R B FFERTFIFRFFIREF LT
L

Institute of Biomedical Engineering

College of Medicine and Engineering
National Taiwan University

Master Thesis

9 198047 Gk 5 f VP 2 RS A 4T
Analysis of Mechanics of Pedicle Screw Loosening

During FatigUe L.oading

12 =

Sheng-Yuan Cheng

dhERE 2 E L
Advisor: Jaw-Lin Wang, Ph.D.

PR R98 & T

July, 2009



B 327 REA LR X
PREBGELTE

HE G ARIRAT IR 5 B T X R AT

Analysis of Mechanics of Pedicle Screw Loosening
During Fatigue Loading

A X AL 8 TE (R96548019) AR L &M AL B & T
BB RITAMRZAELSMG  WEBE 98 £ 07 A 02 84K
TFTHFREBEELRBR ORXRME » 45 ILEH

£ 8 - o =
o = sk %%

ik -




R
PR A e e 0 — AT R AT :e&ri&éﬁ;@—i KRS ,r.»,s B E o e BT
il d rE e SR LFa- BREE | AR hE &g R A ip%’fﬁa)‘?
I CVREEREF > A EEF A ﬁm#ﬂ EToEE L7 F Ao R E R mA R TR0
%ﬁ{a%%iwﬁ&bmﬁnamw$’ﬁﬁ%woﬁiﬁﬁﬁﬁéﬁﬁi
meeting + ez ik 0 RAGEA TG 4od k- TP FIFTHEE o by B R HFE =
?ﬁiﬁ’?* 4%¢iﬁf%f?%°&?ﬁi%%ﬁﬁ%ﬁ&ﬁ%ﬂ§i
m;‘r fgg-l l__f" p&nbgﬁmﬁ’ro
Tiﬁkﬁwuﬁi@mki FHEE L ORGSR R R AP
RRAE S TREEA S B A E > AR A € LT RN e B 2

oo B iea & B EA KA AT g e s & HavBkfod gt 4 B g
ﬁiﬁﬁé’w%%&’mm%#{ja vk | RS RERA - 5T B
PRE- YA T EY 1#%&ﬁﬂﬁﬁ*%¢%*é$’%ﬂma“

iwﬂi@&fﬁ%méw’ﬁ Lt o FEE P IO RIBT LR -
LAY FY DR IF R TBRE S R ARE T SR (%)
BRI E S EF LA P aR{op g s A .rﬂ;’i}uii— ek HBAART i)j‘ui/‘
GRS e SN E R ST RS B0 B R A
%vﬁ49%{@%&¢’${ufmmﬁw’%kﬁéﬁﬁﬁifuiﬁ’@ﬁ
2T A IR fdet 2 £
wﬁg%mggi‘b@\g%‘gg‘;ﬁﬁjﬂ@’iﬁﬂﬁﬁwﬁ4
kR AP THETECRE L REFRET IR [P
ABRE é£¥—'%@%ﬁ@ﬁ*’ﬁ%;ﬁi’
Ui A TORIRIER gL s B iy o o LR PR BRI A &4
,]\;,;kmﬁg}ag,%gg BAFEAG i 2 2 B A H o BR(PS. ARG R R
R R) LI BT ARE LRSS PR RS E PR I
R S ma@@ﬁﬂ’ﬁﬂﬁ—bbﬁ’ﬁﬁlﬁé?éﬁﬁ%ﬁiﬁﬁ’
B AR R E i o (e #ﬂw@? A F o MAL Y - % 0k A
BoMI R REIMARPL G 2 I FEREGH) 0 P E R LA LERT
é&”ﬁé%’%éﬁliv’2$%1¢ﬁ’§%*”iﬂﬂ%%751ii
TESAR S BE > BREREFOERAET €1 IS £l
bl BB E X /\Ao_ﬂj\qj’ I3 4k~ 53 ~ L8~ 54 - Fagw
FoE DA RGL G

Bofs > BRHFANDT T MBI ke E K7 F A B ESA Pl
BoORAN RGBS EE o B e K}W‘*?i;&m&fd =&
T%%ﬁﬁ?%#ﬁ%?ﬁﬁﬁ%!

m

~
%

—=h
'ﬁ
3O
—=\ F}.

