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Drbpo3Haa coegnHMTENbHAA TKaHb
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Tang, J, Chen, X, Liu, F., Zeng, L, Suo, Z,, & Tang, J. (2025). Why are
soft collagenous tissues so tough?. Science Advances, 11(25),
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Mogenb MexaHWKKM broMaTepmanoB

KoppeKTHoe onucaHme MexaHUYeckmnx CBOWMCTB OunomMaTepuanos
KOUTUYECKW BaXKHO ON14:

 TKaAHEBOW MHYXXeHepumn

* [1NaHMPOBaHMA XMPYPIMYeCcKMX BMeLLaTeNbCTB

« Pa3paboTkn MeamnuUMHCKMX UMMIaHTaTOB (CTEHTDI)

Onpepgenatoule COOTHOLWEeHUA (MaTeMaTudyeckme Mogenn) Hanpamytro
BAVAIOT Ha TOYHOCTb PacYeTOoB.

[TaccuBHOe NoBegeHMe - Moaenb r’Mnepynpyroro Matepmana
- YyeT coKpalleHusa (aKTMBHOe noBeaeHms)

- Baskoynpyrme Mmogenu

- MUKPOCTPYKTYpPHble Mooenu



Mopoenb rmnepynpyroro Matepuana

MmMnepynpyrum noteHuman (W): CkanapHasd
OYHKLMSA, onpegenaroLllas aHeprmo ’

A $
nedpopmMaLmnn. L"{
[MPUHUMMbBI MEXAHWMKWM CMJTOLLHOM Cpenpbl: N E};

pas3rpyska 4

+ O6BEKTUBHOCT: ()
W(F) = W(QF) (He 3aBNCUT OT CACT. {
oTcyeTa).

* MaTepmanbHasgd CUMMeTPUS:
W(F) = W(FQ) (onpenenaeTtcs
CTRYKTYPOW MaTepmnana).

Hanps»xeHue

HATpPYy3Ka
-—H

-
Dedopmauusa
CBA3b C HanpsH»XeHUneM:

e 1TMuonbl-Knpxroda: P = dW/aF
« 2 Muonbl-Knpxroda: S = 20W/3C

— KonnareHosble BOJIOKHA



TpaguuUMoHHbIM Nnoaxod, eHoMeHOoormg

OcHOBHaa  uvoeqa: AnNpuWopHbi  BbiIbop  BMAA
noteHumana W ¢ nocnegylowen  MogroHKow
NapaMeTpOB MoMd 3KCMepPUMEHNT.
TpW OCHOBHBbIX 3Tamna:

1. Bbibop MoOenu: DKCMNepTHbIM oTbop

KaHOWMOaTOB M3 MHOXXeCTBa CYyLeCTBYKOLLUKMX.

2. NgeHTndmnkKauma MapaMeTpPOB: PelueHne

obpaTHOM 3aga4u (oNTUMM3aLUma).

3. Bbibop ontmmManbHoM Mogenu: CpaBHeHue
KaHOWMOaTOB INMNO KPUTEePUWMAM KadeCTBa.

Traditional approaches
(with predefined hyperelastic
potential form)

Step 1. Forming a set of
candidate models W, W,, ... W,

based on expert knowledge

Step 2. Parameter identification
for each model

(Curve Fitting: Least Squares,
VFM, FEUM)

Step 3. Selection of the optimal
model

(Criteria: Accuracy of
experimental data description,
Bayesian selection)



TpaguuMoHHbIM noaxon, @eHomMeHonorma (Npobdembl)

TpM OCHOBHbIX 2Tarlla.

1. Bbibop Mopenun: DKCcnepTHbIM oTOOP KaHauOoaToB U3
MHOYeCTBa CYLLECTBYHOLLMX.
-OTCyTCTBME YETKMX aNlrOPUTMOB BblOOPa.

2. NoeHTnduKauma napamMeTpoB: PelueHre obpaTHOM
3a0a4m (onTMmM3auma).

- HeegnHCTBEHHOCTb ONTUM. Habopa NapaMeTPOB.

