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Effects of Collagen Fiber Bundle on Mechanical Properties of
Articular Cartilage
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Demonstration Center for Experimental Mechanical and Electrical Engineering Education, Tianjin University of

Technology, Tianjin 300384, China)

Abstract: Objective To study the effects of collagen fiber bundle on mechanical properties of articular cartilage,
so as to provide references for clinicians to guide the rehabilitation of patients with early cartilage injury.
Methods The two-dimensional (2D) numerical model of fiber-reinforced porous viscoelasticity was established,
with consideration of the relationship of fiber distribution, elastic modulus, porosity and permeability with cartilage
depth. The influences from local fracture of the fiber bundle, the progressive fracture from the surface and the
fiber bundle size on mechanical properties of the cartilage were studied, and the maximum principle strain of
cartilage matrix was obtained. Results The maximum principal strain of the matrix occurred at a position in middle
layer of the cartilage, about upper 1/3 of the cartilage, which was not affected by fiber breakage mode and fiber
bundle size. The strain of the cartilage with thicker fiber bundles decreased. Conclusions The middle layer of the
cartilage was prone to mechanical damage. The thicker fiber bundle could reduce the maximum principal strain of
the matrix. Once the fiber bundle broke, the maximum principal strain of the cartilage matrix with thicker fiber
bundle became larger, leading to an easier evolution of the cartilage damage.
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Tab.1 Material parameters in the model

b I T LYk
E/MPa v E/GPa v
REX F1)2 0.25 0.13 1.02 0.22
B2 0.30 0.15 1.24 0.22
PEX 32 0.34 0.17 1.40 0.22
542 0.38 0.19 1.56 0.22
B5E 0.42 0.21 1.72 0.22
%6 )7 0. 46 0.22 1.88 0.22
%72 0.50 0.24 2.04 0.22
FEX  H8E 0. 54 0.26 2.20 0.22
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was broken (a) Fiber bundle intact, (b) The fiber bundle breaks at the surface reference point 1, (c¢) The fiber bundle breaks at the surface
reference point 2, (d)The fiber bundle breaks at the middle reference point 3, (e) The fiber bundle breaks at the middle reference point 4,
(f) The fiber bundle breaks at the middle reference point 5, (g) The fiber bundle breaks at the deep reference point 6, (h) The progressive
fracture of the fiber bundle at the shallow reference point 2, (i) The progressive break of the fiber bundle at the middle reference point 3,

(j) The progressive breakage of the fiber bundle at the middle reference point 4, (k) The progressive break of the fiber bundle at the middle

B R TR

) FHRIOHEMREERIZZE K 6

reference point 5, (1) The progressive fracture of the fiber bundle at the deep reference point 6



ZRE, % RESERINRE HF R
GONG Huchen, et al. Effects of Collagen Fiber Bundle on Mechanical Properties of Articular Cartilage 709

FEZAA B BB AP AE R BRI 3 T B0 R A A 2 M R )2 DX Ak ) 3 2 4% W
Fif R ENE AR R, BN AR SR Al BRI R IX S 5 L B MR,
AR WY SRR 2 o AR I AR AR, Y PR XS RS AR FE A AR R A e K
SRS, YL AERAERIZX S H i 2 i EW R,

A=0.5 pm’

Fhtbbb bbb bbb bbb bbbt
DO R
N
by
&

N

dhkbbhd bbb bbb bbbt
NWhHOOWRROUWONNOKKNWW
VRO ENTIGR AN ANORONARG
200222220222000000022¢
HOCCCO00000000000000
REYNINNNNNNNNNNG GGG R e

A=2 um?

