNX MaKCHMATbHYIO
YyBCTBUTETIBHOCTD [14-24], 1 10 IyTH CO3JaHUS CTPYK-
TYphl OTpakaTeJbHOTO 31eMeHTa [25-27]. H3BecTeH
psn paboT, HampaB/leHHBIX Ha ONTHMH3AIHIO CXeM
BOJIOKOHHO-OIITUYECKHX OATUYMKOB C JTHUH30H [14-19].
Pe3yiabTaThl MAaTe@MAaTHYECKOTO MOJEIHPOBAHUSA
IIO3BOJIM/IM II0A0OpaTh Takue paboure MapameTpsl
BOJIOKOHHO-OITHUYeCKUX IIpeobpa3oBaTesieli, KOTOPhIe
obecrieyrBaOT MaKCUMaJIbHYIO YYBCTBUTEIbHOCTD.

B paborax [20-23] 110 yCOBepIIEHCTBOBAHMUIO KOH-
CTPYKIIMF BOJIOKOHHO-OIITHUYECKUX ITpeobpa3oBaTenen
OTPa’KaTeJIbHOTO THIIA MOAY/IALMSA OCYLIeCTB/ISETCS
6rarogapsi M3MeHEHHUIO IIOJIOKEHHUSI OTpaskaloler
(3epKa/IbHOM) IOBEPXHOCTH, 3TO B OCHOBHOM JaTUHKH
naBreHUsi. B paboTax MpeAcTaBlIeHbl pe3yl1bTAThI
KOMIIBPIOTEPHOIO0 MOZEIHPOBAHUA M SKCIIePHUMEH-
TaJIbHBIX MCC/IeJOBAHUM XapPaKTePUCTHK JaTYHKOB
IIpY BapbUPOBAHUU HX TFeOMETPUYECKUX U OIITHYe-
CKHUX I1apaMeTpoB. Pe3ysbTaToM paboT CTasIo yirydlle-
HHe METPOJIOTHYEeCKMX XapaKTePUCTHUK, CHHKeHHEe
OIITHYECKHX II0TePhb, YBeIMYeHHE YYBCTBUTEIBHOCTH
JaTYHKOB.

VHTepec MPeACTABISIOT Pe3yJbTaThl paboTHl,
IIOCBAILIEHHBIE  MOJEIHPOBAHHIO  IIapaMeTpPOB

=

of [24] have chosen the optimal parameters of the
fiber-optic converter, which provides the maximum
sensitivity.

The cited works [14-24] are of interest in terms of the
theoretical foundations for modeling amplitude fiber-
optic converters (FOCs), which can be used to simulate
new FOCs. In addition to works aimed at optimizing
the structures that have become standard by vary-
ing design parameters in order to increase efficiency,
there are known works that are aimed at improving
the efficiency of the FOCs by changing the structure of
the reflective element [25-27].

The authors of the patent for a fiber-optic microdis-
placement sensor [28] proposed the design of a reflec-
tive element in the form of a flat relief element (Fig. 1),
aimed at increasing the sensitivity by reducing optical
losses by matching the mode structure of the reflected
radiation with the receiving fiber. The radiation beam
formed by the light guide 1 is converted by the reflec-
tive element 4 and excites the radiation in the light
guide 2. External influences leading to the movement
of the reflector 4 cause the intensity modulation of the
directional modes of the light guide 2.

The work presents formulas for calculating the
height of the relief of the reflecting plate and the
total size of the reflecting element. However, this
reflective element is difficult to manufacture due to
its specific shape. The authors of this patent did not
present a solution to the design of the sensor in which
this reflective element can be used. It is not clear from
the description of the patent what the transforma-
tion mechanism looks like; therefore, the limits of
applicability and sensitivity of such a FOC are not so
obvious.

The authors of the patent “Reflective element for
fiber-optic sensor” [29] solved the problem of low
sensitivity by manufacturing a reflective surface in
the form of a multistage reflective element Fig. 2,
however, such a design can hardly be called easy to
manufacture, although it is performed by etching,
the creation of attenuator zones is strictly regulated by
an angle of 70 degrees.

The invention is based on the back reflection of
a beam from a glass surface with areas of different
reflection coefficients and the passage of this beam
into the fiber. When vibration occurs, the end of the
fiber begins to vibrate, as a result of which it deviates
from its original position. When crossing the bound-
ary of the section, the intensity of the reflected beam
changes and, falling back into the FOS waveguide, is
detected by a photodetector.

In [30], a fiber-optic sensor is presented that uses
a transmissive grating of a periodic structure, a mir-
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BOJIOKOHHO-OIITHYeCKHX IIpeobpa3oBaTesiert C OTpaska-
TeJIbHBIM aTTeHI0OATOpoM [24]. BHHMMaHMe obOpalieHo
Ha MOJe/lHpOBaHHEe I1apaMeTPOB IepHOJHYecKOk
CTPYKTYpBl, KOTOPble IIPHUIAIOT AATYUKY MaKCHMaIb-
HYIO YyBCTBUTE/IbHOCTb.

Pe3ynbTaThl pabor [14-24] 110 TeopeTHUECKUM OCHO-
BaM MOME/IHPOBAHUS aAMIUIUTYAHBIX BOJIOKOHHO-
ONTHYeCcKUX IpeobpasoBarterneil (BOII) MoryT ObITH
KCIIO/Ib30BaHbBI /11 MOJEINpPOBaHUS HOBbIX BOII.
Kpome yBenudeHus sddexTrBHOCTH BOIl myTem
ONTHMHM3ALHNK Pabounx ITapaMeTpoB KOHCTPYKLIHI,
CTaBIIMX YK€ CTaHOAPTHBIMH, K3BEeCTHBI PaboTHI,
HCIIONB3yIOIe HM3MeHeHHe CTPYKTYpBl OTpaskaTeslb-
HOTO IeMeHTa [25-27].