4
1

Wb@m

-]
.
.i'p
3
—_‘1

P
E»
hA




¥ ¥
FRMA 425 SR LRE Y £ R PR — 0 TRA L LU 10 R
o AR EAIY X R BN TR e R s e o E B G e A2
(@%ﬁﬁ$’uﬁﬁﬁﬁ%ﬁﬁ@%%ﬁ&ﬁ@%°Bﬁiﬂﬁéﬁmﬁ%ﬂ’
F R e o B R R (RIS S P 7 205 s Rl R - i
UL AT R N T B AR B BRI 0 fe g o R
oo RS RRRBRY | PP AR ) R e g
SRR R R f RN R P G

Pen:l 224y RGe et p gy {24 PR Res sk

SR TR L R ERR SRR - BE R Rgf o 20 1% BIILRGE S SRR S
BARRLRIES 2 ERAF AR RPN RS LS FE o F2 2y A E

GoRiE R g s R 2 Bl B o

Hflgr S 1 kA L5 BREE D H- FEECR ™ 4 1 i & (density : 0.16 glem®) » #-
B 6 mmedt s IR LT B R AT H T RS o ER L 40
mm > 2 {5 4R 4rER i 7 20 - 200N > 47 5 5 Hzenk & § > 234 s {4 4
A ] ImmAe 2mmenfF g o % = FRECiR * 4 8934 4a F (T9-T12, BMD range :
0.665 - 1.039 g/cm?) » #if 47 it 3 T 7 F T EEE fF o RE B LR R
A2 EE IS S $iferERie 7 20- 200N 0 A S S Hzek & f 0 Bifgr e
HER 4G 2 uglE L mmic2 mmanF g > B f &P E 6= AR AL
Fl2mmpE s pla-f 4 2R KD 30-300N > 3 f A1 & dp - RIRAT Aje
Ppm aDCEE G BB R F L S o S FRIS%RY 67 - BRGE P OHE
f(Intact) o F 2% ¢ & FU% BIHRIE > B RGR o D RIEZ AR 2 0 RER
5 PR AT AR A P en s B AR > RIS o R o 2 (SRR
pESE2FHEPNRR O G D HZ FRERZ SRR A BRI S 4T -
BEIHE- OFREEFR OB AERY L PHPT BB R G 2



TR ehdRE > foIntact Imm e 2mm fhie B FF R A F e R (p=0.00) > ffF
Boag%d > %A G Intact #7301 mm e 2 mm shlews G OAREFET H(p =
0.00) o vzt & Py b fhlfhas R e R P F g %2 87 B ROT RAES - 5=
FRRZE TR ARY R FHx | g BRFRF BRI £ 5
Boofe hdrhiet X kPt ¥ @2 § BRI F N2 3 o Ad FEFRY
5 AR E B E N OB A~ REFFfrENREZ H % A A F LM
Mo 45 b B I % enkE 3 M 4p B (p = 0.00) o

BHOFHIPREEA I F e F B A FRED ImmpF > 2R R G BEF
BT R o X R AT o T A AR5 0 U B R TR R hik 3 o
A HER . A EER BRI E AP IR RE Y EFOM B EP
Fod RIEAE S 1R AR RN BIL R R RS T Y ATERIR ST R R R

QTS REEREE VR LE S 3r S I 4 S



ABSTRACT
Objective. To find the relationship between gap of screw-bone interface and pedicle
screw pullout strength, and to develop a non-destructive test to predict the pullout
strength of pedicle screw.
Summary of Background Data. Pedicle screw looseness is frequently observed after
spinal implantation surgery. The X-ray image and computer tomography are used to
diagnose the gap between screw and bone interface. Nevertheless, the correlation
between gap of screw-bone interface and screw looseness is not clear. Pullout test of
pedicle screw, which is a destructive testing method, is widely used to evaluate the
strength of screw-bone interface in vitro. It usually costs large testing sample to predict
the progression of screw looseness using this destructive testing method.
Materials and Methods. Sawbones and-human cadaveric vertebra were used for this in
vitro study. The specimens were divided into three groups, “intact”, “lmm gap” and
“2mm gap” (n=10 for each group). The pedicle screws (diameter: 6mm, length: 40mm)
were inserted. The fatigue loading apparatus was used to apply axial fatigue loading
(20~200N, 5Hz) to the head of the screw to create the interface gap. The
tensile-compressive testing apparatus was used to find the interface stiffness and pullout
strength of pedicle screw. During the stiffness test, loading was applied on screw head at
20~200N magnitude and 1Hz frequency. The loading of impact testing apparatus was
50N, and the vibration frequency of pedicle screw was measured. During the pullout
test, the pedicle screw was pullout axially from the specimen at 5 mm/min, and the
maximum pullout force was measured. The relationships between interface stiffness,
vibration frequency and pullout strength were analyzed.
Results. When the gap between pedicle screw and specimens was expanded to 1mm,
the interface stiffness, vibration frequency and pullout strength of pedicle screw

significantly decreased (p=0.00). The interface stiffness and vibration frequency are
\'



moderately (r=0.58, p=0.00) and highly (r=0.75, p=0.00) correlated to the pullout
strength, respectively.

