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Abstract

Objective: The purpose of this study is to evaluate the effect of nucleus denaturation
and exogenous crosslinking on disc dynamic properties.

Summary of Background Data: Fatigue loading can damage disc structure integrity.
In early stage of tissue healing post disc injury, disc matrix crosslinkings, especially
nucleus pulposus, are denatured by disc enzymes. In the following subacute stage,
new crosslinking forms with the growth of fibrosis tissue from the injured sites.
Howerer, the interaction of nucleus denaturation and crosslinking generation with the
disc dynamic properties remains unclear.

Methods: In total of 45 porcine lumbar body-disc-body constructs (L1-L2, L3-L4)
were assigned to “nucleus pulposus (NP) denaturation protocol” (n=27) and *“anular
fibrosus (AF) damage protocol”(n=18). For_the “NP denaturation protocol”, 9
specimens were selected as “healthy di_sqg’_’_, receiving-no injection, and applied with a
30 min fatigue loadings twice. These dlg(':s 'rehydrat(_ed in saline solution for 24 hr
before and after the first fatigue loading. -T:-he other<18 specimens were injected with
1ml trypsin solution, immersed in'saline solution.for 24 hr and then loaded with a 30
min fatigue loading. After the fatigue loading, 9 discs out of these 18 specimens were
immersed in saline bath for 24 hr, while the other 9 discs were injected with 1ml
0.33% genipin solution before saline bath immersion. Each disc was then loaded with
another 30 min fatigue loading. An impulse test was applied to every disc in
NP-denatured group at 0, 10, 20, and 30 min of second fatigue loading. For the “AF
damage protocol”, each specimen was loaded with 2 hr fatigue loading first, followed
by a 24 hr rest, and then applied with another 2 hr fatigue loading. After the first 2 hr
fatigue loading, 9 specimens were immersed in saline bath, while the other 9
specimens were immersed in 0.33% genipin solution. During the second 2 hr fatigue

loading, an impulse test was applied at time point of 0, 0.5, 1, and 2 hr. The stiffness



(K, N/mm) and damping coefficient (C, Ns/mm) of disc was calculated using the
one-dimension spring-damping model and impulse test loading information.

Results: (1) NP denaturation protocol: compared to the healthy disc, NP denaturation
did not change the disc stiffness but significantly decreased the damping coefficient
(P=0.000) at the end of fatigue loading. NP degeneration also increased the change
rate of disc stiffness and damping coefficient with the fatigue loading time. In
comparison with the NP-denatured disc, after crosslinking generation the disc
stiffness significantly decreased (P= 0.024) but the damping coefficient significantly
increased (P= 0.024) at the end of fatigue loading. The change rates of disc stiffness
and damping coefficient was the same as those of healthy discs. (2) AF damage
protocol: the disc stiffness and damping coeffi_cient reached plateau at 1 hr of the first
fatigue loading but at 0.5 hr.of the sécond fatigue-loading. The plateau value of disc
stiffness and damping coefficient were fﬂg _sahe comparing the first and the second
fatigue loading. After crosslinking, the dISC .s'.[iffness and ‘'damping coefficient reached
plateau at 1 hr of the second: fatigue-lodding. -The plateau value of disc stiffness
significantly decreased (P= 0.042), while that of damping coefficient was not
changed.

Conclusion: Faster fluid outflows during fatigue loading is caused by both of NP
denaturation and AF damage based on the increased change rate of disc dynamic
properties. Disc damping coefficient decreases after NP denaturation and recovers
after crosslinking generation in NP, indicating positive relation between shock
attenuation capacity and NP crosslinking level. The crosslinking generation in disc
decreases disc stiffness, reducing disc strength to external loading.

[ Keywords] disc injury, matrix denaturation, crosslinking, dynamic properties
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B S L 1500rpm) -

# o

R

- “/B’_/FIJ 4 =

BT |

- “/B’_/FIJ 4 =

(Impounder)

g A

£55)
Bl 22~ BHFLXE

Bl 2-3 ~ L4k ;¢ =% i % (Cyclic Loading)
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2-5 smpF 3+ (Potentiometer)
Yo 2-2 AroF 0 MR BT P AT itk R TS 26mm o SRR
F40.1% ST 23R ST it BRI B (AW T 2-1) 4 0 st

d 3-pin #2542 oM ¥ BNC #2578 » CITA JUBLEEP b st 2 B ATE B 7 12

P
|4

BARER 2 0~I0VER - AP T AT HILE L 0 B ot g FKL

»