ABTOpaMHM IaTeHTA BOJIOKOHHO-ONTHYeCKOro MAat-
YMKa MHUKpoIlepeMelleHHUH [28] 6pula IpelioskeHa
KOHCTPYKIIHSI OTPasKaTelbHOTO 37eMeHTa B BHUJe IIJI0-
ckoro penbedHOro anemeHTa (puc. 1). B Hel MOBBHI-
IIeHHe YyBCTBUTEIBPHOCTH HMET 33 CUeT CHHKeHUS
ONTHYECKHX IIOTeph IyTeM COIJIACOBAHHS MOJOBOM
CTPYKTYPbl OTPa’K€HHOTO H3JIyYeHUsI C IPUEeMHBIM
CBeTOBOZIOM. IIy4oK HM3/1ydeHHs], GOPMHUPyeMBbIH CBe-
TOBOZOM 1, Ipeobpasyercsi OTpaskaloIUM 3TeMeH-
TOM 4 U B030y>KHaeT M3/yuyeHHe B CBeTOBoJe 2. BHem-
HHe BO3IEeHNCTBUS, IPUBOASIINE K IepeMelleHHI0
oTpakaTessi 4, oOyclIaBIMBAIOT MOIY/ISLIUIO HMHTEH-
CHUBHOCTH HaIIpPaB/IeHHBIX MOJ, CBeTOBOA 2.

B pabore mpuBeseHEl GOPMY/IBI PacueTa BBICOTHI
penbeda OoTpaskaroller IJIACTUHBL U 00IIero pasmepa
oTpaskalolllero 3neMeHTa. Ho M3-3a crenudHUYIHOM
GOpMBI JAHHBIF OTPa’KATeNIbHBIH 3JI€MEHT CIO0XKHO
M3TOTaBIMBaTh. ABTOPHL [28] He IpeACTaBUIN KOH-
CTPyKTHUBHOe pelleHHe JaT4YHKa, B KOTOPOM MOXKET
GYHKUHOHUPOBATh [JAHHBIM OTPa’kaTeJbHBIM 31e-
MeHT. M3 OIMCaHHUS IaTeHTa HesICHO, KaKUM obpa-
30M BBIITIIOUT MeXaHH3M IIpeobpa3oBaHHUs, II03TOMY
He TaK OYeBHUJHBI I'PAaHHULBI NPUMEHUMOCTH U UyB-
CTBUTEIBHOCTb TAKOI'O B. 0. II.

ABTOpPBI [29] 3aKkpemuaud CBOe KOHCTPYKTHBHOE
pelreHme ceHcopa mateHToM «Reflective element for
fiber optic sensor». B HeM IpeAIOKeHO HCIIOIB30-
BaTb MHOIOCTYIIEHUaTbIM OTpaskaTe/lbHBbIM 3/1eMeHT
(puc. 2). M3obpeTeHHe OCHOBAHO Ha 06paTHOM OTpa-
JKEHUH JIyda OT IIOBEPXHOCTH CTeKIa C Y4acTKaMH
PasIUYHOro Ko3GPUIIMEeHTa OTPaskKeHUS K ITPOXOXK-
IeHHH 3TOro Jyya B BOJIOKHO. IIpH BO3HHKHOBEHHUH
BUOpALIMK TOpell BOJIOKHA HaYWHAaeT COBepIIaTh KoJe-
baHMS, BCIENCTBHE Yero OTKJIOHSIETCS OT IIepBOHA-
YaJIPHOIO ITOJIOKeHHsI. IIpu IlepecedeHHUM IPaHUIIBL
y4acTKa MHTEHCHUBHOCTb OTPasKEHHOIO Jlyya H3MeHS-
eTcs U, IoIazas o6paTHo B BoiHOBOJ, BO/I, meTeKTH-
pyercs doronpueMHHKOM. Co3faHMe aTTeHIOATOP-
HBIX 30H CTPOTO PerjJaMeHTHPYeTCsl yIJIOM HaKIOHa
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Puc. 1. Cxema 8010KOHHO-0NMUYeCK020 0amyuka nepemeue-
Hul: 1-u3Ayyarowuti ceemosod; 2 — npuHUMarowut ceemo-
800; 3 — NNOCKOCMb, NepneHouKyASIpHAs UEHMPAAbHbIM 0CSIM
060UX €8emM080008; 4 —ompa>xamenbHas NOBEPXHOCb

Fig. 1. Diagram of a fiber-optic displacement sensor: 1-emit-
ting light guide; 2 - receiving light quide; 3 — plane perpen-
dicular to the central axes of both optical fibers; 4 - reflective
surface

ror, and a composite metal element that is sensi-
tive to temperature changes. To register vibration,
a structure is used in which the grating is attached
to a spring, and when exposed to vibration, the grat-
ing deviates from the equilibrium position, thereby
modulating the signal. This design is similar to the
considered sensor models, however, the periodic
structure is used not as a reflective element, but
as a barrier between the fiber and the reflective
surface.

Based on the works discussed above, it can be
concluded that the problem of developing reflective
elements of amplitude fiber-optic sensors that are
sensitive to certain physical influences, have a sim-
pler design and low production cost, according to the
authors, is still unsolved.

The aim of this work is to create a reflective element
for amplitude FOSs of vibration of the reflective type.
Implementation of an experimental model of a vibra-
tion sensor to test the performance of the proposed
reflective structure, a series of experiments.
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B 70 rpagycoB. M XOTs KOHCTPYKLIMSI BBIIIOJIHSIETCS
IIPU IIOMOIIY TeXHOJIOTUH TPaBJIeHHS, IIPOLeCC U3T0-
TOBJIEHH S CJIO’KHO Ha3BaThb IIPOCTBIM.

B paborte [30] ipescTaBieH BOTOKOHHO-OIITHYECKU KT
JATYMK, HCIOJB3YIOIIMK IIPOIYCKAIIIYI0 PelIeTKY
[IepUOANYeCKON CTPYKTYPblI, 3€pPKajZo M KOMIIO3HT-
HBIM MeTa/UIMYeCKUM 37eMeHT YYBCTBUTEIbHBIH
K H3MeHeHHUIO TeMIIepaTypbl. [jad Pperucrpanuu
BUOpALIMK HCITONB3YeTCsl KOHCTPYKIHSI, B KOTOPOM
pellleTKa 3aKpeIisgeTcs Ha NPYKHHY, U IIPH BO3ek-
CTBUU BUOpaLlMM pelleTKa OTKIOHSETCS OT II0JIoKe-
HHYS paBHOBECHS, TeM CaMBIM MOAYIHMPYeT CUTHaJ.
Takasg KOHCTPYKLHS CXOXa C PpaccMaTpUBaeMBIMU
MOJeIIMH LATYHUKOB, ONHAKO II€PHOAHYeCcKas CTPYK-
Typa KCII0/Ib30BaHA He B KayeCTBe OTPasKaoIlero 3je-
MeHTa, a KaK IIperpaza Meskay BOJIOKHOM H OTPasKalo-
IIer ITI0BEPXHOCTHIO.