Conclusions. The pullout strength could be predicted by measuring the interface
stiffness and vibration frequency. This method can be useful to predict the progression

of screw looseness during fatigue loading.

[ Keywords] pedicle screw, looseness, fatigue, vibration, natural frequency.
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Fig. 1. Means (*+standard deviation) of bone mineral density of the lumbar
spine (BMD) in 11 patients with screw loosening and 41 patients without
screw loosening. The mean BMD in parients without screw loosening was
significantly higher than that with screw loosening (P<<.01. two-tailed
unpaired £ test).
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torque (Nm)
Fig. 6. Correlation of peak load in pullout versus insertional torque with

54 pedicles (Pearson r=0.20, R3=D.04_. p=.14).

B 110 &4 e fod 15 B M AR

Lu(2000)% 4 %f & 22 % % 4 400N » 20,000 = %% f §¢ » & &% 500cycle
PFecdir— =t fd 5 1R 4ot F B end B =4 B %> k|58 & (screw-bone interface
stiffness) » H & % Bgom - fw 1000 = § P PFRIIE5 & 3 P R0 FEAREY 0 2 (O
M5 R PART T AE o M T RRBE IR G RAdR O R AORIGE 0 TR APl P ARy I
d e B R R 2 A R B o

Kay (1998) 8% « 4% .| 4 § ezt gh g Mp|aki > 9 SR g e » Jg en] i
B o 00 BNe4 EREFF P &3 RIS L PR RPN hbeid B (T
pARRIMS) PRRA T RIERGE - BT o FN AR et

BT T ek ]%‘m}i"sgﬁuﬁ R AT AT AR v SR R ARS o T2 BT



A fehiio R ML > SEKTA FR G EFAAM - 2k é)’%ﬁf BIEiES

FAZLEOR RS 2 0 T SRR TR IR -

1587 7 = fcp o
PR e CE TR £ R PP A2 — 0 TRkt BT 1904 18
AR Egd gm A v R g sk o B X Rt TRETR R i 3 1900
vl Ao ¥ B2 s S{od TR L2035 gt 154 5 12340
imﬁ@m%%“ﬁ TG ¥ R A 2 485 s o B e (2
F)FIE S TR A R R o
A ER DTk SR LEY ALY RIS ol B ot 5 A
g R R BUR LRI PR R RE FE SR & - B ERELT
Fp A Raad oA AR F R REEFEBE L o TR EaE - AR
MEpE S > Favie s RS frfat e LA > TaWE - 2Reray
PLEPBLZ > 0 pncndh f R R EE > M MGAR T R R B o T A Y BT
B P oeng T A EL
Ligd fs e afad p SR A R o2 2 B a1
Behhf 0o T4 X REHERI R ANA S o R iETRA AR5 1947 47100
ik g o
240 TRIBRIGE ) Ao T g R | & AL BUR I ARE S 2 0 BIERS RS
FEAP A R ol AR R AR R A D RIS A L
wﬁ%“%%’iéiﬁﬁﬁ&%ﬁﬁsﬁﬁ@ﬁmﬁgwwﬁﬁo

10



44

¥ HREESE
21 =3 @A

ARG BRI RS gAY L

1

i % (sawbones) % & — B HF % -
F)% R F A S A5 1R s e B 4 @ )i Omm(Intact) ~ 1mm e 2mm &

BH o T4z Bewi@imins R MpRE > B F Ao IR o ko
Febe= PRI g @ * A At et § A R(TO-T12)» F1% gk 3 f 44 5] ffd 5 1947
Grictaf & 4 5 £1:2 Omm(Intact) ~ Imm e 2mm > Bz B ewEis
3 1A DR B e R R PR R TR - g % Rt ke

PR R e T X LR BB P A P R AL e
A -

A BRRBEY 0 AT EIr TRIREE, f T EERE A B
WP pE > E > BRI RS foi P AR ERRDF B I NELEFTHR
§ATU T 0 Rl o 2 B X5 USSR R L T R T o R RRIRIE
SIRTE L HHE 5 AT e L A BB TR A B N 4 e

TR - E IR SR D SRS A EY L R Y A
BB R AR R ) RS )

22 B K E

2.2.1 @ BRAFALRIZE o

MRBRPEBEATHRT D WO ERES (B 21) B 5 PR R R R
% (potentiometer)fr+ £ j& itl % (load cell) k £ 2 F % ¥ =4 {4 LR - jd T
4 enF L fgE~+ (PCI 6040E, National Instrument) =2~ 4 & #ici@ > {1 * PID 4y