ZEL I RFRILBHE P RRET 0 TR T L BRI EE R AP

=
=3

"

B RE - B EH(Y)-TREMRE =340 #7m (E 2 y=mm,Xx=v) -

y =-2.1867x

2-6 s} >4 3+ (Liner Variable Differential Transformer)

Yo 2-2 977 0 AR R OTE * 2 At (1T AL LVDT) B S £ RIFER
5 15mm > SR 5 £0.5% o VDT 5 A SR ¢ 5 - B AE
- PR BRGF AAPE ﬁ@@jg@@?@?%iﬁj m g i AR
aﬁgpagﬁiﬁiuwnwgﬂ%ﬁi%@ﬁ§aﬁﬁﬁﬁ%a%UMT
TRIEL > T L EPIHEE R 5@.%#’&:%‘"‘ ﬁ_%ﬂii%ﬁ 5 ﬂ EHY)-2REXRD &N
o T A (B i D y=mm,x=V)e, :

y =—0.9152x

2-7 — &pl4 ~(1-D Load Cell)

4o 2-2 #7F 0 AF BT * - Mipl4 ~ 5 S-type Load Cell > A1 & ) * f&
RE R e 250 0 R PT RERD B AR R R R P 05 B - i

PALUETARFRLBAR ALY A BRS LB LB EA R F

=

Rp R ey~ BB D e 4 o S R enRiplE% B S 250Kg o 4 R (y)-

&3
9

B(X) #&r 28T r (i y=N,x=v)-
b2 pl4 Aoy =-205.82x

- = /F'J 4 = y = —20897)(
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2-8 AEHRPRIZ R ]k S

Yol 2-1 957 0 R B RIUEL € 0k BT e Bk 4 B4 B

Ed ARG B BRI R ERHER T BRI S L BET] R
TS AR N0 4718 03 B o B < B 5 3B Amplifier (Analog Device) » # £
3 32 iFid g > ¥ 5 d Ranging card(AC1301)3 £ 2 = + el & K3~ P~ 5 -
B ﬁ?] IR RS EI0V AF it = R+ + (A 5% 3B18 fr— 3 3B17)> @ 3B18
Ak F o ks - )4 e gl o 3B17 a4+ + ks LVDT EL - EL
BEELEFEASF (National Instrument Inc.) #74& & <7 BNC-2090 31 5Lid 4%
S zkﬁ'/x,/]e_ EGEEES) f%gm%g{,ﬁi%] r>end f'z 0 >RV B ET i&i’gﬁgm%ﬁﬁvﬁﬁj a1
E DA R g b 0T o B 4R -+ (AD/DAcard)s £ EF EA P D
A A & 355 PCI-MIO-64E-1 jv*gv'-,‘sé;gré F R B BB G
10,000Hz > p# ¥ 5 0.5 1) o Fogh i@% 1 iﬁﬁﬁk“ﬁ%ﬂ{;ﬁ{iﬁ%’;\ o itp d X on
B9 o &1 AF % LabVIEWS.0 %}Wﬁ#"’ Bl A G AR o BER Y B
T A E L X -iﬁml CITA | AT e
FoORBRFHRFA %’?{#ﬂ%*’%@“’ml (1= _
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A

-L#FEER

AR B AL SR B - BERE (R
HEFEAeh) BEP36 BEK o FRaag? o V5 AT B 1 M4E
P S @ E A DRI RHT ] R M EIG LI L7 ki el
*F'J“,ﬁ%%é e s R A L s s @pRE R ¥ R RAEIELS T LK
TOoARAS TREFTRFFERASTRRERFT R S0 2 1
g KRR s S o - L ointact 2 (N=18) - - & % denatured & - intact
FHRLFT Y P A P A BORRIE > A r 200 kY i 0 A %

4] pFE£TACevkd ﬁ'*/i ﬁ*iigﬁﬁﬁ_#&-véﬁm,a AATMEBLY o f2
fra spkins s B L s pE(TAT9
'4% : =5 i"'aﬁl\“’iﬂaiﬁ#w
: 1m|‘~msi.§_~n pri ke d w2

4_1 sy

By gli-kfzed %;éﬁﬁtﬁé“

Sigma) o ;i bt € #-0.50 3 &
0.5%% F-v ﬁz}, oo L .&de?g #

F_ o B
PSR wcﬁl@« F R rj}ml},/\&i—» (A~L~P{eR) >
P AR D R *%Wﬁé;ﬂw ﬂr,:zifb i Ef;hbmvéﬁmwzzm 25C
- f\_;:j N