A=20 pm?

ok ok o ok ok ok ok ok b b ok ok ok ok ok ok ok o o
PRt S R R
I
]
o
N

(a) BB (b) [AIBRRIALIE

E 4 EBEFFEMEMTERTEREERERS TELRAERMEUR R B RiRRES
Fig.4 Distributions of maximum principal strain and corresponding interstitial fluid flow velocity for intact
cartilage with fiber bundle of different cross-sectional areas under rolling load (a) Matrix strain,

(b) Interstitial fluid velocity

b e e
by # p
< X X
i3 g I
1 2 3 4 5 6 17
ot ki) el
(a) A=0.5 um? (b) A=2 pm? (¢) A=20 um?

AL | RoR HA S8 LT e R A 00, B8 2~ 7 ORI AES T 111~ 6 IR 2L 1 Bt
B 5 AEBERTHEREHBHRHEREREDSERLNRKEMT
Fig. 5 Maximum principal strain of the matrix at different reference points when the fiber bundles with different

cross-sectional sizes were partially broken (a) A=0.5 pm?, (b) A=2 um?, (¢) A=20 pm?

4 i B BP9 2 407 S4Bk AP ol R SRR 2
- PERE 19 B W, TF 5546 1, AR £F e 1 B AR 29 N
ARSCHE S A T A O LB AR 0,022 yum FESEHARTT T AR R ILIF A A L 2



EREMAE %358 F6H 202005128
710 Journal of Medical Biomechanics, Vol. 35 No.6, Dec. 2020

REW S, BRERP EERIMZA 50 £, 0 ik F|
1™ ARG AR o (14 58 DT 4 37 B I ) A
SR 2 5, A, b Tl R A A
TR S B SR ) 0 2 800, A5 R v ) g AR 2T 4
RFW R, (3 R (R4 AR T N Y 4
e IEAT I BRI 5 5 1 4 R0 R sk 57 28
YRR G R T 2E R R

ARSCAIHT I T LT dE 3G 1) 22 AL st e
BB 6 B RNTE 0.3 N IE4a kM A4 A 5 25 4k
HEMPCE BRI IE AR . 8670.3 N &%
SCHR[ 17 13RI, 76 0~ 100 s P £k e 2847, A0 N
LM mE] 0.3 N, SR G #Ar#E 0.3 N F %
1 000 s, f3 BRI ) SRR AR &, Bl 25 £F 2 AR 1Y
SR, R T o A 05 A8 1 AR 2 TR R M AR A B A
FRBS ] S 45, AE 7R 32 AH [ 20 A7 B, 27 4R 0R A 51
22 BN R AR BN BRCE I AR AR AR ) A

75+ . 2x10%
f e 2x10%
" e s g
651 P
A
60+ .
) #
%X 551 §
50_/‘ ...rr""'FH*'H e ]
45t
"
40
35 L=

1 i1 1 ! A1 1
200 400 600 800 1000 1200
t/s

6 TEO0.3NEHHMTFHEARBMATHERKEN
BRI
Fig.6 Creep curve of cartilage with different bundle

sizes under 0.3 N compression load

AKETIR AT FRIC BT 45 R, G I 4 4k TR
SRS, i Jo R 2405 e R 32 7 28 A 67 B VA ke A 7
A A 20 A8 53 A B BT R, FE 00 T B, TR 2F
P R e 1 I T A R R T AR R O Y R 3
AET, BRAR AR 403 XU o AT, 3l 5 o i 5l BB #k ok
AR LT AE TR 2 R R BRE ) BAT SR X
1Ml Workman %5 BF5E 2, 4B 7807 1 T 3R
P AR v 25t 2T 4 W i R | AT AR LR
Thambyah %5 X SE T HCE BT vhi 5258, whik J5 AR
PR e B IR AR B HEAT I SE , LGS i o XY
THOURZE L), 305548 o DX SR &8 7 G it 2F 44k 45 4 475