FRIZ(R 2.2) > S BI(P) ~ fa A (1) ~ Mes (D)= 384354 E i@ B o MLEE i

4

5‘(—,’7?

l
(analogy out)w 4 & & > i ¥4 @ PR R (proportional control valve):d & é & et
o0 59 b B o] 4 s b B 4a(oil hydraulic cylinder)i vis & » & 3] T pr 4 £ e

11



AT o F A S A A TR iE 10000 £ A RS 2 4 o T £ g

ook Rl U TR 2 AR R AR

Proportional Control Valve |— __ﬂ
<+—

Oil hydraulic cylinder

|:| !4— Load cell

////////////////l//////

B 2.1 8 R bR 4

> P K e(h)

i
—Setpoim+ Emor» 1 K,.J‘e(r)dr Output —
0
o D g %O
dt

t
u(t) = MV(t) = Kpe(t) + Kt-] e(7)dr + K‘ig
o .

B 2.2 PID 4] 2
222 p ®WiergpIET o
B 5 B W] AT L (R 2.3) 0 1% - 19 100 5 et (rod) 0 8 ¥ R R eh

Futrack)p d T A A ] 4 REEE > A rE P § G R B AR e
12



(damper) » 123 4e R F s BEFERF > T 2 P2y 4 £ e E(load cell) k £ g 7
PFend § o i L BRR R B RIEMS ERBIE 25 o4 T o 4

F 4% 50N » 8 pE 4 B o5 chd Sac(B) 2.3b) -

;
] | vl
Dampin ' -
— & = Falling force

2 a0

Direction : e
20
10

| Load cell | v
[ Lenaepkietieny i,
o 2 4 6 8 10 12

Times (ms)

@) AR (b)
Bl 23 - a) et 3 DR s

2.2.3 X &
AFEF TR G A6 3] Xk 8(3] 5L PX-80M)(F] 2.4) F1HE AR ) A S
Hroaro b B R s o R MY 0 S REFH A MERE A

¥

Bl 2.4 X % 15 (PX-80M)

13



23 FERIFE - A1 K- EF %

AR A BFEERS w9 % 0 8 283 R Sawbones > 7 #7357 ML (K
25)° i fi i F 4 BRIEHEFETRE EAFERE 0 © SR EEY At i 131]
grplE sk % Ay g h A HA B A S 016 glem®Solid Rigid
Polyurethane Foam(3] 5t : #1522-01) » B S L fidgia ¥ p chis ¥ - Brantly(1994)°
FAREFEFTRACN014g0m’E F FEEoR L 0 Fl R &Y @ HE R

B SRS TR .

Bl 2.5 + 1 & ¥ -Sawbones (% =} : 13cm x 18cm x 4cm)
231 5 # k==
A B AR @@gﬁ&%ﬂ»%}&lg PP <+ 4p & 0 H.(4em X 4em X
6cm)> 2 B S 3mm ehgesg A F B B Y flig - BIFR 35mm chif 45 (] 2.62) -

B fAry 2 d et S R RS R D B 1R TR

Jt

TR T IR 2% 0 SRR G 40mm(E 2.6b) o

B 2.6 74 FRBEH AR

14



2.3.2 1 5 §2i% 4
AR TR enf 3 4R 4T BT 4500 47 > B d Dynesys 2 & SrRT g el
#& %k L% * 4% 47[Protasul-100 Titanium alloy Ti6A17Nb (Synthes GmbH, Solothurn,

Switzerland)](®] 2.7) » 42 7 R4 & AE 2 40mm > B /& 5 6mm o

< UbERRLL L R
B 2.7 *FT 5 90ie * 2 40 5 12404
2.3.3 F B A
APSERRHRD 7 A2 Blen (£ 21) & Bewim, &7 T RER
B THREREE o TROBRARPIF ZMARGEDE > RERR W&
PREF LTV ERRNE BGERREL 21 §) 0 = Bl n s B aRE w4
4o (] 28) |
L R (0 230 H)0 Mg F B AN BRI S0 R HG
e 5 IR 4T (TR e T S B2 R B RS AR
RPN o BF R BEFRE e U .
w20 B E R e BRI o 1T W RGP S HR S e s B
20-200 £ 4 ~HF K SHz Tazpap s f 0 I GF foir s Rl R
oA ER Immo EFL R G- R P o FRIE > BIE R 1G4
BOE N ERF P B Bt A TR IRER

w3 AR E R 20 2 R d R foit s PR E L R G O R AT 2mm o

15



%21 A1 %9 5kEw

Group Treatment Pre/post test N
1 Intact
............................................ StlﬁneSSteSt
2 Fatigue to 1Tmm Impulse test 6
............................................ Pullout test
3 Fatigue to 2mm 6