TA2 ) pE S LA ACk$ETRG 12 ) PF o BT 2 AT FE T8k

WEARY ¢ RHREIEC AL TSR LY o

Bl 31+ » 4% 57 4B
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3-2 R Bein A2

AR RPGFOE G ¢ 4 S PRI KRS R G S
o PRk R b L TTRGRPE § 5 mPE iR 14 (30 A 48)
R GHR b BT RIEP S R OERE Q) nTRE
€ 4v P i G B R B AT o
3-2-1 {8 R % %1 k fR i3l in 2

P A AC ) 3-2 AT o IR AL AR L LT g L REEFRGE L%
AR X0 AEEHRAT . RREPIFE L0448 E - X TEFRE RS F
- TR R A A - m(n=0) 5 B HRRE AL Bk s 4Tk
24 ) G F R 2 fer%if'Jiiﬂﬂﬁi’vai AR S 30 AR
P 10 » 484 48 ¢ — = (RSP o E'%u-? control group ; ¥ — #(n=9) %
722G gatERd 2w o~ g o dmlEe < R i (078-03021 - Wako
Japan) > i 7 orEiRs 3 & /%/Ti—k’ﬁtﬂ*#‘%:}_ IF’* J giii%;-‘a S EEE = T S A 1)
25C7T 12 > % ACKE R 1_2:_'“'%; SR 2 £ T2 Rk
£ 5= 530 ARG ok =10 »gﬁwfﬁg - = E R RE S A
% crosslinking group - 5+ 23 7% kR 5 0.33% (0.33g 4 » 99.67ml 4 32 5
kmpea &) o
3-2-2 18 BRI oA Ae

P AL A 3-3 4T o R AR L PN A FHF R L6
AN - X 2 PR BRI R A 051402 | BF g - X TR o
RAEF - AR PR ERERAS A o - B(=9)F P RFE A RS Bk
»ACk$a 24 pEiFRG o kT 2/ )FEDFE TR LA F K20
B FHRA0S1r2 | pFg - S IF@EHFRIE > 2 AL control group
¥ - e(n=9)i 2 &Ee s+ %37 (5(078-03021 - Wako » Japan)*x » 4°C 7k 45 24
JTREERG FET 2 EFEPFETER LN F 2 FRHEELL R
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2051402 pF ¢ iF— = el Rl > o e fE % crosslinking group » +5+ %73 7%

i B 5 0.33% (0.33g r » 99.67ml c12 12 & @ -k)

ok g | (N=18)

v

p| TERE |

v

R 304 48

!

10,2030~ 48] fgesp spy 2

Control group | Crosslinking
(N=9) group ( N=9)

Bl 3-2 - R 7 % M Kg e A2 B
R gEy |(N=18)

1 4
| ortrilie-te
|

EERE A 2

|

i Es
Control group | Crosslinking
(N=9) group ( N=9)

0.5,1,2/] p*

B 3-3 IR G o AL
339 %k

TERPR AP R DOEEREF R L 00 E% > A4 e £

= 12) B irR i ¥ 20ms ol o 4ol 3-4 ror 0 B R g #BRE A & CITA

18



Wot ik JIF CA ARFHA L AT ™A B- Bpl4 ~
P LM R TR ARF AL B 6o BEIY 124 SRR B B T
Tk o € AR IR E R RER L 1 24 o

Vﬁ’ﬁ?i\,ﬁi IR B R (5§ M PR A M M AR R LS

E o R F LG S G e B A TR Ao 34 0 o IR P4 R
Ty % 420 & AF(H A 190~590 4 ) 0 f fOF S SHz o TR f PR AL A S
EEREE BT B A 5 A 5 30 A4 ATk #cs 9,000
SR 10 R b B R S 2

B=cfics 36,000k 0 & ¢ 05 ) pF 1 ] PEZE 2] PP - =X BRI o

“ il

SEE:
B 4

i ¥
— %4

- p A~

e
R
};’4
bR
R

GRS
- fap A o~

SR

- pld =
— R

B 34~ ks ST LH
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3-4 HF H#-3)

