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Analysis of the Bone-remodeling Process Considering
Stimuli Delivery Cell Model

Hee Wook Moon' and Young Eun Kim*

ABSTRACT

To investigate the bone remodeling phenomenon around implant device, 3-D mathematical simulation model was
developed. Strain energy density from the finite element method was chosen for the indicator for remodeling process.
Recursive calculations continued until converged results between FEM and mathematical model. For a osteo-integration
example, bone-remodeling process in a implanted tibia of beagle was adapted. Calculated results indicated that the
bone densities around screw pitch were increased which indicates firm fixations between the bone and implant. Screw
design parameters have an influence on initial stability of the implant rather than remodeling process.

Key Wonds :
Strain energy density (

1. M8

(osteo-integration)% Aard A, Rl <
E At A2 Uz 75 §
F& HTH2E o] 7] HallMe E ‘ﬂ%‘
oo A 9] F-A ¥ 4 (bone-remodeling)©] 4

o] Foj okt ghrt. Z-xjH Aol "—H%ﬂ*‘]-‘&
159 7t A= s 2o 727 A4
'—t— Wolff«] M ol F X F 7R FEE A7 A
1Ak H2 oM e FHE ALt 5¥ F

oz'LmHoE-u_\ioH
ﬁgmm@w

ado oo

N }mgz,LEj%

iﬂ

AY: 20053 8¢ 29¢Y; AASAY: 200613 449 14Y
KIST g3 A4
# A A dFdgn AT

E-mail yekim@dankook.ackr Tel, (02) 709-2561

*

180

Bone-remodeling (Z-A & 4), FEM (382 F9), Screw (LA, Design parameter (A2 791 2h),
HEENALR)

ol Yol fratassha Artel AAA 4 A
Blo] & 23 A -5]]/\%0“ 7+ & AurA el A7 HHo

2 Hg5m ek o)k 2L P E o4 B-AY
B ANA EYBOIL MR SE T WYEF oY
A LR B AYYE FBANE AR BT &

ik,

A2 dutH oz AMEH T

ool g AFE Fyhries} Carter’ = P43 I
E R dst] 4E $ 22 I AFL W
+3

@

el A o] oA of A 71 A A A Foll o



3% - F9L AL IHEA A23A A6z

A HME Y5900, ZS’ & HEE x|
LEE PSR e F-APHA nHI4L
Rk el Mette“L Wi - AR TS Y E
dux Pz FLYeE BHEA 7 820 G
= 2AxE AHEO] 2oty oz Azt w
€ ELEY EEE HAUstnzt i
AP AT B2 F H2 Bo] o] S HE R

A& 4 X (osteocyte) 7} 71 Al A zpFol] g gt 245 A
g X FAl T AFE 2HsE 2HAY 9§
e Sy A 2ot o) 1AL 7
BOoR gt E AT HPEE AU LEE F
AP Ao EYPEEE 519 Zidi® 9 Mullenders
of o3l A<t HAUD S-AP Aol 23 A= 2]
£ UEEE FGAA T HYEC] FFE o
248 AEA Y U HaE stotslnzl shglet of
22 WA EZ REE0 2 A3 AU E Y YA 8
7t & APl vl A& B3-S 24 AT

1‘1

2. 2NN =d

2.1 B#O|E

AA7A e F ATF2o] T AHET
7140 tisle] HEs Bz v} gl ZFHE
(osteoblast)®] WH- 7} FF el X EME2 HEHA
A ER AL E ZZATY 32 AX 534S
7‘1]"1 3o F AP L 2AFG D AANYE, FAE
2NAAR A= A7 wet F R ZHA F
£ W37, o] 2 Qlate] 7 7)1 AA Ao
[ "Hﬁ"' Z1AA Wt S AE A "
& o] &2 Mullenders® o] AAI% ch&3} 2