AR (R23.15)

17 8L 0] 2, Bl i 34

Cir=—sr——me
B3 TmmEA] iR BlEZmmiE s
(Group2) (Group3d)

Group1 4 J}

7 3K Rl

Y

B AT R AR

B 2.8 ~ 1% F KA

B R Efor F R ERS § B {1 D RPEER S DT R
BIEfo4 R > & 250cycle #B— % 2 fyeu i o F R4 F Rl Eo)
B 20 2EpEF JHRIOEE L TETERLEI NG &{od F FF K (Gap of
screw-bone interface)smAd 2 o d B 297 #F M > 15 RIF&F{cF F AF KA i\rk
e do AR R dx L o

16



250 -4
——Load cell
-=— Potentiometer

200 A A A A A ¢f 4.2

100 4.6

E
_ 150 | 144 E
g £
Q
@
o &
S - o
n Gap of screw-bone interface | | f_;_
i
o

50 -4.8

Cycle

B 2.9 g% § /3T g # % (potentiometer)f- 4 2 g 2 % (laod cell):t 51 . B

B URIPRIEE T BRI TS 4R 4R VRIGE ) 2 FERIE T 2 R R
For TRERGE €41 B Rl o PR L F 5 20-200 0 A 5
5 THz > % o LR G (rod) #9 B @RS 105 U &r(W) 2.8) 0 it 7 B =1 ko
RIE 4R R R E T R R B S 100Hz THHE R PG I R
o KRBT R EE O s RGeS gk i — 3f 4c i B 3+ (accelerometer,
PCB353-B17)(®] 2.8, B 2.10) » | ¥ & 5 194047 o X (el P 4o id B (B4 5 ) e %

oo iE B HEEIE 5 5 20,000HZ 9 4 B 5 50 2 48 oM 4 5 494 A T R2E

A ReEEHETGE 48 1984 2 5 - 192 S Amm [Fl 44k (rod) 0 £ 12 &

Bl 2.10 4vi# & 3+(PCB353-B17)

17



24 REIFE - C A MR

AT R AT EE Y TR B A R EHg
(T9-T12) » T 32 6 5 66(X17)fk - fo i 34k 5 20 B o Bie (7 X MGEHRFEH - ¢
L EHa ¥ &7 F % A& P < ik (Dual Energy X-ray Absorptiometry, DEXA)# 45 » ¢
DEXA¥ ¥ &4z % ¥ F % & (bone mineral density, BMD) » 4~ ¥ 3= 2_# F sr R AR &
(% 22) ~F %4+ 2 A A & 0.665-1.039g/cm?2 ¥ » T 5% 0.86(0.1)g/cm? -

# 2.2 * %3 BMD

Height Weight

#Donor Age Gender (cm) Ka) T9 T10 T T12
TX07051530 51 Male 168 86 0.92 0.968 1.039 0.932
AZ07041420 73 Male 180 108 0.903 0.933 0.957 0.952
FLO7031326 91 Male 153 58 0.982
MD07052345 43 Male 177 81 0.759 0.782 0.808
MD08030813 65 Male 174 82 0.812
CA07082739 74 Female 174 146 0.841 0.722 0.665 0.722

Mean (SD) (?E;.i) (197.;) (232) BMD{g/cm?) : 0.86(0.1)

24.1 #FHx By
UM RRIRE Ml B SR ERPIRE  § T 2K
e o BB F ARG Y FERERT L LA BHI S FHwp e
Hor L 4t s 1A o 1R B o A R R R 3 R(F 211a)fr A (W
2.11b) > & 45 B f ] 30 5 19U A eng S (BMM)ME 0 L At s B

A s o

HL .

(a) (b)
Bl 201 A M s @ hol
18



% 9 2.

%3 3.

CREEHRY I LAhg ko 2 it W fofle 5 22 f

Fiwo 1R 89 0% 47 B E i~ BT (B 2.12a) -
FI* L AlgR s fodee 0 iR BohR S G - B E S 3mm I geat (R
212b) » H ¢ ] AlME S HE R G - R o YT geeqr s 2 T

TiEESRR

%3 A RSRHE A S O ROUARE R (R 2.120) o @ LR TR i

Prehd R oo

5. 11 L g it R 5 e R R TR N 0 BRI SR 20 1

% 3 6.

