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Pe3tome

Lenbto uccnedoeaHusi s18/15emcsi aHasu3 Cyuecmesyowux 8si3koyrnpyaux modesiell buonosudeckux mkaHed, ydu-
mbI8arOWUX KaK ¢hbu3UYeCKyro, maK U 2e0Mempu4ecKyro HesluHelHocmu rpoueccos 0eghopmayuu rnpu pacrnpocmpa-
HEeHUU MornepeYHbIX aKyCmu4ecKuX 60JIH.

Memodbi. Akycmuueckasi anacmoepacbusi npedcmaessisiem cobol epyrny Memodos, OCHOBaHHbLIX Ha aHasu3e rpo-
ueccos 83aumoOelicmeus HU3KOYaCmMOMHbIX 10MepeyYHbIX aKyCmu4eckux 80J1H ¢ buonoaudeckumu mkaHamu. dusu-
Yyeckoll 0CHOBOU maKux Memodo8 S8/19t0mcs 8s3Koyrpyaue modesnu buomkaHedl, yHumbigaroujue UsMeHeHue rnapa-
mMempos ux deghopmayuu npu e803delicmeuu Ha HUX Cuslbl C nepemMeHHoU amraumydool u HanpasneHueMm. Yyem He-
nuHelHocmu nipoueccos deghopmayuu buosioaudeckux mkaHel rnpu pacrnpocmpaHeHUU rnonepeyHbIX akycmu4yeckux
80JIH 110380/1UM 88ECMU HOBYIO UHQOPMamueHyr xapakmepucmuky O/l aHanusa fpoyecco8 UX CMpYKMYpPHbIX
U3MeHeHuUl — HenuHeUlHbIU napamemp. OOHO8PEMEHHbIU y4em UHEUHbIX U HerluHelHbIX ceolicme buomkaHel rnos-
80/1UM 108bICUMb Ka4ecmao OuazHOCMUKU 3aboriegaHull, MpomeKauwux 8 opaaHusmMe YesloeeKka, 8 MoM yucse Ha
paHHux cmadusix. B pamkax uccrnedosarusi bbiniu rnposedeH aHau3 08yxanemeHmHoU 8s3Koyrnpyaol modesnu buom-
KaHel, ro3sonsiowWUx ydumbi8amb Kak (bU3UYECKYH0 HeUHeUHOCMb, mak U JUHelHble xapakmepucmuku. Takxe
paccmompeHbl MOO€esIb, 10380/1s0UWas yHUmMbi8amb 2€0MEMPUYECKYI0 HeNTUHeUHOCMb npoueccos deghopmayuu u
npouecco! 0eghopmauyuu moderneli npu U3MeHeHUU rnapamempos go3delicmayroujeli cusibl.

Pe3ynbmamel. [NpednoxeHa es3koyripyzaass modesib buoro2udyeckux meaHed, no3eonsrwas ydumsigams Kak ¢u-
3UYECKYI0, maK U 2e0MempuYeCcKyro HerluHelUHOCMb. BbigedeHbl OCHOBHbIE MameMamu4yecKue 8bIpaxeHusl, OMnuChl-
saroujue OaHHyto Modesb. [lonyveHbl pesynbmambl MameMamu4yecko2o MoOesiuposaHusi npouyeccos deghopmayuu
pa3pabomaHHOU 8s13Koyrpyaol Modesiu npu usmMeHeHuUU so3delicmayrowel cusbl u Modesnu, ydumsbigarowiel mosib-
KO QbU3UYECKYH HEMUHEUHOCMb.

3aknroyeHue. [NpednoxeHHass Mamemamudeckass MOOesib 038055em yHumbigamb OMKIIOHEHUU rpoyeccos Oe-
gopmayuu buomkaHel om NUHEeUHbIX 3aKOHO8 Kak 3a cdyem ¢husuvyeckol, mak u eeomempuyeckol HesluHeliHocmu.
lMpumeHeHue makol Modesiu Mo380aAUM MO8bICUMb MOYHOCMb OUEHKU Mpoueccos e3aumodelicmeusi HU3Ko4a-
CMOMHO20 aKycmu4ecKo20 U3Jly4eHUs1 ¢ bUOI02UHeCKUMU MKaHsIMU, Ymo Moxem Oblmb UCrosb308aHOo 071 pa3pa-
6OMKU HOBbIX 8bICOKOMOYHbIX Memod0o8 OUEHKU MPOUecco8 UX U3MEeHEeHUs rpu rnpomekarowux 3abonesaHusix, 8
mOoMm Yucrie Ha paHHUX cmadusix.