'711@5“4

20dt) 74 (d,p,1) M

TE FUE po WS 2Fo] sbeid Azt

(), Aol 7HlA 7] Mo FE EE(p)et 7 FHE

o] Ag(d)ol g 4 ¢l HlElste Res vE
gk A (Dol A 7 vl AFE ulsta Yot

AZE R FEUE, FAED A 2 9 E oy

A g SYAFE e TF ¢ oS3 2ol Yehdrh

_démﬂr

1T E
o
ol ¢
A

_'\_’..
=2
z
Hoz

o
A

N _ 8G M

;ed"U

¢(d,p,t) = )

181

4 @7} olmlate whok 2ol AT F B RE()
o9 FYEE BAHE P ot WHE VA UE
Aol G (el BAae, T BAE ioh T 24
I MO AR @ 5 E A5 ES Yoz 2 g
o mAE Fol T4 BASA Bk 9 A4

dobét&a—xﬂiﬂﬂa r&ltﬁﬂal AUlo}LAl
o33k 299 A4 Fig 1004 & & gRol 24
T e FRd ART 26709 249 °4 Fe BT E

ston, g g3 23k
222 A3t

HYEE dUA 2= g+ FEd ZX 849

HHE Al A (iteration) d W& OIIL:IZ] IR 9} Ha ¥

& YA UZ(strain energy density)2] o] W9}

2

7

EddXe F9 874

FEQEZ AZ AUN) W, 2 W8S 2 LE
FRET} UL U Lol WP AL e
o] Foj ey,

(—— W)
ol

4 ()9 q#e 71E ANANE B2} 134}
oo goz AMANE FUE F, 24 FHE UE
FaRHoz s AF e HUIES 53
ool 2 Yoz FRY A9 HEL YE W

Nes a8

Bto]l B8 Aoz vhyro] £ tg3t o] EHACh

N _ aiM W,
Ap = At - 726 bo(—=E-
= p

i= i

W) @

2 AT s Az Mg e F AFAE v
EALG Aoz i st ong A AtE 12
ARG F9 71A1A B4 2 (Young's modulus)$}
BRI EE #Ae 87 2o AsiAc
CE(i,t) = Kp"(i,t) (5)
of Wl K&} p=
EF4 E2RI|LEE G5 BAE Y. 7E A
?@proﬂ utz}l 2 (5)9 pe 29 % MRAES Y
OO FAE a4 Y FH FHAZ Zdo 3
A Hter mdg QgL

AYHOE FHAE Aol

3

Fig. 15} &t}



TES 29 AL IHRYA A23Y Aex
s | | ] ] ] [ egmgiomd
Y - %HIEE* — ‘ - —
) Feles || 24 USRS OUN A NE
L3 ™ =, B Tl T l
' [

Sensor /

Fig. 1 3D cell and osteocytes model influenced by

stimuli

22804 Y2|F

Autocad2004(Autocad, Inc.) 2 I-deas 3(SDRC)E
o] &3te] TE o} ABAQUS 6.3(ABAQUS, Inc.) ¢
Fudg T2 YT F 299 & £P3ql
o A Z T FojR 7+ 2 iAo MPENR
TE o] 838l TR oA AP ol
4ol Jzst P o] WizEg A&t 220
S 58 2L A 84 UdEe BA-EE #A2
(4 59l sty z+ 2o i A2 E BAA
(Young's modulus)2 Al4tE ¥, A28 ABAQUS ¢
g 3} o] A 5] o] A} Al A(iteration)S Al 3HEtTE

A EAA gtol dE Mol B¢ F AA4E 2
Lx & A GA Aol A e B¢ vl mate], 0.5%°]
o] QA8 7R = A Aldle]l BUES T2
o 3% Fig. 25 2 #4 ¢nF5 8 CAER B
o 31 glrt.