ARt R gl 7 S ,T&ﬁ%hﬁt%*i’fﬁ - BAEE L kA 4o
B3597 » - pd BFEH AN S0 3157 o 8¢ FEH(M)E ¢
AL B VAT ZEHER > BRENLE 9T o TR Gl K (stiffness)
2 ek %4 C (damping coefficient) ™ 5 42 B &5 e L 2 o AR % ERIFTH 5 1
Frig st e prent= B £ %0 > 4oB) 3-6 71 o % - B E 5 I 4R AE AT -
AP EPHTL A D RO KA TR o R 2 B B R E
AX O FZBEELSX ] RFEH Lo o2 fe5d A E FTEIK L

2 C 458 3-2~38 34 #57 o

MX+Cx+Kx=0 ... (5% 3-1)
KM e (2 32)
Ty
PINER LY S, (8, 3-3)
2r X, Yl

AL (54.34)

C=250KM ..

M

K C

oy ceE AR 4 oue 1
Bl 35~ - mBF e kAL
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LE T pd RFHE

v

(mm)

displacement

i ; ; ‘ ; :
| 20 40 6o 80 10 l V \J/ IUU\
0.4 1 - Hp 7

Time(ms)

B 3-6 ~ it FF 4z (4% 27 pE AP BE (% )
3-5 ¥t 73 2
TR P2 R 5E f2/0h 2 42 2w en ol
4 & * Two-way ANOVA ia\ﬁﬁﬁ“ﬁ BFrEfEy PR

By girsfaegddohd Bmis ’ﬁ.%**“évﬁfi CIER GREOT TR E PR
ER N R R r%aFﬁ*%ﬁ ua-,wﬁﬁz PR e
BUEiET P RTREMNERR F 5@; %'&’é‘z?% #T]% 3 SPINE # 7
"o ¥ 5 H* One-way ANOVA %%ﬁﬁé}vﬁlﬁé FARURE oo AR JEA S ERFES
FEAZZZYRABF AR B TEF TP F - RREPLEDTR
fcdp 3 @  Two-way ANOVA » ko 45 P4 A 24 ¢h 4 2 B2 (S e 45 eh
BRFER GEOTETR G R DR T R A GO e 2 A = Two-way
ANOVA » $.15 % 12 LSD j# ffs 3% A 45 o #7F s34k 2% 11 p<O.05 ik 5 A ¥
ALK A AN N e Ao g A

iz * Two-way ANOVA & & 7 B R %74 & ~ R T4 {8 ~ R ¥4
TAA NI PRI AT ENDR L BERREFHEFDLE o B A
B F S 5 TR RS 02 TRR G O o 32 ¥ 0 LSD 2 4483
BBALERF]F RS EAYT o AP R P<OSAR L EFMHLR o
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Fr¥ 2%

SR AR AR Jele FETAN N AR Y Re A gl AT o Y e U )
GAEREROETRE P AR DR EAeF 4L o R R R T A

405 % 788.5 (48.7) NIMM » fe § Jo P 47 4278 1215 » M & D B A= o AT F

W i 5931 (48.3) NIMm - — E B 5k f 506 10 A2 b HBR |

o

AN I B RERTEAARRER - A5 - IR PDT > EERFLEODR
EEF L PR F R A BRI S - BT 30 A4 BB AR R G E AP R
X 44 e 18 (K=924.34(29.6) N/mm > P=0.000)" o (e & 8 4% 125 f2 15 > P 4

TR (A7 10 A 45 UFTR f 4812 (5 TR F B 4 24 4 (8 (K=882.2(72.63) N/mm »

P=0.000) » iz 2 14 3 F| 57k § 4.5 Ao BRI IL F B FH 0% HOER R
b 1R 122 15 0 T 4 PO b 05Tk g g 104 4575 it 1T i o

B EE PRV REE TR AR kY e R R L

h°

ﬁ%miw$@ogﬁz4J%7MU%VﬁW§m@&@%mf1$—ﬁaf
wefe R 1o e el s d m¢wﬁv%w%@@mﬁ o BB R ehT
&%f%é?%ﬁm%ﬂmkﬁﬁi—zé?ﬁkwﬁx¢%kfi§i

FR AT SR PR R TS > AR BN R PR

¥

PE - Sqpl o A A0 AU TEER AR L S ARETE I ER) P
SR

BOEPFR TR L L R PR Ao B 4-2 4T o B I e
R Pidich 48 5 0.67(0.05)NSIMM » it 42 7 1 R HIE 215 0 A4 PR i

