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Differences in Region-Dependent Compressive Relaxation Behavior
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Abstract; Objective To investigate the compressive relaxation behavior of cartilage in different regions of the
knee joint at different strain rates, and construct the viscoelastic mechanics of cartilage in each region, so as to
provide a reference for the prevention of cartilage-related diseases and the development of cartilage repair
materials. Methods The knee cartilage of beagle dogs was regionally divided, and the uniaxial unconfined
compressive relaxation properties of cartilage in each region were tested by a universal testing machine at
different strain rates, and the constitutive models were constructed. Results The cartilage exhibited a notable
stress attenuation. Furthermore, the normalized stress reduction increased significantly with increasing strain
rate. For cartilage in lateral plateaus of tibia, the normalized stress reduction at strain rate 5x10™* s™ was 19% ,
and increased to 69% at strain rate 5x107 s™'. The relaxation equilibrium stress remained relatively constant at all
strain rates. The Ogden-Prony viscoelastic model of cartilage in each region was developed with a goodness of fit
R*>0.98. Conclusions The knee cartilage demonstrates a significant viscoelastic response in relaxation tests,
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exhibiting the rate-dependent and region-dependent properties. The Ogden-Pony viscoelastic model can reflect

the strain rate-dependent stress relaxation behavior of cartilage.

Key words: articular cartilage; stress relaxation; strain rate; region-dependent; constitutive model

KA HCEAE N R R ZE 4R HE TE WL B 5
Girfii A B A SRR, B AR
AR, VDA O 1 HE AR 45 T IS AT TR
By L PO P s L e A 5 2 g Ry A R
Je— BN 2] 5 1] Sk B R R AR, AR
2K 1 R A 0 A AR A I T T 2 A 1 8 e R R
BOB I PERESS I 5 B 0 B A G R T 2B
W) 122 R AT B T B A AR BRI RE A IR A AR
IPBILAR | S O R AR S B TS | 18 S bR
BOHEESE

FEANE IR A A R, TR T
TREGHLI] 25 K 5 0E S5 A ) 2 AN R Mow
AT R AR BRI S M T IR
AL PR DUR B 75/ P AR AR Smyth 450 Y
T B SRR BRI RA SR RE T U5 SL B K
H TR T B RGN 1A, Wilson T
Fey s 2 SR R LT i 3 iR AR | 30 3o P T PR
A AN IRARIR A5 A, TS T o P I BT AR AR
SFPERERYRZ A 5 0 3K A% O R ARIAH A TR Y
SEHRAE TR R J1 2 PERE 2 AN+ F AR B ) RE
AR B

BRI NI B R S 2R 1 561, el BeR T
0 R LAR R WA LR AN ST S A A, AN
DI AR AN ) Y AR BRI RE . Jurvelin 55% B
FERBL, KT PR 1 1 2 MR B B AT DXCBURA S, i
T DX o 1) R AR B M B
(R B | J 1 SIS 6 X 38R A 0 78 BT 9 19 5 A
DA iR, AN, F A B AEA% il A v R
VER, BRI S A 10 2P R . AR R
T A A TR X AN [] DX IR 1) s 4 1 E 2t
AT, e et B e 4% DX IR I 0 AP 1 7 2 A
PERFIE R S AR AR SR B S AR AR
RERLLL AR 32 2 B B Y AR 2R MERRAE AT AR B Sz R
FERIY) 52 T 30558 v B A e

TEMEEERR 1, AR SO oo 5 A P 151 PR e 25 A7 st 1K
S0 R O AN ] DX SRR (9 St B, A X A
SRS A A 5 W 7 T 18 HL G P ) 2 P g

S, RV R B AR EL A B R 75 0L 7 2 1 g
225, TERAata ot 2L al b, 5 57 4% DB
ARSI S 2 AR, D B B 5 M R TR A
T N Bt 2%

1 #R57EE®

1.1 &

ASCULHAS R OCT B VR A B 9E X 42, i A
SRR T A B R TR S R R T
S HEIE (2020-11) o HEAR R (AEI8 5 %, (K
10~15 kg) I RZEBERFR 84 A4 18 3 XF
o A% R AT 22 SR 38, [ 8 0C 10 U 58 38 18U )5
Ji PR BR iR R B RLNZHEY BRI 7E-20 C I
B, WHT B LbAs R GG IE TEIRAE (2
20 C)ffR 12 WY BEBREBAALA, 6 FAR T
I B e AR R Bl RIKE 2 2 5 4 2V R iR T
A FRER K R AR LR ZHZUBEK