AHanu3upys MaHAmAGT paboT IO ONTHUMM3ALMUHU
IIapaMeTpoB aMIUIMTYJHBIX BOJIOKOHHO-OIITHYECKUX
JATUMKOB C IIPOCTOM KOHCTPYKLHMEH M HH3KOM CTO-
KMOCTBIO, MBI YOeAMIHCh, YTO IJIs HHX 33/ada Co3-
IOAHUST OTPAKAIOIIMX 37eMEeHTOB, OOJIAfAIoNIUX 4yB-
CTBUTE/JIBHOCTBIO K OIlpeleleHHbIM QHU3HYeCKHUM
BO3JIEHICTBUSIM, [IOKA He pellleHa.

[TosTOoMy Liepl0 Hallel paboThl CTalo Co3JaHHe
OTPasKAIOIIero 3jaeMeHTa A1 aMIUVIMTYAHBIX BO]JI
BUOpAIIMHU OTPaKaTeJBHOTO THUIIA U IIpoBepKa pabo-
TOCIIOCOOHOCTH IpeJIOKeHHOHN OTPa’kaoIleH CTPYK-
Typhl. [Iyis 3Toro 6bI1 cobpaH 3KCIIepHMeEHTAIBHBIN
MakeT [AATYMKAa BHUOpAallMU U IIPOBeIEHBl CEepUU
3KCIIePUMEHTOB.

OCHOBHOW NPUHLMUN PABOTbI
DKCIIepHMeHT HaIlpaB/eH Ha I10f060p CTPYKTYphI OTpa-
KaIOLler IIOBEPXHOCTH AJIS ITOMCKA ONTHMAJIBHOIO
criocoba u3MepeHHUst KonebaHU IIPK OAHOOCEBOM BO3-
OercTBUM. OTPasKaIoIIUH 371eMeHT MOXKeT OBbITh IIpesi-
CTaBjIeH Pas3s/lTMYHBIMU CTPYKTypaMHu. IIpesiaraeMslil
OTPa’KaIOIIMI 37eMeHT IpefcTaBisieT coboH IepH-
OfIMYecKyIo CTPYKTYpy (PHC. 3) B BH/e 4YepelloBaHUS
nonoc Huobarta nutus (LINDO,) ¢ KRoapduLrieHTOM
oTpaskeHus k= 0,04 U 30710Ta ¢ KOIPHUIHEHTOM OTpa-
skeHus k,=0,96.

AHanu3 pacrnpefiefieHUs] MHTEHCHUBHOCTH H3/yde-
HHS Ha BBIXOJle OITHYEeCKOro BOJIOKHA IIOKa3as, 4To
OHO COOTBETCTBYeT TayCCOBY pacIlpefie/leHHIO, U CBeT
OyZeT BBIXOAUTH M3 CBETOBOAA B IIpefiesiaX YHCIOBOK
arepTyphl:

NA=./n} —n; =sine.

B 3aBHCHMMOCTH OT PACcCTOSIHUS OT TOPLA BOJIOKHA
[I0 OTPasKaloIIell IOBepXHOCTH (L) ¥ 3HaUeHUs YHCIIO-

Puc. 2. KoHcmpyKuus ompaarouw,ezo snemeHma: 1- mopey,
0NMuYecKo20 80A0KHA; 2 — N0BEPXHOCMU C pa3AUuYHOU
0mpa>kameAabHol cNOCOBHOCMbIO; 3 — NPSMOE U3AYYeHUE;

4 - 0mpa>keHHoe usAy4YeHue; 5 —ompaxxarowas nAacmuHa
Fig. 2. The design of the reflecting element: 1- optical fiber
end; 2 - surfaces with different reflectivity; 3 - direct radia-
tion; 4 - reflected radiation; 5 - reflective plate

BASIC PRINCIPLE

The reflective element can be represented by various
structures. The experiment is aimed at selecting the
structure of the reflecting surface in order to find the
best option for measuring vibrations in one axis of
action. The proposed reflective element is a periodic
structure in the form of bands of lithium niobate
(LINbO,) with a reflection coefficient of k;=0.04 and
gold with a reflection coefficient of k,=0.96.

Puc. 3. Cxema ompaxkarouiell nAdcmuHsl: 1- Huobam aumus;
2 -30/0moe HanelAeHue; 3 = c80600HbIL KOHEL, B0A0KHA

Fig. 3. Schematic of the reflecting plate: 1- lithium niobate;
2 —gold plating; 3 - free end of the fiber
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BOI amepTyphl (NA) MOKHO PacCUMTaTb PafUyC «CBe-
TOBOTO”» MSTHa R M TeM CaMBIM OIpele/lUTh, KaKOH
IIMPHHBL JOIKHBI OBITH ITOJIOCKHM 30710Ta M HHobaTa
nUTUSA. st TOro 4Tobbl ILeHTpaJbHAsl 4YacCTh rayc-
CoBa IIyuyKa IIOMNajana IIOJHOCTBIO Ha OJHY IIOJIOCY,
IMIMPUHA II0JIOC 30710Ta M HHobaTa Jo/sKHA ObITH 2R.
B COOTBETCTBUU C reoMeTpHUecKor cxeMoH (puc. 4)
MeXKy MapaMeTPaMU JO/KHBI BBIIIOTHSTBCS C1efyIo-
IIKe YCIOBHS:

R
tgo=—
g L’

R=tg6 -L=tg(arcsinNA) L.