Aok WREF R 0 7 0.45(0.02NS/mMm » @ P AUER G LHE  BRE- D

;j‘.r

BEr MW E e 5 - ABERE{DT > EERFLE DR GEEY T
PR A M RS 0 — 25 30 4482 (5 PR K347 4 ((C=0.42(0.67)
Ns/mm > P=0.000) o % L FF % 12" 215 > e FaFanfe £ th e/ 10 A 4875k

{904 {5 T BE ¥ # 5% - (C=0.365(0.035) Ns/mm » P=0.000) » fz 2 5 ¥ 3] 957k § §*3
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Ko IR BRI A F S R LR R DR DR - o

24 pERE ARk REMEE DL GETERI S - X fuo
R PR IR ARE PSR RT R RT A R
BEUEHR L PR A R B N - ek 0 LA 304482 S MF
B A A E T o $T L P R R S T o PR BB TR L R
Rehgits 2% - stdple > R A 10 24818 TR FH RS 0 2 BT EREFIR
B EERIATR A P E ARG R R .

l%-af&é?@ﬁ@
[ % - =< % % § §*(denatured)

TR B % - = 5%k § §“(denature
p=0:000 "~ PR ?

'P=0.000
_ P=0.059
P=0.246 =0.944 —

N

§

\
§
\
\
.
\

0
Time(min)
Bl 41~ R P iriad KEg § PR 2R
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¥ - &A%k f $(intact)
¥ = X%k § {(intact)
M % - =< # % § $*(denatured)

*P=0.000 B % = = % § §* (denatured)
- | |
0.8 *PZIO.OOOII *P=0.000 |
0.7 I LS *P=0.000 P=0.000 *P=0.000
0.6

C(Ns/mm)
© o
N a1

o
w

0 0 _ 20 30
Time(min)

L5 T

Bl 4-2 - ?ﬁfé&+i%'g;§fﬁ%+&%§§: Cif._ﬁ_-_r;i? b AP R G

1245 one-way ANOVA 1 & BT 7 » 0 ¥ P 8§ 1255 f2 15 R 46 ehDh B ~ JE R
BHCT BT A KR L {5 L B (P=0.250) 0 & 7
DR EEFEREPE AL EEr o DERG PP HT R )RR
T E R EFRERF TSR  F AR BT (REE
RPogiirefe - AR Era e 24 2 m) & - sk {7 e0®
Lo RIFH A PR R SR T iz ) e

eR 4390w 0 F BB ERSARE P AL 2 P TR DR
¥ 1 21 (K=725.42(26.7) N/mm » P=0.000) » iz {3 (3 iz B 4 F 4 chBh & » @ S0 F
S E RN R TR Erty N ] L e S
Lok f 30 A B2 M % n R A BF S B 2040 4 6 (K=795.98(45.7),
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P=0.002) » fe & g7 it B4 P43 & P 4% 1L R 18 e P R v e k0 B30 &
SNtk f PR R T R P BT

ho Bl 4-4 0o 0§ I E RS R B IR A BB 2 o e F S
FR R 4 dchE ¥+ 2 (C=0.598(0.064)Ns/mm » P=0.000) > fe i% &f % (15" G B 2 B 4
e % B(P=0.008)  f TR f I o B AN T R - E SO0 e 2
P e FRRR PR LRSI AMAD L 5 R e n
BUEF PR e FRS T B A RE S - B LARERE P

E 7] 30 A 4B2 15 A F B K 40 45 8 (C=0.471(0.05)Ns/mm » P=0.000) -

Nwskr ¢y
B 1Lk fria i

T, DRk P S
sl ! ‘;E:;;;i“550093;:0000 «P=0.024
1000 - p0257 *P=0.001 T *?z_o.lozg T*\P_:Qll
800 - [*Pli-c_)oo T\ ; N I § I

ot i e

g 600 \ ] § § §

¥4m§§ §§ §§ §§

. N

200 §§ §\ \§ \§
’ 0 Time(min) 20 30

B 43 HLR PR R R BT K R M
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NiEkr ¥ 127
R TEM S A
[ %1k faa gt 4 112 5

Qj i *?ziézigoo * P=0.001 *P;EQESQO 135993%
06 \ [ P800 P=0.001 [ P=0.000
205 | §§T §§ { §§ [ \E
©03 ¢ \\ \§ §§ §§
a ' BN
0 10 Timeminy 20 30