Knrodeesnie cnoea: snacmoepacghusi; akycmu4deckuli HenmuHeUHbIU napamemp, ceolicmea buomkaHu.

KoHepriukm unmepecos: Asmopbsi dekrapupyrom omcymcemeue S8HbIX U NomeHyuanbHbIX KOHGIUKMOo8 uHmepe-
€08, c8s3aHHbIX € nybnukayuel Hacmoswel cmambu.
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Abstract

The purpose of the research is to analyze existing viscoelastic models of biological tissues to develop a model that
takes into account the nonlinearity of deformation processes during the propagation of transverse acoustic waves.
Methods. Acoustic elastography is a group of methods based on the analysis of the interaction of low-frequency
transverse acoustic waves with biological tissues. The physical basis of such methods are viscoelastic models of
biological fabrics that take into account changes in their deformation parameters when they are subjected to forces
with variable amplitude and direction. Taking into account the nonlinearity of the processes of deformation of biologi-
cal tissues during the propagation of transverse acoustic waves will allow us to introduce a new informative charac-
teristic for analyzing the processes of their structural changes — a nonlinear parameter. Simultaneous consideration
of linear and nonlinear properties of biological tissues will improve the quality of diagnosis of diseases occurring in
the human body, including in the early stages. As part of the study, a two-element viscoelastic model of biological
tissues was analyzed, allowing for both physical nonlinearity and linear characteristics. A model is also considered
that allows taking into account the geometric nonlinearity of the deformation processes and the deformation process-
es of the models when changing the parameters of the acting force.

Results. We have proposed a viscoelastic model of biological tissues that accounts for both physical and geometric
nonlinearity. The key mathematical expressions describing this model have been derived. Results have been ob-
tained from mathematical modeling of deformation processes for the developed viscoelastic model under varying
applied forces and for a model that accounts only for physical nonlinearity.

Conclusion. The proposed mathematical model allows for the deviation of biological tissue deformation processes
from linear laws due to both physical and geometric nonlinearity. Application of this model will improve the accuracy
of assessing the interaction of low-frequency acoustic radiation with biological tissue, which can be used to develop
new, high-precision methods for assessing tissue changes during ongoing diseases, including in the early stages.
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BBeaeHue

Bonbmioe koimdecTBO 3a00JICBaHUM,
MPOTEKAIOIINX B OpPraHU3MeE YeI0BeKa, CO-
MPOBOXAAIOTCS CTPYKTYPHBIMHU H3MEHE-
HUs OpraHOB M TKaHeW. Yame Bcero npo-
UCXOIOUT 3aMelieHre (YHKIIMOHATBHBIX
KJIETOK (pUOPO3HON HMITM YKHUPOBOW TKAHBIO
[1]. Bo3nukaromue mpu 3TOM HOBOOOpa-
30BaHMs (Jake AOOPOKauyeCTBEHHOTO Xa-
pakTepa) MOTYT CO BpEMEHEM NEPEXOIUTh
B 3JI0KauecTBEeHHYIO ¢opmy [2]. Haubonee
TOYHBIM CIIOCOOOM OIICHKH THITA U3MEHE-
HHUII OMOTKaHEH sBJIgeTCs OMOIICHUs, KOTO-
pas mpenmoyiaraer 3a0op TpPoOBI C BBI-
OpaHHOTO yJacTka Tena yenoBeka. OHaKo
BBUIy HEOE30MaCHOCTH METO/a BaKHOU
3a/a4yeil sSBIAETCS pa3paboTKa HEWMHBA3UB-
HBIX BBICOKOTOYHBIX METOJOB JAMATHOCTH-
KM, TIO3BOJISIFONIMX JAMArHOCTUPOBATh 3TH
W3MEHECHHSI Ha PaHHUX CTaJMsIX 3a00JieBa-
Huil [3]. Axycrtuueckas snacrorpadus
MOXXET CTaTh IIyTeM pEIICHUs JTaHHON
mpoOJieMbl, OJHAKO BBHIY TOTO, YTO
OOJBIIMHCTBO CYHIECTBYIOIIUX METOJOB
OTPAaHMYMBAIOTCA MPUHLUUNAMU JIMHEMHON
aKyCTHKH, UX TOYHOCTb OrpaHuyeHa [4].