MR AT e Fl b W DG T Bei Xl 4k 7 AN IX
B BRI R B SO R R B A 2 AR
IR N & R AMUSE & RL R H AR
A S REE NG E R E MU &
[ 1 (a) ], B E S, SR 2L e 72 b
IR IR TFLE A7, A TR T0 0 i K 57 T 6] 45 X
B E W R AT e 85l T AR RS R AR
BTSSR RS, I i A AR X8 j A] Xf
ZAHRBATIO WA 1(b) o N KRR UE )
WRAEE R B HER R AR A E 4 mm DARIER
FE TR R AR 30, B R R R AR AR AR K
RS 2.5 h NIERSE RS, DAsl s iR
it %t F1 25 PERE
1.2 EENR

F T 1 A8 B DG BB e R /N B B T
T JEE B S Bl L OR U E A M EL 5 0
2% Williams 2617 R Y 5 1 0HaURE IR R S 1
HEATI A IR A T e e L+ Sk i
RGN A AT I, BAAREBRAR . & Sl
BBl N Sk 25 e 2 T E 2] A 0.2 N, FE 7 B



ZE E,% XTREREMERMBITAER RS TR GEE

LI Heng, et al. Differences in Region-Dependent Compressive Relaxation Behavior of Articular Cartilage

and Viscoelastic Constitutive Model

437

Joe B St

() WEXBRI5

1 XTHRBiE
Fig.1 Cartilage samples

JEE B it

(b) BEREER A

(a) Divison of cartilage region, (b) Photo of cartilage sample

T FMIE g B PR FLT D 1B S R FPT g JBE R 856 8 98 5 TMI-M. O = AR T e & P~
£ TLI-M = A AR BT SMIF- 5 TML MBS AN G 65 5 TLL SRR AT AMU R LF &

TR B, e AR R N, Z 5 4 Skl
EARE , U N 2 o7 5 23 R 3 fr — 2K, e AR 50
B R A5 7% B AR () JEE S
1.3 EHERHIRE

fdi 5 2% 100 N fZJ3% (MTS Load Cell) [ 5
FEIRIGHL( Model 43, MTS A #), ), JFJE Bl IE
FRIPR 45 P st 3 50 o BB AT EAS R 1 9 S I
KATREARREHL N 3 41, SHEEA LR 7 A X I
B1oy Bl ke MR OAT 1 ki, I 4R
T, R N 0. 2 N FRERAT , BB R 5
FESkSE 4 fk, A8 gt a6 B9 1 4 I 2R BER FH 3 R
NEARER R 5% 107 5% 1070 5107 87, R4 ik
S8 5 0 A 55 1 2k, PR AR E 2 2 SN )

o /MPa

A, W TR T (o) FEARS B8] 25 46 1
gk, R 4 Rl A A B AR K AR R OB IR, 2
R N BKCE e A B B B Y B R N AR R i
10% ' BEEWILR AR R 10% , A5t ] A 600 s,

2 #HR

2.1 REEHMHIEGE

P 2 I 7 g A [) I 4800 728 3R 7 4% DX 5 1 4
LA st M 2 DY B SR B LR Y R A
FASERGR | 2% DX SR B A A st 400 01 7 g Bt e st s ]
SEIT R R R, 205 T W R B i T Ik
FURA G-, 308 I TR A I [ i A it R ) 3
(ES5 B0 45 1V 77 19 AR A2 U — A6 0 T B, 4% IXC

025 0107
0205 008+
0.15 £ 006

0.10 S 0.04] .

&
Ba
0.02] “Hrasesasanaanaanssannes

A%
0.05 “ﬂﬁéué;ueu;;;uune

0.16 0.10
HEE oo

o 0,12} 3ged 008

£ £ 006

2 008

ek < 0.041;

g i . i
Rt L T —
0.00 0.00

0 100200300400500600 0 100200300400500600

I /s I /s
(a) B AMIER (o) BB SMUER
0.12 008
0.09
<
2 0.6
° H

0.00

:éi‘??ﬁ%{ééiﬁw

F3¥:

0 100200300400500600
B TH) /s

(D EARTREFANTE

00 0 100200300400500600
i TRl/s
(o) BE#REW
0.06
0.05
0.04 }
0.03

g /MPa

AAARARARZRZR 1

00
0 100200300400500600
i [Rl/s

() F AR TRHESMUFE
B2 XTRBERN AL

Fig.2 Compressive stress relaxation curves of articular cartilage
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