W 4-4- %Etﬁ“f*%ﬁ“iﬁé@ﬂh‘ Lr iz g O B 4 )
42 RERAR /2 P ATR vﬁﬁ%éﬁ;_{ﬁag@g»ﬁ
#w;gkﬁﬁ&+@21ﬁmf%é§§ﬁﬁﬁ“ﬁiﬁ%?ﬁﬁﬁﬁ%
BB TRAT REREE RN w o L A g TR R
kA g kT A ARHRER AR OF KRS o 4B 45 4F 0 RERE
45 T B A 4 8 5 655.88(60.5) N/mm > 7 it RF TR ek AL A 2 E o 7 eh
DR, PEEH A R L BT EOT R o RRE F AR
0.5 P i > T B BEF B 0 4 @ (P=0.000)> @ % 7k f L8427 0.5 ] pr s (7
G L) TR B F e 40 (P=0.000) 5 2 {5 AR T
ZEEALFRFEDRL LA GHFREAZ L BRPRI LT IPBRE
SRR A R B (P=0.169) 0 fe E 5 A EETR O PF R R de g TR B f P

0.5 | PrisTh R E R4 T BB M ELFIERA £ L) PSR a0 L
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PIRBRAITER PRI E TR GHRFRMIMEIMAEL 218

H 4 enTh B A= 4 B 0 8 i B 4 & B (P=0.193)> & £ B R et 23§ B frt

PR BRI L - LR A LR A PR R LR 2
Bl PR B REE DR G A RE RS L PR A
EEE T3 L
*P=0.000 whD ¥ fm R
! B A 4F 1 e 7 TR
| *P=0.000 I *P=0.000 | O Ao 3F 1§ 4o PR oh 4 42 1
) *P=0.005 *P=0.023
0 | + P=0.000 ! « P=0.042
P=0.193 - T I l
1000 1
P=0.169 {
i I |
800 |7 \ l
= |
E |
2 600
X

400 [

200

=

7)) -

07—

-

0 05 Timethy 1 2
Bl A5~ e IRAF G/ 4 B B A K 2 PR M )

4o @] 4-6 #7or o R A chfe R A 48 5 0.594(0.08)Ns/mm > 7 %t
Bk EERET AR E L Gy "Cf PR en %] - LZERF
W R GigctE R R 0 PATR A 05 ) RS 0 R R RIREEF MO A e B
(P=0.000) » & % 7%k § e 7 05 | P (TR P2 1 pF) > A&
Fe Celiem 3 OBEF M a0 K(P=0.000) e 2 fEpE R Gl R R @A L F A F L
it o R A FHEREHNL BRPFRE P R AT Fa R

(P=0.302) » it &fu i GHSEIETR § P g S R4 B f 405 pEiS
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BRETRES IR ERE 1 PR A 2 A S PR
Pod LG LR PRI PAWAS 2 R R
TR Cileindn B S F T R R 0.5 ) RIS 1R AT A
#(P=0.001) » @ ¥ ¥ § LHF e 05 PP (THERL L L) RFE

PR hdic7r FOBE ¥ i ehts 1(P=0.002)0 e 2 fAfR R Al R B L AEER

g o
e
—*P=0000 . D 4F § R P e 3 p e
Z;: LT { E;%ﬁ |
=05 | ]
E i §§ \ N [
e \ N\ 5 1 [ }
©o3 §§ \§ J \
! § § | § |
01 F \ \ N\
° %> timemn 1 2

W 46~ A IRAFG/oH A R TS C il f J P M G H

4-3 HF L7 e BB

Bl 47270l 20 %% RREETERRL DR 6 B 25
(At = f ~ BB P12 ~ (OB P R B 5 f2 5L ~ 53 2 3% ~ (D)
HERIFGEEEetd 2am-d BY PRRF R 2T ¥ DR R o
RIEE R P 5 P R S RO - Bk R P
o ded ERALEIRE AP MR AR A LOBR S LR 6 2 PR
o P RHERE RS FOAABIR I R R RPEAR AP - F 5T R
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R RPEREORTPALAWME REP PR RS RERE
MG R APER A A2 B REPORRR G o AN R
TR RN T S AR R I G R P A A IR B RE RS R
S dE > B IR A2 P M P R FREEE ARG h A

MR A A > RS R R

(B)

(D)

B 47 He 4 6 R (A) i B %8~ (BRI b LK 15~ (C) K fRfa i 42

i+ 32 - (D)RMBE R G RGRET 2307
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1% 3%
S-1EREHELTERRE PP cng