(B 2.12d) o g » A2y > 3 BRI R 5 TSR T A

™™
=
a1
Rt
~be

o A5 BT A 2% 5 Gmon R0 - (S F M s o
bg a4 pfd hw B b A 41 R ST 5 19004 5
PI) - B Ae it it 4 e S5 R WA e AR Y | P

BRERE 0 H R oAt 2 28 2 Bib o s g 4 s R 2 Bw RIHRLAE SR (3
| II

71485 )(® 2.2¢) ° N |

e) F o d) B85
212 AR HRE R (@) HF2~6

19



242 7 ZinAE

EAEE R S BENFHR W ALT TR ABMD) LR H
RoRg > PF Fl Ay gHFd ¥ TRARKEE S 2 L84 47(One-Way
ANOVA) » = W F ¥ e A & 28 F 254 & (Intact and Imm : p=0.314,
Intact and 2mm : p=0.125, Imm and 2mm : p=0.581) -
At R 2 e kEn(F 23) 5 B B R Chpzd T
FRlE o T M RRREE 0 B G HRREF X BB PidpdE  BA0 5 Rie
AR P R f PR SR LR e 2 A e e AR T (] 2.13)
Ew L RHRERS(L 241 ) BE F AN BPFEBET L o RFHHLE N
5 1R 4TE (7 RLRIE o B RIRE 0 R R AL 9 19004 B a A SRR
BER BFEFAE FRFED DPRE -

w2 RERER L AHRRpEX R G P BRI B R BEFIY
wBRRIGES o SR 9 1997 4735 4o 4 §120-200 2 #p HE 5 SHz e 5 F §Y
B Ao s 134 e 3] Imm o LR 0 B RiEEHF-
HB| PRl o BFpEX L > RS BRI

w30 W Ao 25 7 Feand d h s g ﬁ“:'zﬁdljii 6 §=x® BFHATE 2mm

o Pl g 44 BB D 30-300 247 -

# 23 AMBEET &Y

Group BMQE?C,%?D) Treatment Prefpost test N
...... P oot Imedt . stifresstest "0
2 0.85(0.10)  Fatigueto 1 mm Impulse test 10
............................................................ X-ray image 7.
3 0.83(0.09) Fatigue to 2 mm Pullout test 10

*Thoracic spine : T9-T12 (average year : 6621 17.3)
BMD (p > 0.05)

20



WAREMS (R2.3.187)

4

a5 XH
[
ok S IPC IR
A
|
[
£l Tmm i & Alrg2mmifd s
(Group2) (Group3)
Group1 {}
[ |
1o 8 )2 DIPE R
T Xn
B arde Al

Bl 213 A #ied @ s An

B f P s o B R A L 233 & o

B CRERGE ) fo TEFRRIE ) - RRE S 2 e R o Rl A1 B
AR (R 233 &) o T4 5 1% 43 DRI ) R (R 2.14) ) ARRBHE AT AT
AEBENLH L (fixer)s } 2 s PAEFHTL > B L RELHF LS EL A
AL FE o JIr LR RS R N ERAFLTLE » b oo B F 4 13 (rod)
7 #18 5 194% 47(pedicle screw)fr 7 23k (hoop) > F = Ik + 4 BRI 5 8 5K

z5mm/min e Bw b oo B 3 R E g p 20 o

21



Pedicle
screw

B 2.14 42 F F -0 5 FR & D RRRE K
2.5 FALA 47
2.5.1 WIHRIZER-R] 15 R A 45

4o 215 477 0 5 BIHGRIE Y BB B0 f ¥ S0 A sk 5 50-150 £ 4

2 B eA e 3 A 4R 5 1A AR R B ORI R o

250
200
= 150 T P T T TT T T T T T I T T TTTTITET)
&
3
S 50 — 150N -
100 | Loading
Unloading
50 | sasmsssssssssssmsssan
0 L L
6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 7.1

Displacement (mm)

B 215 Btk 4 2-H 6 &R

22



252 W RIF-RI T 4T

*PIFEAIH & = - i 4% (Fast Fourier Transform, FFT) » #-4ci# & 35
(accelerometer) £ B~ | e PF 3¢ 20 55 (time domain) (B 2.16) » ## 3% 5 #f & 3 5L
(frequency domain)(f] 2.17) o P~4x 3B4S4 p d R E ¢ RAhF AN >
A9 18R4T AR N hp J 2 4E 5 (screw vibration frequency) 0 T AR ¢ &

Ften i .