Jlis obecrieyeHUs] UYBCTBUTENIBHOCTH K MaJIbIM
AMIUIUTygaM KonebaHHUi (IOpsiiKa OFHOTO MHKPO-
MeTpa) HeobXomHMMoO, YTOOBl LIEHTP CBeTOBOZA ObLI
HaIlpaBJieH Ha IPaHHUIly pasfiena I10JI0C 30710TO/HHO-
6at muTHs. Tak Kak pacrpenesieHHe HHTeHCHBHOCTH
B CBETOBOM ITyYKe COOTBETCTBYET ayCCOBY pacIipene-
JIEHUIO0, TO MaKCHMaJbHasi MHTEHCHBHOCTb COCPEIo-
TOYeHa B LIEHTpe IIy4Ka. biaromapsi mpenjoskeHHOH
CxeMe HM3MepeHHe IIPOU3BOJUTCS TOJIBKO B YCTAHOB-
JIEeHHOM HaIlpaBJIeHUH, [IePIeHAUKY/ISIPHOM HaIIpaB-
JIEHUIO LITPUXOB.

DKCNEPUMEHT

Peann30BaH OSKCIIepUMEHTA/IbHBIM MaKeT aMIUIH-
TYAHOIO BOJIOKOHHO-OIITHYECKOr0 JAT4YHWKa BHOpa-
LMK OoTpaXkaTelbHOro Tuma (puc. 5). IIpHHIMI
DeHICTBUS UYyBCTBUTEIBHOTO 3/IeMeHTa COCTOUT B Cile-
aoywoomem. IlepBoHa4Ya/JbHO ONTHUYECKOe H3IydeHHe
OT HCTOYHHKA IO CBETOBOAY IepefaeTcsd K OTpaKa-
IOIler IJIACTHHE B BHE IIO0J0C C PasHBIM Kodbdu-
LIMEeHTOM OTpa’keHMs. 3aTeM OTPaKeHHBIM CBET
YaCTUYHO BO3BpalllaeTcsi B CBETOBOA U IlepefaeTcs
Ha QoTonpHeMHBINM MOAyIb. IIpU [eMCTBHU BHeI-
Hero BHOPAIIMOHHOIO HMCTOYHHKA CBODOOHBIN KOHeI]
BOJIOKHA COBepuIaeT KonebaHHUs. B pesyinbTaTe Koie-
6aTenpHBIX [BIMKEHHUM TOPLIA OTPaKeHHBIM CHUTHAI,
IIPpUHUMaeMBbIH GOTONIPHEMHUKOM, OKa3bIBAETCS
IIPOMOAY/IUPOBAHHBIM.

B H3roTOBJIEHHOM 3KCII€PHUMEHTAIbHOM obpasie
JaT4HhKa CYIIecTByeT BO3MOKHOCTb II€PecTPOMKU
I1apaMeTpOB UYyBCTBHUTEIBHOIO 3J1eMeHTa: AJIUHEL CBO-
60HOroO ONTHYECKOTO BOJIOKHA, PACCTOSHHS [0 OTpa-
SKAIoLIer II0BEPXHOCTH, CMeEIIeHUs OTpaKalolleun
MOBEPXHOCTH IIO JIByM OCSIM, 3aMeHbl OTpa’KalolleHn
[IJTACTHHEI.

CTpyKTypHasi cXemMa OSKCIIepHUMeHTalbHas YyCTa-
HOBKa BOJ| [nd TeCTHPOBAHHUS OTpa’kaloller
IIOBEPXHOCTH (PHC. 6) CONEPXKUT HCTOUYHHUK H3IIYy-
YeHHs C JUIMHOW BOMHBL A=1550 HM (MH); 4yB-
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Puc. 4. PacnpedeneHusi UHMEHCUBHOCMU U3Ay4YeHusl

Ha ompaxkarowell nogepxHocmu: L - paccmosiHue om mopua
80/0KHa 0o ompax<atoweli nosepxHocmu; R - paduyc «cae-
mMo8020» NSIMHA Ha ompaxkatrouieli nosepxHocmu; 8 - maxcu-
MaAbHBbIL Y20/ 88004 U3AY4eHUS 8 B0NOKHO

Fig. 4. Distribution of radiation intensity on the reflecting
surface: Lis the distance from the fiber end to the reflecting
surface; R is the radius of the “light” spot on the reflecting
surface; 0 is the maximum angle of radiation input into

the fiber

The analysis of the distribution of the radiation
intensity at the output of the optical fiber is carried
out. The distribution of the intensity of the light beam
in the fiber corresponds to the Gaussian distribution,

Puc. 5. DxcnepumeHmanbHbll Makem amnaumyoHo20
B0N0KOHHO-ONMUYECK020 dam4uka 8ubpayuu ompaxamenb-
H020 muna

Fig. 5. Experimental layout of the amplitude fiber-optic
vibration sensor of the reflective type
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Puc. 6. Cxema 3kcnepumerRmanbHoOl YCMAHOBKU: VI — UCMOYHUK U3AYYeHUs 2eHepupyto-
Wl usnyveHue Ha OAuHe 80AHbI 1550 HM; Y3 —yyscmaumenbHbil 3nemeHm; VIB — UCMOoYHUK

subpauuu TIRA Power Amplifier type BAA 120; 'Y - zeHepamop yacmom GW Instek GFG-3015,

3adarowull cuzHan 0As UCMovHUKa subpauuu; O - ocyunnozpad LeCroy WA 232;

Fig. 6. Diagram of the experimental setup: Al - a radiation source generating radiation at
T a wavelength of 1550 nm; SE - sensitive element; VS - vibration source TIRA Power Ampli-
fier type BAA 120; HF - frequency generator GW Instek GFG-3015, which sets the signal
for the vibration source; O - oscilloscope LeCroy WA 232; FPM - photodetector module

7054 43
Al SE
OIIM UB -
EPM Vs @M - pomonpuemHbil modyas HCA-S-200M-IN-FC
o] 4
o} y HF
HCA-S-200M-IN-FC

CTBUTENbHBIM 371eMeHT (4Y3); HCTOYHHK BHUb6pa-
uuu TIRA Power Amplifier type BAA 120 (MB);
reHepatop 4actor CW Instek GFG-3015 (I'Y), 3amaro-
I E CUTHA )1 KCTOYHKKA BUOPALIMK ; OCLIKIITIOrpad
LeCroy WA 232 (O), BU3ya/JIM3UPYIOIIHE CUTHAI ¢ $OTO-
nipreMHOro Monyist HCA-S-200M-IN-FC (PIIM).