- 3aBUCKMMOCTb OT BblbOpa GyHKLMOHaNa (Mepbil
HaAMPAXKEHUM 1 TN).

3. Bbibop ontMManbHOM Mogenu: CpaBHeHue
KaHOWOATOB MO KPUTEPUAM KadvecTBa.

- CNOXXHOCTb popManm3aumnm Kputepuma "Hamnydllero
cooTBeTCTBMNG"

Traditional approaches
(with predefined hyperelastic
potential form)

Step 1. Forming a set of
candidate models W;, W5, ... W,

based on expert knowledge

Step 2. Parameter identification
for each model

(Curve Fitting: Least Squares,
VFM, FEUM)

Step 3. Selection of the optimal
model

(Criteria: Accuracy of
experimental data description,
Bayesian selection)



CoBpeMeHHble MeTobl: Data-Driven noaxobl

Npoeqa: OTKa3 oT anpropHOro 3agaHua BM1aa
noTeHLuMana.

I[1Ba OCHOBHbIX KJ1acca:

1. HeunHTepnpetTnpyemble: BbiICOKad TOYHOCTb, HO
MoAdeNb — "4epHbI aumMK" (Knaccumyeckme
HEMPOHHbIE CeTW).

2. NHTepnpeTnpyeMmble: MOOENb MMeET aHaTUTUYECKN I

NN GU3nYeck oOOCHOBAHHbIV BMA.

| KauecTBO M MOMHOTa SKCrNepmnMeHTalribHbIX daHHbIX

Non-Interpretable
(Black Box Model)

- Classical neural
networks

Interpretable
(Transparent Model):

- Sparse regression
- Symbolic regression

- Constitutive Artificial Neural
Network (CANN)

- WYPIWYG (What-You-
Prescribe-Is-What-You-Get)

- Orthogonal stress response
(e.g. based on Laplace stretch)



OcCTaToO4YHble HallPAXEHNA B MATKUX TKAHAX




OcCTaToOYHble HanpayKeHMe: YTo 3TO Takoe?

div e =0, Vxe By,

o) . n =0 ua OBp.




OcCTaToYHblE HalripHaKeHhe: oueHKa Hallm4n4




OCHOBHble HamMpaBneHMa nccnegoBaH M

1. BMomMexaHnyeckaa posb
2. MeToabl M3MepeHNa N KONMMYECTBEHHOWM OLEHKN
3. [loCcTpoeHne onpenenatoLmMx COOTHOLEH N

4. BnuaHme Ha pocCT, peMoaenmpoBaHme TKaHeM
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1. bMoMexaHr4yeckaa posb

OCTaToO4YHbIe HAMPAXKEHWMA CYHUTAOTCA KPUTUYECKW BaXKHbIMU 019
CHIKEHUA FPagUEeHTOB HanpPaXKeHUM 1 nogaep»aHma UanonormyecKkmx
DYHKLMM, OCOOEHHO B apTepuax 1 OpYyrnX TKaHax, HECYLLMX HAarpy3Ky.

3aBUCUMOCTb Og OT r npu p; = 16klMa n A=1.69 A~

700 4
—— 0p 6e3 y4yeTa ocTaTou.Hanp.

Op C YHE€TOM OCTaTO4.Hanp.

600 -

500 A

Op

300 A

200 A

100 | \

2.55 2.60 2.65 2.70 2.75

r, MM
Fung, Y. C. (1991). What are the residual stresses doing in our blood vessels?. Annals of
biomedical engineering, 19(3), 237-249
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OCTaToOYHble HAaNPSKeHMAa: bMoMexaHM4Yeckasa Posb

o PaBHOMepHOe pacnpeneneHme
HaMPAXEHWW MOBbLILLIAET 2PPEKTUMBHOCTD
apTepu B BblOEPXKMBAHUM HArpy30K.