SRIEUFJCAR . HAE B3 52 48 o X I, 5 Joi 7 4]
B, R0 B RN L R, BRI A A B i = 5
R R N YT AR W UN (]2 9
EPHE AR U R IR, X HE B AR B 1 45 21 5 5C
R SEER AR Al A, — 5 T ARCE FE IR L A 1 FE oA
EPHEC SR IR, 5 — 7 T 2T 4E R AT LI N
TR TT o DR, AN SCHE T 7 5 0 3 Ay T 25 4 sROAE IR
BGALRECE F AR 3 5 21 2 AR Pk
TR REAE . HMKEE LT 4 B2 o0 R A
SR B AL 7 B A R AT R AR, 5 A/ 38 7 R 114
IR ) R TR IR EE B B 2F 2 SR Jy i 4 ik vy
PRI BOE b e AR S K A IR, QISR A 28 it
R R IR T e 2T 2 R A W 2R D) £ A SR 1Y
BRI SRR B, B Sy FE BT AE N A A SR R
WAL

2T e SR < T O 0 T SR 07 L DL B
BN IR B £ 4 SR B AIBIL ) 1 AN 75 4, AR SR
S BRI T W 2057 & A0 J7 2R g 2 P RE Y
SO, 5 00T 1) SE B 45 R BEAT HA, 4 I R AR
ARTRET 3, MITHREE AR AT A ), Joig e Wi s 5X
AR, FEBURBHERAEER L 1/3 4b X 5 H0H
TS R B R A AE | 173 MR ET
HHIEF AR R ENAZRETEPIZSHE NGS5 (L E
Ak, W R A A8 A T 5 5 B £ 7 B AR 4B
05, ZES B S RCE I SR A 1 AR SRR
By AR B B R CE R B AR L B
BEZ B ] T SCHR AP B RO, BT AR — 5 SR PR
Vi o JRIELER 4l RO BB 3 24T S B 52 Rt R 3
JREESR R GERAE , AH IR AR SCH G 5K T AR RO
BB AT R RS T2 SR 5 SCRR P A SR 4
KRG, e TR AR MRS R R B R, U
ABAARIIA R G R B S H N E, BT LA4R
T B R BOBE T FEROR BT T AR 4T 4R 2
Xt 28 BRI AR

5 #i¢

AN AL ST — T £ 4 1 R A BB AR B AT 5
LA RO A PERERY R R A B S5ENT

(1) BB RN E F B - 173 4b, A
AT AER 2T SR HEAR R T B2 R, 0 h 2
(L5 o) e A 24t



BRE, % RESERIRE FMERE

9500

GONG Huchen, et al. Effects of Collagen Fiber Bundle on Mechanical Properties of Articular Cartilage 711

(2) LF4EAUERL 2 11 o 2 o A R 2

RIER

SRR I AR ) AR ARE ) AT A AR R BORL AT
YE B B 5 S A Jm D1 s AL

(3) BETEmET N RS R AR, 2

R A FAR I, I 4R R 2088 T By — R

eSS

SEW:

[1]

[3]

(6]

[9]

[10]

BARTER MJ, HUI W, LAKEY RL, et al. Lipophilic statins
prevent matrix metalloproteinase-mediated cartilage colla-
gen breakdown by inhibiting protein geranylgeranylation
[J]. Ann Rheum Dis, 2010, 69(12); 2189-2198.
WORKMAN J, THAMBYAH A, BROOM N. The influence
of early degenerative changes on the vulnerability of articu-
lar cartilage to impact-induced injury [ J]. Clin Biomech,
2017, 43(3) . 40-49

THAMBYAH A, ZHAO JY, BEVILL SL, et al. Macro-,
micro- and ultrastructural investigation of how degeneration
influences the response of cartilage to loading [ J]. J Mech
Behav Biomed Mater, 2012, 5(1) : 206-215.
HENAO-MURILLO L, ITO K, DONKELAAR CCV. Colla-
gen damage location in articular cartilage differs if damage
is caused by excessive loading magnitude or rate [ J]. Ann
Biomed Eng, 2018, 46(4) : 605-615.