Pe3y/bTaT 3KCIEPUMEHTA Ipe/CTaBlIeH Ha pHUC. 7.
BunHo, 4TO reHepUpyeMsIH cUrHaz (a) B 100 I'l (mope-
30HaHCHasl 4acToTa) KoppenupyeT (ko3 HUIIHEeHT
Koppensuuu IlupcoHa paBeH 0,78) c perucrpupye-
MBIM cHUTHaIoM potonpreMmHuka (b).

MOJE/INPOBAHWUE NMAPAMETPOB
HYBCTBUTEJIbHOTI O 3JIEMEHTA

st ompeneseHHs IIapaMeTPOB YYBCTBUTEIHHOTO
3JIeMeHTa BOJIOKOHHO-OIITHYEeCKOro JaTYHKa M pas-
paboTKKU ero MaTeMaTH4YeCKOM Mofenu ObLIM pac-
CMOTpeHbl IIOoIepeuHble BHOpallMM BOJIOKOHHOIO
CBeTOBOJIA, 3aKPeIVIEHHOIO C OJHOH CTOPOHBI B 4YB-
CTBUTETBHOM YaCTH pa3paboTaHHOIro AATUYHMKaA BHOpa-
uyu. IIpy 3TOM YYHMTHIBAaJIHCh ero GpopmMa, pasmephl
M MaTepuaJl, MCII0/Ib30Bajlach TeOPUS MeXaHHUYeCKHUX

the light will be emitted from the fiber within the
numerical aperture.

Depending on the distance from the end of the fiber
to the reflective surface (L) and the numerical aper-
ture (NA) you can calculate the radius of the “light”
spot R, thereby determining how wide the strip of
gold and lithium niobate should be. The bands of gold
and niobate must be 2R wide in order for the entire
Gaussian beam to fit into one band.

For sensitivity to small amplitudes (on the order of
microns) of vibrations, it is necessary that the centre
of the fiber be directed to the gold/lithium niobate
media section, since the intensity distribution in the
light beam corresponds to a Gaussian distribution,
that is, the maximum intensity is concentrated in the
centre of the beam. Due to the proposed structure, the
measurement is performed only in the specified direc-
tion, perpendicular to the direction of the strokes.

EXPERIMENT
An experimental model of an amplitude fiber-
optic vibration sensor of a reflective type has been
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a) t,c b) t,c
Puc. 7. Pesynbmam 3kcnepumeHma: a — cuzHan ¢ ¢omonpuemMHuKa, b - cuznan ¢ zeHepamopa yacmom
Fig. 7. The result of the experiment: a - signal from the photodetector, b - signal from the frequency generator
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KoJiebaHMH 6a/IKU [TOCTOSTHHOrO ceueHud [31, 32]. g
MOJIe/IMPOBAaHKS K0leDaHHM CBETOBOZAA HKCIIONb30Ba-
7a0ch guddepeHIIMaIbHOE YpaBHEeHHE IIOIepeyHBIX
KRoynebaHUN ISl OLHOPOAHON Oajnky IMOCTOSIHHOTO
CedyeHHUs:
o’u, a'u,
m087+EJ287=qy,

rme my — Macca CBeTOBOAA; uy(x,t) - JIOKaJIbHOe IIOoIle-
peuHoe cMellleHHe BOJIOKHA B HallpaB/IeHHH, [IepIIeH-
OUKY/ISPHOM OCH BOJIOKHA, 3aBHCALIee OT KOOPHAM-
HATHI X ¥ OT BpeMeHH t; E - moayns IOHra; ], - MOMEHT
WHEepLIUK OTHOCHTEIbHO IVIaBHOM LIeHTPaJIbHOM OCH
TIOIIEPEYHOr0 CeYeHHS; g, ~ MHTeHCHBHOCTh BO3MYIIa-
IOIeH CUJIBL.

BosMymiarmomas Harpyska yYUTHIBA€TCS B FPaHHY-
HBIX YCJIOBHUSAX, YCTAHOBHUBIIMECS BBbIHYXXIEHHbIE
KornebaHus 6ymoyT CoBepIIAThCS C YaCTOTOEM BO3MYILA-
IOIeH CH/BL. [I09TOMY YypaBHeHMe ABI>KeHH I BOTIOKHA
OyZeT OIKMChIBATHCS KaK IIPOM3BeleHUe AMIUIUTYIHON
YaCTH CMeIleHHus U(x) ¥ FapMOHHYeCKON QYHKIIMH

u(x,t)=u(x)cosat.

s BepudUKaLMK MaTeMaTHUeCKOH MOJEeNTH 9KC-
IepUMeHTaJIbHO OIlpeJie/ieHa aMIUIUTYAHO-YacTOTHAas
XapaKTepuUCcTHKa (puc. 8). M3 QyHKIMOHA/IbHOM 3aBH-
CHMOCTH BHMIHO, YTO aMIUIMTyJa MeIJIEHHO Hapac-
TaeT C POCTOM YacCTOThl BIUIOTh [0 TPaHUIIBI pe3o-
HaHCa, I/e aMIUIMTYAa Pe3KOo yBeJIW4MBaeTCs IIOoC/ie
IIPOXOKAEHHMS 30HBl pe30HaHca, aMIUIMTYAa BO3Bpa-
IIAeTCs Ha YpPOBEeHb [0 Pe30HaHCa M IIPaKTHYeCKH
He MeHseTCs, pe30HaHCHasl yacToTa f~800 1.

VHepLyMOHHON MAaCcCOM B JATYHKe SIB/ISETCS CaMO
BOJIOKHO. IIpu Bo3meHcTBHHM Ha YD BubOpoycKope-
HUSI CBOOOIHBIM KOHeI] BOJIOKHA 6yoeT OTKJIOHSITBCS,

3,0

S 24 !

2,2+ I

1,8 | = - -

Bl Ol | | |

0 400 800
f, T

|
1200 1600
Puc. 8. AMnaumyoHo-4acmomHas xapakmepucmuka

damyuka
Fig. 8. Frequency response of the sensor
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implemented. The principle of operation of the
sensitive element is as follows. Optical radiation
from the source through the light guide is
transmitted to the reflecting plate with stripes with
different reflectances, the reflected light partially
returns to the light guide and is transmitted to the
photodetector module. When exposed to vibration,
the free end of the fiber vibrates, as a result of which
the signal received by the photodetector module is
modulated.