Mepaua

AnBeHTUumA NHTUMa

o CornacoBaHHag pa6OTa MMaaKOMblLLEeYHbIX
BOJIOKOH:. Ka>Xgoe BOJIOKHO BHOCKT TMOYTU
OOVNHAKOBbLIV BKMa4, B COKpPaTUTEeJ1bHYIKO CUJTY

FnagKomblweyHble

npn perynampoBaHM KPOBOTOKA KNeTKM SHaoTeNni
o KoH LellumnMd roMeoCTaTNHeCKINX BHewHss ynpyras
5 membpaHa BHyTpeHHAs
HallTopHAXEH MW ynpyras

membpaHa

OcTaToYHble HanpaXkeHna HeobxoaMbl A4
DYHKLUMOHMPOBAHWA TKaHEN M FrOMeoCTa3a.
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AOPTa KaK CITonCTad CTPYKTypa
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«it is not clear whether the transmural stresses became more uniform due to residual
stresses or Nnot».

Sigaeva, T, Sommer, G., Holzapfel, G. A, Di Martino, E. S. (2019). Anisotropic residual stresses in
arteries. Journal of the Royal Society Interface, 16(151), 20190029.
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2. MeToabl U3AMePEHUI N KOMYECTBEHHOW OLEHKM

o OKCNEePUMEHT C YIIOM PacKpbITUS
Nelson, D. (2012). Review of methods for determining residual

stresses in biological materials. In Experimental and Applied
Mechanics, Volume 4: Proceedings of the 2012 Annual
Conference on Experimental and Applied Mechanics (pp. 173-

182

o Mogoenu pocTa 1 peMooenmpoBaHMS A8 HaXOXXOeHMA Nons OCTaTOYHbIX HaI'IpFl)KeHl/lVl 16



3. [TocTpoeHme onpegendwmx COOTHOLLEHUI

- CTapT ¢ KOHOUIYypaLUWm CBOOBOAHOM OT HAarpy30K 1 HaMpPayKeHnM, HeKOM
BUPTYaNbHOW KOHOUIYpaL UK

- OCTaTO4YHbIE HallpAXXeHMA BKJTFOYEHbl B Ooripeaesdroulee CoorHoweHne

o Ciarletta, P, Destrade, M., & Gower, A. L. (2016). On residual stresses and homeostasis:
an elastic theory of functional adaptation in living matter. Scientific reports, 6(1),
24390

o Johnson, B. E., & Hoger, A. (1995). The use of a virtual configuration in formulating
constitutive equations for residually stressed elastic materials. Journal of
elasticity, 41(3),177-215.



4. BnnaHme Ha poCT, peModenmnpoBaHMe TKaHeW

- BAungatoT Ha poCT, yCTOMYMBOCTb, MOpdoreHes

o Dong, H., Liu, M., Martin, C, & Sun, W. (2020). A residual stiffness-based model for the
fatigue damage of biological soft tissues. Journal of The Mechanics and Physics of

Solids, 143, 10407 4.

o Liu, C,Du,Y, Ly, C,&Chen, W. (2020). Growth and patterns of residually stressed core—
shell soft sphere. International Journal of Non-linear Mechanics, 127, 103594.

o Huang, W, Li, B, & Feng, X. (2023). Mechanobiological tissue instability induced by
stress-modulated growth.Soft matter

- KOHTPO/1b HaYaTbHOMO OCTATOYHOIO HAaMNPaXKeHWda ANn4a ynpaBjieHng
MnatrePHaMm

o Du, VY, etal (2019). Prescribing patterns in growing tubular soft matter by initial residual
stress. Soft matter, 15(42), 8468-8474.
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Stress-free case 24 hours

Residually stressed case

B

Fig. 3 Growth-induced buckling of bilayer tubes (inner layer: swelling hydrogel, outer layer: inert rubber) with (A) stress-free and (B) residually
stressed initial states. By shrink-fitting, we created a non-zero initial residual stress in (B) (compressive hoop stress in the hydrogel, tensile hoop
stress in the rubber). Otherwise, (A) and (B) have the same initial geometry and material parameters (R, /Ry ~ 1.8, Ry/R; = 1.5, u'"™ /u® ~ 0.2).

Du, Y, et al. (2019). Prescribing patterns in growing tubular soft matter by initial
residual stress. Soft matter, 15(42), 8468-847 4. 19



Cnacmbo 3a BHMMaHme!
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