| |
1or Accelerometer |
5| |
o—! W}UWNW\WMWWWWWW
51 \ -]
Screw vibration frequency
% 200 400 600 800 1000 1200 1400 1600 1800 2000
time (1/20000s)
B 2.16 4caF /& 33055 (time domain)
x N
0.08 - Screw vibration frequency §
0.06 - /VVV .
0.04 - => ]
0.02+- .
04

| |
1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Bl 2.17 4v:f B35 FFT i # (frequency domain)

253 . MpRA-R IR R A7
4o 218 A1 0 54 5 FRIRETR IRIREY B4 BB R AR RSP

Bt EECE T 5 1R 4 At E R end= 415 & (failure load) o

23



600
<— Failure load
500

400

300

Force (N)

200

100

Displacement (mm)
B 2.18 = J1plzE 4 -4 & S

2.5.4 X k2% i 47

X ki drins 4ot L R SRy ?‘ 545 e
RF o PHERBAL - O S RS b B E R ik -
255 FALIL 447

H %]5 % B 3 45 (One-Way ANOVA) %% 324524 4 1 7 F 4o < R A w] &
Rl mu2fern)3s BRI R RIS IoR MR b a5 FhL R o b
1A 45 (correlation) #-# & 4 3 {24k 4r & 4 1 6 F 22 A RHAE 1 o B 5 R
s R~ A AR RS A -RES 0 2 L WAL

“r4 B sk BP0 300,05 P LG F R FIAE o
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N
>

fu
il
bt
i
ik
*m

3.1 AR M PESE R
3.1.1 Bt &

B 3.1la A 485 12804 e 4 21 A NGk F f PRI R B i )
"EF L P EE AU G e 0 RIS R A S TR AR g o B 3.1b B G fE 5 9
e e d p BFREAF AR fcA 1385 PHREd - 32 50 R
AL flewl 1(Intact) ~ %] 2(Imm) 0 few] 3(2mm) B R M5 R L £ o e )
1(Intact)en-T 32k 45 B 5 325.7(42.8)N/mm » %] 2 5 254.3(24.8)N/mm > %] 3
% 215.5(29.2)N/mm > tiew 1feiew] 2~ w1 foiew) 35 o k|45 A v iR

g B F L & (p=0.00) - = w] 2(1mm)feie B 3(2mm) R & A F ML B

(p=0.055) -
250 .250
—+=Intact —— Intact
—+1mm gap —# 1mmgap
—+-2mm gap
200 200

150 1
z -
2
5 S
<100 !

50

0 0.2 0.4 0.6 0.8 1 0

0.1 0.2 03 0.4 05
Displacement (mm)

Displacement (mm)
(a) (b)

B3l ak|aser a1z d bt

B 3.3 51485 13874 g d p 2w I(Intact) ~ %] 2(Imm)fe e %] 3(2mm) 2 &
BM5 B enid B o ] 1(Intact) s 5k 55 B 5 648.9(184.5)N/mm » &% 2 5
ok B 5 400.7(133.7)N/mm > ‘%] 3 5 T 3ok|{ss B L 400.5(94.5)N/mm > ¥
MUBLEA G PR A e P kR R e A F R Aem TR e 1

25



feimn] 25 mu] 1 fren] 355 BB R A R 30 8 F1RaE 3 (p=0.00) -

feow] 2(Imm)Ae e s 3(2mm) R & & F A B (p=0.6) -

Stiffness (N/mm)

Stiffness (N/mm)

500

400

300

200

100

1000

800

600

400

200

OsScrew stiffness
in sawbones

OScrew stiffness
in vertebrae

*p=0.00
) 1
*p=0.00 p = 0.055
) L} 1
1
1 |
|
Intact 1mm 2mm
Gap of screw-sawbones interface
Bl 3.2 A 1% Wk A R
*p=0.00
' *p =0.00 p=0.6 !
) 1 1 1
Intact imm 2mm

Gap of screw-bone interface

B 3.3 o R 5e A v R

26




312 RFHEF

B 3.4 5 A1 4% alewl 1(Intact) ~ 2% 2(Imm) > e %] 3(2mm)Z [ 2 5 1243
S RRGRS P R F R o d BIVRR IR s A1 F
RY PR M 4e 0 23 12U en B A S 5 N2 ] edBd o ) 1(Intact) e i 4E
F % 1301.3(61.5)N/mm> e %] 2 % 1127.7(59.2)N/mm> % %] 3 % 1032.2(18.6)N/mm>

o2 B HFEDLR o

1800

*p = 0.00

B I 1
1600 *p = 0.00 *p=0.00

1400 |

1200

—

=
(=]
o
o

OsScrew vibration frequency
in sawbones

o]
o
o

o]
o
o

Vibration frequency (Hz)