In the manufactured experimental sample of the
sensor (Fig. 5) there is a possibility of tuning the
parameters of the sensitive element, namely, the
length of the free optical fiber, the distance to the
reflecting surface, the possibility of displacing the
reflecting surface along two axes, the possibility of
replacing the reflecting plate.

FOS experimental setup for testing a reflective
surface is shown in Fig. 6. It contains a radiation
source (IR) that generates radiation at a wavelength
of 1550 nm; sensitive element (SE); mounted on
a vibration source TIRA Power Amplifier type BAA
120 (VS); frequency generator GW Instek GFG-3015
(FG) setting signal for the vibration source; oscil-
loscope LeCroy WA 232 (O), which picks up a signal
from the photodetector module HCA-S-200M-IN-FC
(PDM).

The result of the experiment is shown in Fig. 7. It
can be seen from the figure that the generated sig-
nal (a) at 100 Hz (pre-resonant frequency) correlates
(Pearson’s correlation coefficient is 0.78) with the
recorded signal of the photodetector (b).

MODELING THE PARAMETERS

OF THE SENSITIVE ELEMENT

To determine the parameters of the sensitive
element of the fiber-optic sensor and develop
a mathematical model, the transverse vibrations
of the fiber light guide, fixed on one side in the
sensitive part of the developed vibration sensor, are
considered, taking into account its shape, size, and
material, using the theory of mechanical vibrations
of a beam of constant cross-section [31, 32]. To
simulate the vibrations of the fiber, we used the
differential equation of transverse vibrations for
a uniform beam of constant cross-section:

u
Mo E g = w

the disturbing load is taken into account in the
boundary conditions, steady forced oscillations will
be performed with the frequency of the disturbing
force. Therefore, the equation of motion of the fiber
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IpencTaBasis cobol rapMOHUYECKHN OCLHJIISTOP.
[lapaMeTpbl OITHYECKOTO BOJIOKHA M XapaKTepH-
CTHKH KBapua: r=2203 KI' /M3 - IIJIOTHOCTD KBapLeBOTO
Bo/OKHa; E=58 ITla - TeXHH4YeCKUH MoAynb IOHTra
IUISL KBApLIEBOro cTexna; d=125 MkM; =10 MM - A7IMHA
KOHCOJIBHOM YaCTH OIBITHOr0 06pasiia;

CobCcTBeHHBIE YaCTOTHI KoOJeOaTeJIbHOM CHCTEMBI
OIIpele/IsIIOTCS BhIpasKeHUeM:

fozﬁzn—zr\ﬁﬂm Ii.
2n 4nl*\p

Ha puc. 9 npencraBieHa TeopeTH4ecKasi 3aBHCH-
MOCTb COBCTBEHHOM YaCTOTHI OT ATHHBI CBOOOJHOIO
BOJIOKHA, M3 KOTOPOrOo BHAHO, YTO 0Oojee IpHBIe-
KaTeJbHBIMH 33 CUeT [JajJbHEero pe3oHaHca SBJf-
I0TCSL Masiast AJIMHA cBobogHOro BojokHa. Ho Takue
IJIUHBL 6yayT 061aaTh MaaoHN CeMCMHYeCcKOM Mac-
Col M 6OJIBIION SKeCTKOCTBIO, UTO IIPHBeNeT K CHH-
JKEHHUI0 YYBCTBUTEIBHOCTH JAT4YMKa TaKOM KOH-
CTPYKLHH. BUIHO, 4TO TeopeTHUecKasi COBCTBeHHas
YacToTa KojaebaHUM KOpPelIHpyeT C MOoNy4eHHBIMH
OAHHBIMH PEe30HAHCHBEIX 4YacToT (KOIQPUIIMEHT
Koppensinuu IlupcoHa paBeH 0,977). YuuTBIBas
pe3ynbpTaThl MaTeMaTH4ecKoHd MOJelu K pe3yib-
TaThl, IIOJIyYeHHBIe OIBITHBIM IIyTeM, 6bllIa IOMO-
6paHa IaKMHA CBOOOJHOrO BOJIOKHA, paBHas 10 MM,
TaK KaK Ha JaHHOM [JIMHe CeHMCMHYecKas Macca

0,20
— TeOpeTI/I‘IeCKI/IE CO6CTBEHHBIE YaCTOThI
[ L4 31<cnepumeHTaano IIOJIYy4Y€HHbIE JaHHEBIE
YaCTOTEBI pe30HaHCa
0,16 |

0,12

f, T1 x10*

0,08

0,04

0
0,008 0,010 0,012

LM

0,014 0,016

Puc. 9. Teopemuueckas 3agucumocms cO6CMeeHHOL
4acmomsl 0m 0AUHbI CB0600H020 B0N0OKHA

Fig. 9. Theoretical dependence of the natural frequency on
the length of the free fiber

=

will be described as the product of the amplitude
part of the displacement u(x) and the harmonic
function

u(x,t)=u(x)coswt. )

To verify the mathematical model, the amplitude-
frequency characteristic was experimentally deter-
mined, shown in Fig. 8, from which it can be seen
that the amplitude slowly increases with increasing
frequency up to the resonance boundary, where the
amplitude sharply increases after passing through
the resonance zone, the amplitude returns to the level
before resonance and practically does not change, the
resonance frequency is f~800 Hz.

The calculation of the natural vibration frequency
is carried out according to the formulas (7). The iner-
tial mass in the sensor is the fiber itself. When the
SE is subjected to vibration acceleration, the free end
of the fiber will deflect, representing a harmonic
oscillator.

Optical fiber parameters and quartz characteris-
tics: r=2203 kg/m? is silica fiber density; E=58 GPa
is technical Young’s modulus for quartz glass; d=125
pm; [=10 mm is the length of the cantilever part of
the prototype;

The natural frequencies of the oscillatory system
are determined by the expression:

o n’r [E
fo=32= w\fg—% Hz.