LI LP, HERZOG W, KORHONEN RK, et al. The role of
viscoelasticity of collagen fibers in articular cartilage; Axial
tension versus compression [ J]. Med Eng Phys, 2005, 27
(1): 51-57.

JEIEE TS, ZEOUB, AR TR B A AR R AR [J].
BEFLEY 1%, 2013, 28(4) : 460-465.

ZHOU HY, LI YC, WANG CT. Reinforcement property of
collagen fibril in articular cartilage [ J]. J Med Biomech,
2013, 28(4) : 460-465.

WILSON W, BURKEN CV, DONKELAAR CV, et al. Cau-
ses of mechanically induced collagen damage in articular
cartilage [J]. J Orthop Res, 2006, 24(2) ; 220-228.
THAMBYAH A, ZHANG G, KIM W, et al. Impact induced
failure of cartilage-on-bone following creep loading:
A microstructural and fracture mechanics study [J]. J
Mech Behav Biomed Mater, 2012, 14. 239-247.

Rl THE, KRR, S a9 a A R R 42k R
S [J] P EBIE AN AR, 2004, 12(8)
607-609.

DAI GG, LIU B, LUO XB. Changes in surface ultrastruc-
ture of rabbit knee articular cartilage after short-term

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

aperiodic strenuous exercise [ J]. J Mech Behav Biomed
Mater, 2007, 11(36) : 7146-7148.

IR, FWE, BN 2R IS I A6 I ZR i )X 45 A%
JgsE A Em [J]. P EAL TR, 2017, 21
(12) . 1805-1812.

SAKAlI N, HASHIMOTO C, YARIMITSU S, et al. A
functional effect of the superficial mechanical properties of
articular cartilage as a load bearing system in a sliding
condition [ J]. J Mech Behav Biomed Mater, 2016, 2(1):
26-39.

MOODY HR, AFARA 10, SINGH S,
enhancement of articular cartilage histological grading with
collagen integrity [ J]. Clin Biomech, 2018, 56(7) : 1-10.
HE B, WU JP, CHIM SM, et al. Microstructural analysis of
collagen and elastin fibres in the kangaroo articular carti-

et al. Potential

lage reveals a structural divergence depending on its local
mechanical environment [ J ].
2013, 21(1) . 237-245.

HEUIJERJANS A, WILSON W, ITO K, et al. The critical
size of focal articular cartilage defects is associated with

Osteoarthritis Cartilage,

strains in the collagen fibers [ J]. Clin Biomech, 2017, 50
(12) ; 40-46.

SCHINAGL RM, GURSKIS D, CHEN AC, et al. Depth-
dependent confined compression modulus of full-thickness
bovine articular cartilage [ J]. J Orthop Res, 1997, 15(4) .
499-506.

LI LP, BUSCHMANN MD, SHIRAZIADL A. A fibril rein-
forced nonhomogeneous poroelastic model for articular
cartilage: Inhomogeneous response in unconfined com-
pression [ J]. J Biomech, 2000, 33(12) . 1533-1541.
W, NEWR, BR%, 5. PR ST 508 78 5 46 4%
fap g Ak R B A B [ ] B AW J1%%,2017,32(2) -
130-136.

JIANG YL, MEN YT, CHEN L, et al. Numerical analysis
on damage evolution of rectangular articular cartilage with
micro-defect under compressive load [ J ]. J Med
Biomech, 2017, 32(2) :130-136.

PRENDERGAST PJ, DRIEL WDV, KUIPER JH. A com-
parison of finite element codes for the solution of biphasic
poroelastic problems [ J]. Proc Inst Mech Eng H, 1996,
210(2) ; 131-136.

By, AR, EEA, RSN R TR AR
S5k 5 1 Re R [J]. THREOE AR K, 2011, 27
(5): 367-372.

VUL, BRRHN, TOGKE. IR g5y i [J].
IRl 0E R, 1998, 4(4) ; 289-293.