ARG F R NP REER G R A ERTERGR 4 i o
PREZREFEORAE L GEALEFFEEI AL B0t > 23 AR R
BEFERFEks 7 2 BHEIFER - BlReS ST L LM - §
PR AR 4 pE s kA ¢ KGR PUL A SRS > F 2.3 47 (endplate) 1 & 4 B TRk
o R R ENR T AR B A R IR YRR 0 S £ R e R
SHARH R ERATRNETERF At §ATRIBI R A AL RS 5 T K
AR AR R AR SRS S PR
ER AR TR RIS C4( iy e < r Jﬁ%ﬁi c AR T AT ¥ FR
TR B FER Rl § AR AR BﬂfF'*ia%c 2 F RE R M e T oA
AR ET T SNy f:ag_er AT A TIRUTEN T T
A F PRy m#vfi"”iml‘gﬁ»&lﬁtF—J JraF'* FPRCRRE R
£ @ B o LR TRBCE TR TR G i\féff"%ff\ m )ﬁ" m%ﬂ*v At ehd it e
FOBHRAEFRG A TR %ELF’* Gk 5 3 R B E A BT
HEBED| TR KA T A R AR > b4 A A R IROKE T D
BeAefe & D gl ik g oo
5-2 B EFTHBMTES G RE

HEPSE SRR SRy i AR50 FRFPPN 51 39 Fehigdn
$ R0 S PESRR Fd o 4TI Fod BR 6 BURR R B T ehE > T BUR R
RIRG I E fa e & 5 o 33 2 8 AV 47 endl i 2 (porosity) 3 4c o o 2t F-v § pEZ
VR FG AR i kA S e AT a4 B T TR
o md kA g B T ¥ T GE L &7 BRI %Y BRI 55 BR
Bl l ARRRERA GBI Y EM ATREFL R ER A L 52 RS
PREER GEREI TR ESEF VTV RFELEEL DR R BT R
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SRR PR TR H % i 12 (hydration permeability) % i* %7 4% 28.29

PHREEMHT > BRERLPELT  BEFPEELRAT SO R ERD
5 M R SN VA 2§ Aen g (T 5 S 0 TR H )T B
Wt er koA o LR AT 8 BoRR R ehw 4R B AR P oK & (over-hydration) o F]
PEEERE PR o HEED AR KBS - FRIERL PR 6 Rk
EHRFEREL2Z G DR P H AP FRAT R EREORTEEFEER
SR B BRI SRR o P A AL G0 R iR SR A IR b
i TR (7 A R It IR B AL S IR k4 R PO R 1 i
RE - AR ET ¥ HHEFER EE AR A A S e A R R I
BEFHF S EETEFTR P22 - R TR FEFR O PLT ¢
LR R R R A LA 3T R

S AT JTCICRVR L ey *ﬁﬁﬁﬁ G BT ES G
R R L %xﬁﬁ%? @ CE LR AL T

M“

Fon AR E AL R %wﬁé e ES LR NS RN

SR SERRCES 48 4F¢L¢n~%}ibﬂf. S ki Y P R 12 6 E K
W R Gl R G 2 i g kL R P A el
LR H L EMARERO R e L aE TS G4 HER TS o
B AT e s apE v a SEERE S KA BRI PAT R Aol
Ao BAEF SR R A A ARG L kR o
5-3 A BIMERET LG L P
SR ehwp. A B IMA S s RGO F R g R
PAT A2 DBRASORR R BT UL PR DR TP R
ZHEFE S RABREHFE S CRF PR A BRWMBAE 0 f T

SREFRDAFTURD  FRHELIGFEERE TGN RS F 5D R

r.
=
AR
-
[
P
—

IREG LSRR ERR) PRTa R hd 5 S aRBPAT
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RS

bo
—
=
=3
=
S
o
3
=4
2
-m;
=
m\L

o Chuang % A e 2+ o1 0 ¢4 BT
BARERL T NG RRRTE SR kA Y

HROFR. KFHEEFVTUFR AT RT PSS 2RI R

¥
PSR BRSO REET U FRFRAEEHAL S P P
BoRFEARRE TV ODRDE IV ENE FAGERRL T EHRFED
BRFD VIR HNZFERE K 2852 EI AR EIBITH f %P
F > Chuang % A Bgo1 % 10 3k < B3 e » H p» # 5k & 4 (circumferential tensile
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