Fig. 9 presents the theoretical dependence of the
natural frequency on the length of the free fiber,
from which it can be seen that the short length of the
free fiber is more attractive due to long-range reso-
nance, but such lengths will have a low seismic mass
and high rigidity, which, as a consequence, reduces
the sensitivity. It can be seen that the theoretical
natural frequency of oscillations correlates with the
obtained data of resonance frequencies (Pearson’s
correlation coefficient is 0.977).

Taking into account the results of the mathemati-
cal model and the results obtained experimentally,
the length of the free fiber was selected equal to 10
mm, since at this length the seismic mass and stiff-
ness allows measurements at low amplitudes over
a wide range of frequencies. When the length of the
free fiber is less than 10 mm, the combined effect of
this seismic mass and this stiffness makes it impos-
sible to perceive the vibration impact, which requires
the introduction of a load (additional seismic mass)
into the structure. When the length of the free fiber
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U JKeCTKOCTbD ITO3BOJIAIOT IIPOBOAUTD U3MEPEHU A I[IPU
MaJIblX aMITUTYAdX.

3AK/TIOYEHUE

B pe3ynbTare NpoBeleHHOM PaboThl MpeJIoskeH OTpa-
KaIOIIMI 3/IeMeHT B BU/le [IePHOANYeCcKOk CTPYKTYPHI.
JaHHBIM OTPaKAIOUIUK 3/eMeHT IPOCT B KOHCTPYK-
uuu, 61aromaps cBoer IePHOANYECKOM CTPYKType
U PaCIIOIOKEeHHIO LITPHUXOB PErHUCTPHPYETCS TOJIBKO
ofiHa ocb BHMOpalMM, a IOCTUPOBKA Ha pasfen cpef
103BOJIsIeT 06eCIIeYnTh YYBCTBUTENIBHOCTh K MaJIbIM
CMellleHHIM II0psIKka MUKpoMeTpa. M3 mpencrasieH-
HBIX B paboTe JaHHBIX OUEBHUIHO, YUTO 3KCIUIyaTallu-
OHHBbI® XapaKTePUCTHKHA MaKeTa Yy 0BJIeTBOPUTEIbHO
COOTBETCTBYIOT TpeboBaHMUSM K BOJI CXOXKHX THIIOB,
npu 3ToM B pabore [30] mcrmomp3yercst B KauecTBe
YIIPyIoro 3jneMeHTa He BOJIOKHO, (KOTOpoe SIB/IsieTcCs
JOCTATOYHO HAJeKHBIM MaTepPHAJIOM ~ OLHOPOLHEIM,
YIIPYTHM CO CTeKJIOBUAHOH CTPYKTYPOL), UTO YCIOXK-
HseT U YBeJIMYKMBaeT CTOMMOCTb TAKOM KOHCTPYKLIMH.
Kpome Toro, B OO/NBUIMHCTBE H3BECTHBIX aBTOpaM
paboT IpembsBIAIOTCS BBICOKHE TpebOBaHHS K H3rO-
TOBJIGHHUIO OTPa’KaTeJIbHOrO 37eMeHTa, B paboTe [29]
OATYUK IPOM3BOAMUT HM3MepeHHe BUOpallMU B AHa-
masoHe 5-1000 I't, omHaKo 30HA aTTeHIOALIMH perjia-
MEeHTHPOBaHa yIJIOM B 70 IPagycoB M HMMeeT MHOLO-
CTyIeHYaThIH IPOQHIIb.

B HacTosimer paboTe MCIIONB30BAICS OTPasKaTeNlb
HBIH 3JIeMeHT, IIepHofHYecKasl CTPyKTypa B KOTOPOM
Co3[aBajach IyTeM IIPOMIHJIA IIOJ IIPSIMBIM YIJIOM.
Taxoke 3a4acTyr B KOHCTPYKLIMH YYBCTBHUTEILHOIO
3/leMeHTa IIPUCYTCTBYIOT K H3jIy4alolllee BOJIOKHO,
Y IpUHHMampIee. I[1o3ToMy B paboTe mpeioxkeHa
KOHCTPYKIIUSI, CofepsKaliasi KOMOHMHAIIMIO B OJHOM
BOJIOKHe IIPUeMHHKa M IepefaTyuKka. OTpaskaro-
Iasi I0OBepXHOCTh, KaK M UyBCTBUTETbHBIM 3JI€EMEHT,
OCHOBAaHHBIN Ha ee HCIIO0/b30BaHUM, IIPOCTBHL B H3TO-
TOBJIEHHH, IIPH 5TOM YYBCTBUTE/IbHBIH 3JIeMEHT,
HCIIO/NIB3YIOIIMK B CBOEM KOHCTPYKLHMH IIpejjarae-
MYI0 OTPa’KaIOLIYIO IUIACTUHY, COXPAaHH/ MaJIBIM BecC
Y TabapuTHL.

Co3IaHHBIM aBTOPAMH 3KCIIEDUMEHTA/IBHBIA 4YyB-
CTBUTEbHBIN 3/IeMeHT UMeeT pe3oHaHC B 800 I'1i, yTo
MeTpOJIOTUYeCKH SIBJISIeTCSl BepXHel IpaHHIled H3Me-
PeHHI, OAHAKO B HACTOsIIel paboTe MCII0/IB30BaICs
3KCIIeDHMEHTAJbHBIM MaKeT, IIpeACTaB/SoIIuN
cobol He MOHOJIUTHYIO KOHCTPYKIIHIO, a COCTaBHYIO
71aTGOpMy C BO3MOSKHOCTBIO II€PECTPOMKH I1apaMe-
TPOB, I0I06HOe HCIIONHeHe HeTaTHBHO CKa3bIBAeTCs
Ha U3MEepHTe/IbHOM JHalla3oHe.

Peann30BaHHBIN  3KCIepPUMeEHTalbHBIN 06pa-
3el] JAaTYMKa BUOpALlMU IIJIAHUPYeTCS IPHUMEHSTh
B MCCIe[0BaHHUSX, OTHOCAIIMXCSI K HOBOMY MEX-
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is more than 10 mm, the resonance frequency is
shifted to the frequencies of interest.