B ocHOBe nmaHHOI Tpymmbl METOOB
nexar (U3MYecKHe MoJenu OMOTKaHEeH,
MO3BOJISIIONINE  OIICHWBATh  M3MEHEHHE
MPOLIECCOB MX Aedopmarnuu mpu BO3ACH-
CTBUU MEXAaHWYECKUX CHJI C Pa3IMIHBIMHU
napaMeTpamu, B 3aBUCUMOCTH OT HX BSI3-
Koynpyrux cBoictB [5]. IloBbllieHuEe WH-
(OpMAaTUBHOCTH W TOYHOCTH METOJIOB
anacrorpaduu BO3MOXKHO 32 CUET BBEJE-
HUS B JIMHEHHBIE BSI3KOYIPYTHE MOJICIHU
HEJTMHEWHBIX TONPABOK, MO3BOJISIOIIMX

MoJy4aTb HOBble HMH(OPMALMOHHBIE Xa-

PaKTepUCTHKN OMOTKaHEH, Takue Kak He-

JMHEWHBIN napametp [6].

MaTepM anbl u MeToAbl

Panee npoBen€HHBIN aHANU3 JIMHEU-
HBIX BSI3KOYIPYIUX MOZEJIeN MoKa3ai, 4To
npu pa3paboTKe MeToJa HCCIEAOBAHUS
BA3KOYNPYTUX CBOMCTB OMOTKaHEH Ha oc-
HOBE PaCIpOCTPAHCHUS YIIPYrO¥ HU3KOYa-
CTOTHOW aKyCTHYEeCKOH BOJIHBI HauOOJb-
I MHTEpeC MpeacTaBiseT co0oil Mo-
nenb, B KOTOpoil medopmammsi Oosbiie
BCEr0 3aBUCUT OT BEIMYMHBI JKECTKOCTH
YIPYTOro 3JIEMEHTA IO CPAaBHEHHIO C Te-
KydyecTbto [7]. CBsi3aHO 3TO B MEPBYIO
ouepeb ¢ TEM, YTO K TAKMM TKaHSIM OTHO-
CATCA 3JIOKAaueCTBEHHbIE omyxoyuu [8].
Takxe CTOMT OTMETUTb, YTO JIs y4yera
(¢U3MYeCKO HETWHEHHOCTH TOCTATOYHO
OCTAaHOBUTBHCA Ha JBYX3JIEMEHTHOH Mojie-
7Y, TaK KaK MOBBIIICHUE YUCIa 3JIEMEHTOB
B 3TOM cCllydae MOJKET IMPUBECTH K BO3-
HUKHOBEHHUIO JOTMOJIHUTEIBHBIX OIIUOOK
NpU BBEJCHUM HEJIMHEUHBIX IOMPABOK.
Bcem 3TuM ycnoBUsSM yIOBIETBOPSIET MO-

nenb KensBuna — doiirra (puc. 1).

I, K

L, H

Puc. 1. Mogenb KenbBrHa — dowirta [9]

Fig. 1. Kelvin — Voigt model [9]

Jlamee MBI OyneM TOBOPUTH O HEIH-
HEMHBIX 3(QeKTax, BO3HUKAIOUMX IPH
pacnpoCcTpaHEeHUN HU3KOYACTOTHBIX IOTIe-
PEeUHBIX BOJIH B OMOTKaHsAX. B Monenu, ot1-

pakarolieil 3aBUCUMOCTh JieopMaluy OT
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HaNpsHKEHUH, HEOOXOIUMO y4ecTb ee He-
nuHeiHocTh [10].

Cornacno stromy mozens KenbBruHa —
®oiirra ¢ yueroM (HU3NIECKON HETMHEWHO-
ctu OyJIeT OMUCHIBaThCS BhIpaskeHueM [11]:

Fo= (K (1 =)=Kr (I =1,) )+

1

+Hﬂ:(ks—kl“82)+n§, @

dt dt
rne KI'(I — [,)* — uiieH, OTpaXaroluii He-
JUHEHHOCTh AedopMalii yIpyroro sie-
MEHT; |’ — HEeJIMHEeWHBIN MapaMeTp Cpensl,
00yCITOBICHHBIN (HU3UIECKON HETMHEIHO-
cThio [12].