Zul 4 2209 A FHA Y A4S A
& 29AIZ Yro] AikE FasHATE VAL FE
AF A2 ATl AAA IR 71& Felr} 57
ol YAt w2 FEshe 223 I3 A
Ath. Frost'ol] osbd FFAL 500 10~ ~2000
X 10" %mm/mme WHEE TIAMT 223
FAggn gt A 189A4R 27
PE Aol 3 YAl FRMY ¥HE
3 & 7)1EA o4 o] EAzle 84E F
Z2 02 21F stod ALY FH A9 F-AY
BAE ALNEEF At YAt F Alojoll e
2822 AAsA 2 G4 YAkl FiA g

N843 HAL oM AAE M guelEs

2t Pt s st

(o3
2 nx mo

=
<]

el
=

=
T

g

>

ol o ook rlo i

182

Fig. 2 Flow chart for bone remodeling process
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Fig. 9 Comparison of the calculated bone density
distribution with histological image
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Fig. 10 Converged bone density distribution between
the screw tooth according to screw design
parameters

185

ZJE YAl e AAA M FLE 84 ¢
ZUE A4 ¥ 38 IxAd9 27 AZ2EE F
A A YEHBES] 7] AR E(stability)E T HA
71E 0] B 2% EAYL AT Ut

488

71&9 & AP BE BANS FT82
Mg A A FHOZ AME FRd Ao & Y
oA T YAk A AAEol F AP A vIA
Aol dig) £ st
A A 718 ATFoM s AR FR6 A Y
ARG HFEE AAG G FAHE Felz 2At &
AT WARbe of 2] Al Azt HEHeR 2
Aol s A 4L A FRJYSE E T
Atk 232 2ol FaE AT AP0l #H0lA
dn ZAEd AFHoE AYH Y= AEE UE

T 27 B YA AAl R AALE & T
AT Fo 2 2 P YTVE FRAMNY =
A FZN HEste] & AN AL P
et ol thE F712 A7 Bodhoh

=
g

>k

%7

BT BARAE Y ER4Y d7A
A T 71 2AL A (02-PI-PG6-EV03-0004)0 2] 8] =3 5
REUh

it

gyl

1. Currey, J. D, “Bones; Structure and Mechanics,”
Princeton University Press, Chapter 11, 2002.

2. Fyhrie, D. P. and Carter, D. R., “Femoral Head
Apparent Density Distribution Predicted From Bone
Stresses,” J. Biomech.,, Vol. 23, pp. 1-10, 1990.

3. Zhu, X., Gong, H., Zhu, D. and Gao, B., “A Study of
the Effect of Non-linearities in the Equation of Bone
Remodeling,” J. Biomech., Vol. 35, pp. 951-960,
2002.

4. Mette, B., “A Model of Bone Adaptation As an
Optimization Process,” J. Biomech., Vol. 33,
pp.1349-1357, 2000.

5. Cowin, S. C., “Bone Mechanics Handbook,” CRC
press, Chapter 7, 2001.



I - P9e  #33YT YA A3 Aok

Zidi, M., “Contribution a la Modelisation du
Remodelage de l'os Trabeculaire,” Comptes Rendus
de I'Acadmie des Sciences(abridged English version),
Vol. 326, pp.121-128, 1998.

Zidi, M. and Ramtani, S., “Bone Remodeling Theory
Applied to the Study of n unit-element Model,” J.
Biomech, Vol. 32, pp. 743-747, 1999.

Mullender, M. G., Huiskes, R. and Weinans, H., “A
Physiological Approach to the Simulation of Bone
Remodeling as Self Organizational Control Process,”
J. Biomech., Vol. 27, pp. 1389-1394, 1994.

Carter, D. R. and Hayes, W. C.,, “The Compressive
Behavior of Bone as a Two-phase Porous Structure,”
J. of Bone and Joint Surgery, Vol. 59-A, pp. 954-962,
1977.

. Martin, R. B. and Burr, D. B.,“Structure, Function

and Adaptation of Compact Bone,” Raven Press,
Chapter 6, 1989.

JJuvinall, R. C. and Marshek, K. M,

“Fundamentals of Machine Component Design,”
WILEY, 1999.

. Sadegh, A. M., Luo, G. M. and Cowin, S. C,

“Bone Ingrowth; Application of the Boundary
Method to Bone Remodeling at the Implant
Interface,” J. of Biomechanics, Vol. 26, pp.
167-182, 1993.

186