CONCLUSION

As a result of this work, a reflecting element in
the form of a periodic structure was proposed. This
reflective element is simple in design, due to its
periodic structure and the arrangement of the
grooves, only one vibration axis is recorded, and the
adjustment to the media section ensures sensitivity
to small displacements of the order of a micrometer.
From the data presented in the work, it is obvious
that the operational characteristics of the model
satisfactorily meet the requirements for the FOSs
of the similar types, while in work [30] is used as
an elastic element is not a fiber (which is a fairly
reliable material - homogeneous, elastic with
a glassy structure), which complicates and increases
the cost of such a structure. In addition, in most of
the works known to the authors, high requirements
are imposed on the manufacture of a reflective
element, in [29] the sensor measures vibration in
the range of 5-1000 Hz, but the attenuation zone is
regulated by an angle of 70 degrees and has a multi-
stage profile.

In this work, we used a reflective element, the
periodic structure of which was created by sawing at
right angles. Also, often in the design of the sensi-
tive element there are emitting fibers and receiving
ones, the design proposed in this work combines the
role of a receiver and a transmitter in one fiber. The
reflecting surface, as well as the sensing element
based on its use, are easy to manufacture, while
the sensing element, using the proposed reflec-
tive plate in its design, retained its low weight and
dimensions.

The experimental sensing element created by the
authors has a resonance of 800 Hz, which is met-
rologically the upper limit of measurements, how-
ever, in this work, an experimental model was used,
which is not a monolithic structure, but a compos-
ite platform with the possibility of adjusting param-
eters; such a design negatively affects the measur-
ing range.

One of the technical areas of application of this
development is the study of plant responses to
mechanical vibrations.

The results of the implementation of this devel-
opment are important for a new interdisciplinary
direction - agrobiophotonics, provide the key to
a more subtle and accurate study of the vibration
sensitivity of animals and vibrotropism of plants, to
the use of this phenomenon to control the growth
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OUCLUUIUIMHAPHOMY HaIlpaBleHHI0 arpobuodoro-
HHMKH, B BOIIPOCaX yIIPaB/IeHUs pa3BUTHeM KOPHEBOU
CHUCTeMBl U YBeIMYeHHUS IPONYKTUBHOCTH CeJIbCKO-
XO3SIICTBEHHBIX PACTeHHN BO3[eHCTBHEM BHOpalMH,
MIpOBelleHUH HCCIeJOBAHHUM 10 COPTOBOMY PH3HOJIO-
TUYeCKOMY OTBeTY B JHaIla30He aMIUIUTYH, BUOpaLlMU
0,1-5 mM. B matenrTe [33] omrcan crrocob BO3IeHCTBUS
Ha mouBy Bubpanuer dacroror 5-10 I B amIuiu-
Tygon 0,5-1 MM, B pe3yabTaTe 4ero QpopMHpYeTCs
IUIOCKasi KOpHeBasi CHCTeMa, CII0COOCTBYIOIAsl POCTY
pacteHus (B JaHHOM Clydae — TOMAaT, 60arapcKUim
meper).

Taxoke IUIAaHUPYeTCs IIPOMOJDKUTL HCCIeL0BaHMS
o oTpaboTke TEeXHOJOIHMU IIOBBILIEHHUS 3epHOBOL
IIPOYKTUBHOCTH IPH BUOPAIIMOHHOM BO3EHMCTBHH.
OcHOBaHMeM [IJIf 3TOIO CTa/JIk pPe3y/IbTaThl KCCIeo-
BaHHUMU [34], mpoBefeHHBIX B 2007-2009 rogax, Korga
CceMeHa SIpOBOM M O3MMOM IIIeHHULBl I10[BEepPrajkch
BH6pauHH ¢ yactoro# 70 T u aMnnHTy/:[ofI 0,5 MM
B TeueHHe 12 U 14 4acoB. BbII IIPOAEMOHCTPHPO-
BaH 3pdeKT BUOPAIMOHHON 006paboTKM CceMsH IIIIe-
HMIIbI, KOTOPBIM IIPOSIBIISITICA: B YCKOPEHHUH Ilepexofa
PacTeHHUH K reHepaTHBHOM Qa3e pa3’BUTHA; B yCHIe-
HHUHU POCTa I106eroB; B CTUMYJIHPOBAHHHU KYyIIEeHHS
U B YBeJIMYEHUH 3ePHOBOM IIPOAYKTHBHOCTH pacTe-
HUH. IlonydeHHble JAaHHBIe yKa3bIBAlOT, YTO TaKOH

g

and productivity of cultivated plants, both in pho-
toculture conditions and in open field conditions.,
breeding and increasing the productivity of farm
animals and aquaculture.

A further area of work is the implementation of
a structure with the ability to register two vibration
axes. Also in [33], the possibility of multiplexing
was demonstrated, which can be adapted to the
presented sensitive element, which opens up the
possibility of further modernization.

Research is also planned to develop a technology
for increasing grain productivity under vibration.
Research carried out [34] in 2007-2009, seeds of
spring and winter wheat were subjected to vibration
with a frequency of 70 Hz and an amplitude of 0.5
mm for 12 and 14 hours. It is shown that the effect
of vibration treatment of wheat seeds can manifest
itself: in accelerating the transition of plants to
the generative phase of development; in enhancing
the growth of shoots; in stimulating tillering and
in increasing the grain productivity of plants. The
data obtained indicate that such a dynamic factor
as vibration affects the epigenetic level. Vibration
treatment of wheat seeds did not cause an increase
in the number of chromosomal rearrangements,
which confirmed the previously known facts about
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OUHAaMHYeCKUN GaKTop, KaK BHOparus, Bo3Ien-
CTByeT Ha 3MHIeHeTHYeCKOM ypoBHe. BubparironHas
06paboTka ceMsH IIIEHUIIB! He BHI3BA/IA YBeTHYEHUS
YH(/Ia XPOMOCOMHBIX I1€PeCcTPOeK, YTO IIOATBEPIHIO
paHee M3BeCTHBIe QAKTHI 00 OTCYTCTBHU BIHSHHS
BUOpPALIMU Ha [IePeCTPONKU XPOMOCOM.

PUHAHCNPOBAHUE
PaboTa BBIITOJIHEHA B paMKaX IOCyJapCTBEHHOIO 3a/1a-
HMUSI C HOMEPOM TOCYIapCTBEeHHOM perdcTpaliiy TeMbl
AAAA-A19-119051390040-5.
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the absence of the effect of vibration on chromo-
some rearrangements.
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