Intact imm 2mm

Gap of screw-sawbones interface

B34 ~10F w g ifamd i

B 3.5 B 5 d 24 Az w] 1(Intact) ~ 2% 2(Imm)fe e s 3(2mm)td 5 94% 47
Bd BOFAE S e o ] 1(Intact) T R F4E S 5 1615.3(230.8)N/mm > e w] 2
Tya% F 4 S % 1389.9(219.2)N/mm > e %] 3 T ¥a g F 4 & % 1285.1(198.1)N/mm >
BARIEEFFR s R FE2 T en lfoken 2y 2o 1w 3%
B R R R 3R R E i R (p<0.05) 0 2w 2(Imm)fr e ] 3(2Zmm) R

W F i B (p=0.28) -

27



2400

p =0.00
2100 | : *p=0.02 p=0.28 '
I 10 1

~ 1800 | ]
N
T
& 1500 | l I
: [
2 l OScrew vibration
@ 1200 | l frequency in vertebrae
[
2
§ 900 |
2
> 600 |

300 |

0
Intact imm 2mm
Gap of screw-bone interface
B35 ot em RpaE stk
3.1.3 X %8 i

B 3.6a 5115 19804 e bk p SR F ffmen X Pl d T g g
BZ > W fofaf end R R 2 a5 o B 3.6b 3425 19u04 Atn b 4
PORR SRR 2mm B R X kR io d BV safat pat 2Pl
v T A d TG s B afoind T 2 3 AR 2 HR () B
AT TR P AR P INAL BRI Y o A AF SR L HEE X K
B o RF el RS FRE T o S O EF R FR AT ITE

# 48 G Imm fe2mm B R D il s s T e A g & L 0.82mm e 1.87mme

28



(@) (b)

Bl 3.6 &% X &gt # > a) Intact b)2mm gap between screw and bone

32 BB IERFRSE RN RR

B 37 541 % tlew I(Intact) ~ s 2(1mm) o e %] 3(2mm)z B 48 5 1247
grenf sk o d B ORE O EFR S FURS oA 1 P BRI 85
PRuRgrcnf Dy ag R § SR R ] Al 0 T ARRL L BRI R e R i %
#f 0 few] 1(Intact) et 354 g A G 749.2(13)N/mm> e 2 % 650.1(19.2)N/mm>
w3 5 587.9(15.7)N/mm » = ez B i3t a4 0 BEE L R oo

B 3.8 #77r o vt g F A e w] 1(Intact) ~ fe %] 2(Imm)fe e w] 3(2mm)iE 5 247
Gri A1 B g iv o wmu] 1(Intact) T 3o e B 5 1140.9(236.3)N/mm - B w] 2
5 720.6(459.3)N/mm > ‘e %] 3 % 663(405.1)N/mm » B2 F|%E % B B e 4 > 32
BARMZ T BN ey 2  mu 1feen 3ia BRI R A

FMeni B (p=0.00) > %] 2(Imm)friew] 32mm)p| & & F 1+ 0% 2 (p=0.81) - -
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1000

800

600

Pullout strength (N)

200

1800

1500

oy
N
o
o

900

Pullout strength (N)

600

300

*p = 0.00
*p =0.00 *p = 0.00

H

HH

H

OScrew pullout strength
in sawbones

Intact Imm 2mm
Gap of screw-sawbones interface

B 3.7 A1 H ARtk

OScrew pullout strength
invertebrae

*p =0.00
' *p = 0.00 p=0.81 !
) 1 1 1
Intact imm 2mm

Gap of screw-bone interface

B 3.8 {4 15 B g

33 HMs A ~ B AR ~ REMF = H 2 FH B

0
) -
(=
bt
i
*=
gl
EE|
%1\
—l
i
g
—
F_

WA A 1 G F ofi ¥ et mu R

RCRFMI L NERZ K PR P BRERE 23 S B DR M AR

BLAH Y B o B39 an e s e AL 1 B ) RIS ok R DM &
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Y

"

1) - ﬁ%@%“fsﬂé? 4 y=1.71x+691.45 » R?*=0.7484 ; B 3.9 b3 42 5 41iA 47 Ao

v

=

N ORFAE ok B ol ) ABEA S 2 5 y=0.83x+1026.8 » R?=0.3637 ¢

FeARRR Y AR ERF AR REAPM O KR AT BEF RN
(*p=0.00)
1400 2000
< Intact ¢ Intact - .
1300 | [®1mm gap * * . . 1800 [{®m 1mm gap **
A 2mm gap A 2mm gap

Screw vibration frequency (Hz)
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