[Ipn 3TOM BaXHO MOHWMAaTh, YTO B
HEJIMHEUHOCTh IPOLIECCOB PACIpPOCTPAHE-
HUS HU3KOYACTOTHBIX aKyCTUYECKUX BOJIH
TaK)Xe BHOCST BKJIAJ OCOOEHHOCTH T€0-
METPHYECKOTO CTPOCHUS KJIETOK, UYTO TPH-
BOJMT K BO3HUKHOBEHHUIO TaK Ha3bIBAEMOU
reoMeTpUUYeCcKor HemmHenHoctu [13].

Jlis ydera nOnpaBKH, BHOCUMOU Ieo-
METPHYECKON HEIMHEHHOCTHhIO, HAMH OBbI-
Ja MpeIoKEeHa MOJIENb, NPEACTaBICHHAs
HUxe (puc. 2).

l/: K[

1_7, K>

5, H

Pwuc. 2. Baskoynpyrast Moferb C y4eToM
reomeTpuyecKon u pusnyeckomn
HENUHENHOCTU

Fig. 2. Viscoelastic model taking into account
geometric and physical nonlinearity

Yuer reoOMeTpu4eCKOr HETUHEUHOCTH
B CHCTEME, MPEACTABICHHOW HA PHUCYH-
Ke 1, MpOMCXOAUT 3a CUET BBEIEHHUS ABYX

YIOPYrUX DJIEMEHTOB C Pa3HOU HKECTKO-
CThIO, COEJAMHEHHBIX JBYMS >KECTKUMU
IJJACTUHAMU TOJ] pa3HbIMU yriiamu [14].
Takoe IOMOJHEHHWE CHUCTEMBbI MO3BO-
J€T TaKXKE€ YYMUTHIBATh HEJIMHEHHOCTh
neopMaIuy B pa3IMYHbIX HAMPABICHUIX
[15]. DTO IpUBOAUT K TOMY, YTO IMPHU TO-
PU3OHTAIBHOM  CMEIEHHH  U3MEHEHUE
JUIMHBI TPY>XUHBI, COECIMHEHHOW C Iula-

CTUHOM 1OJ1 YIJIOM ¢, paBHO [16]:
Al, =xcos(a,). (2)

IIpu 5TOM rOpU30OHTaNIbHAA MPOEKLM
CUIBl B MPYKUHE HAXOIUTCA COIIACHO

BBIPAKEHHIO
F, =F, cos(a,) = K.xcos’(a,). (3)

OKBHUBAJIEHTHAs KECTKOCTh Ui ABYX
MIPYXWH, COCIUHEHHBIX ITOJ Pa3HbIMU YI-

JJaMH, OHpeI[eJIﬂGTCH COorJjiaCHO BLIan(eHI/IIO
K, =K, cos’(a,)+K,cos’(a,), (4)

IJI€ O} U O — YIJIbL, I0JT KOTOPBIMHU COEM-
HEHBI TIepBasi U BTOpasi IPYKHUHBI COOTBET-
CTBEHHO.

B stoM cimydae ypaBHEHHE, OIHKCHI-
BalOUIEE MOJEJb, BBIMISAUT CJEAYIOLIUM
oOpa3zom:

F, =(K, cos’(a,) + K, cos’(a,)) x
g ((l_lo)_F(l_lo)2)+

dl
+ HE = (k, cos”(a,) +

+ k, cos’(a,))(e — I€”) + n%. (5)

HOJ'Iy‘-IeHHLIC COOTHOLIICHHUA IIO3BO-
JIAKOT OLCHUTD HEJIMHEHMHOCTh M3MCHCHUS

nedopMaluy Mpu U3MEHEHUH MTapaMeTPOB

BO3JeHcTBYIONIEH cuibl [17].
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Pe3yanaTb| n nx 06cy>|q:|e|-me

N3 ypaBHenuii (2) u (5) MOXKHO OTMe-
TUTbh, YTO y4ET HEIMHEWHOCTH, CBSI3aHHOM C
(U3NYECKUMH M TEOMETPHUYECKHMHU OCO-
OEHHOCTSIMM OHMOTKaHEH, MPOMCXOAUT B
YJIeHe ypaBHEHUs, OTpaxaroueM aedopma-
o ynpyroro sneMenTa [18]. IToaromy s
CpaBHEHHMS NPOLIECCOB JeopMaluu C yue-
TOM HEJIWHEWHBIX dPPEKTOB U O€3 1eeco-
00pa3HO PacCMOTpeTh mporecc aedopma-
LM UMEHHO YIIPYroro ajieMenra [19].

Ha pucynke 3 npezacraBieHbl pe3yib-
TaThl MaTEeMAaTHYECKOTO MOICTUPOBAHUS
W3MEHEHHSI BETUIMHBI JIehOpMaluu ynpy-
TOr0 JIEMEHTa B 3aBUCHMOCTH OT BEJIMYH-
HBI BO3JICUCTBYIOLIEH CUIBI F Uil ciay4dast
C YY4ETOM TOJBbKO (hU3MUECKOW HeJnHEi-
HOCTH, C (PU3MUECKOW U TeOMETPHUUECKOM
HEJIMHEHHOCThIO U 03 yueTa HeluHEHOo-
CTH TIpoLiecca, MPH CIEAYIOIMIUX MapameT-
pax cucremsl: K| = 2, K, = 3, a; = 45/m,
a, =50/, I" =5 [20].

CornacHO MOJY4YEHHBIM pe3yJbTaTam
JUTS JIMHEWHOW MOJENIH C 3aJaHHBIMU BBI-
e mapamerpamu Aedopmainus yBeIUYH-
BaeTCsA B 2 pasza MpH yBEITUYCHHH aMILIH-
TyAbl BO3JEHCTBYIOLIEH Ccuibl B 4 pasa,
IUIS HEJIMHEWHBIX MOIeNied HaOJIIomIaeTcs
3HaUMTENbHAsE MeHbIIast Aedopmarnus. Tax
Ui MOJeNN ¢ (PU3NYECKON HETMHEIHO-
CTbIO 3TO H3MEHEHHE COCTABMUJIO OKOJIO
10%, a ayisg Mozienu, TaK)Ke YUYUTHIBAOILEH
TreOMETPUYECKYI0 HEJIMHEWHOCTh, — 8%.
DTO TOBOPHUT O TOM, YTO B PEAIBHBIX CIY-
qasx, TJI€ TPUCYTCTBYET HEITUHEHHOCTB,
nedopmarusi Oyzner HapacTaTh 3HAYUTEIb-
HO MEJUIEHHEE 0 CPaBHEHMIO C yBeIHYe-

HUEM HpI/IKJ'IaI[LIBaCMOI\/’I CHJIbI, UTO BaXXHO

YYUTBIBATHL IIPHU OLICHKEC IIPOLECCOB pac-
MPOCTPAHCHUA MONMCPCUHBIX HU3KOYACTOT-

HbIX BOJIH.

1 1 1 1
0o 2 4 6 8 F

Puc. 3. IameHeHne BenuinHbl gegopmauum
Npy U3SMEHEHUN BESTUYUHDI
BO34eNCTBYIOLWEN cunbl: 1 — gecbopmaums
ynpyroro anemeHta 6e3 yyeta
HENUHENHOCTK; 2 — C y4eTOM (PU3NYECKON
HenNMHeHoOCTK; 3 — C y4eToM PU3NYECKON
N reoOMeTpU4EeCKON HENTMHENHOCTU
npouecca

Fig. 3. Change in deformation value
when the applied force changes:
1 — deformation of the elastic element
without taking into account the nonlinearity;
2 — taking into account the physical
nonlinearity, 3 — taking into account
the physical and geometric nonlinearity
of the process

BbiBOAbI

[TomyyeHHble pe3ynbTaThl MOKa3alw,
YTO BBEJCHME, KpOME HEJIMHEIHOro mapa-
Merpa I', mompaBku, OTpaxarolmeun reo-
METPUYECKYIO HEIMHEHHOCTh B YypaBHEHUE
(1), mo3BoyIsIET OLIGHWBATh, TIOMHMO BpE-
MEHHOH 3aJiepXKKu AepopManuu (4To yuu-
TBIBACTCSI BSI3KMM DJIEMEHTOM), Takke 00-
Jjee TOYHO YYMUTHIBaThb HEITMHEWHOCTh H3-
MEHEHUS €€ aMIUIMTYIbl NP HW3MEHEHUH
aMIUTUTY/AbI CUJIBI BO3ACHCTBUS.

Kak pe3ynbTar — Takoe onucaHue Mo-
nemu KenpBuna — doiirra mo3sossier 00-
Jjee TOYHO OLICHHWBATh W3MEHEHUS BS3KO-
YIPYTrUX CBOMCTB OMOTKaHEW IO CpaBHe-

HUIO C TUHENHOW MOJENbIO.
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