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Anisotropic Mechanical Properties of Femur Bone Measured
by Scanning Acoustic Microscope
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* Depertment of Mechanical Engineering, Kitami Institute of Technology,
165 Koen-cho, Kitami-shi, Hokkaido, 090-8507 Japan

This study presents a method to evaluate anisotropic mechanical properties of a bone tissue
using a scanning acoustic microscope (SAM). The measurement theory was constructed based on
transverse isotropy of the bone tissue. Density and elastic modulus of it were analyzed via distribu-
tions of leaky surface wave velocity and acoustic impedance of micro parts of bone tissue measured
using SAM. Velocity of the leaky surface wave was measured in the directions from longitudinal
axis to transverse axis of long bone by rotating a lens slit attached to the front of a point focus
acoustic lens. Anisotropic elastic modulus were determined by using orthotropic elastic constitutive
equations and wave equations. Femur bones of elderly human and young beagle dog were measured
by this method. It was found that the elastic modulus of femur bone of young canine showed more
anisotropy than that of elderly human.

Key Words: Bone Tissue, Mechanical Property, Scanning Acoustic Microscope, Leaky Surface
Wave, Acoustic Impedance, Anisotropy, Elastic Modulus

L ”%E%&O)ﬁi?&l% FE L O SR O

ol

#W3 No. 05-0693

SRRy hEEFL, BHEALTH S osteon V\Jd)

HHL & YER IR oM 5 BRE - ST
ZMb, H5VITEFEBOBERY T ) v BRICE
V2 IR BRI 2 B O EERFHIE R, 7 h o DR
BREREICIABITICBLTIE, BEBRICRs N D
= 7umns I 7 aL RV TONFENRAEEEEL L
e o, L L ahs s, B o smsE
B EAERCAE M o IEHELFHEISEE L v, 2
NETIT, BAMEHEL L XBICL2EKE 05K
%mﬁﬂim%+/4yfy%—yay§mutt

BB O KB O F1F R RS EIE D, B M
ui%ﬂﬁﬁwﬁ@mﬁﬁﬁu%T6%%mﬁ%é
ENEHEVIThbR TR, FEE S 3k, BEK
S (SAM) % F W TEARIR O % B 0 I (R B % 5T
B4 2552 EL, EBICE — 7V RKRERE DN
RS EFTEIL T, ZOFA%EERL OO, 20

* SRR 2005 46 F 27 H.

MOER, 7 1o —, LR THERE T (B 090-8507 bR iiA
[IHT 165).

*OER, JbRITEEAN LA,

*OIEE, [ESZ bR R B b B A @
Bk 1-27-21).

o R QLR TEERY RN TR

E-mail : kobayasi@ mail.kitami-it.ac.jp

386-8610 L Hith

aL/Mﬁ/H TEEITO, B NIE SR TR

HBHEMEHTLIMEMTHL I 2B ML
D3, JIEFHEOE I E A OMERER AR 2 A
WTWw a7, IEMERIFRRAEEHS »ICT 5 &

WIEE-> T o /e,

Z 2T, AW TIIE ARG U 7 SRR
HfE C EE AR R T B ORE 1
FEEOBERGR 2L 7o, £, MSEHMERIHN O
KAFHE L FTHA -5 AOHERR» S, F
RO HE #5 & O MERTEIN ORI E R 5.,
KIS, BAMHEOREEHE, FHEA 82— R

BHEBOERE, BEEAEAEOBMEREER VS
ET, BITMEHRIOBMERRERD L 2 LN TE S,
HIEGIE LT, & EREOLZMN & HEEORDO KRS
BEIMOBE S 5 L O AR e 2 UcER
2 W O BPER B 2 BIE L, Rk B %/t
L7,

2. BIERNFREORAMENEE

2.1 BEME—-FR B 1 I E
RO HIE S B 2B SRR & KSR IRIE

— 106 —



R MBI £ 2 KBRE I F R O ST IE 1073

EFEAE R, BEREMEIOSE LY > X o AR LT
BEWRE, VORREE XDy ST N ThDAKE
W0k E TR, 2R EENE AR A LK
HY 5, KELLKE, BU0Ay 77 b ThdAE

FHEL AR > T, OB, AyuAxa—
TREODHEZW L E= YRR T B, —DOOMT
HUBCHFELY > AL, Zoohke sy ra—
THEV A S EATKELES>TL 28, =28
MWE L& LR EE CTRELE-> T 3T
bH, S50, A-B-C-D % 2% i 2 ot i gl »3
b5,

AGFL 72t B oot 3 2 KRB R Ry & T 1
X, Hehy 7T N ThDHKROMBIT 5 EEA
Y= A Ly, Zw £ O 3R DOBR D H
%O,

(Zi—Zw)
(ZLb+ZI|')

Ry BHIEZM A X 0 ELT 2720, Z OfxHE
ZIERECHET 2 2 L SN TH L, 2 2T, T
E =S AN N TN S = LD REHEEL Ra
ZE—FMETHEL, 20O X=R,/Ra 25 Zin %
WET 2D, 7V ADRSHERE Ry, 58A >
=¥ v A% Zio 35k, (1) Rk (2) 08
Heons,

Ry,=

................................. (1)

(Zia=Zw)
Ra= <zm+zu> (2)
(1), (2)76 Zin BR(3) &5 5.
ZLH+Z'1+(41a Zw)X
2= g 7w (Zia— Zw) X 2 (3)

ROV ELDOEEA > E—F VA Lo & Zw FEEA %
DT, HEFHBEMET THlE U 7 KSR X = Ry/Ra
ERAT S E, EHICHT2F0EH L E=F 2R
Zip B RDDHZENTEL, B, THAE=8Y

Acousticlens
i | Oscilloscope
oy awwse o\
ray ) \
NUAVA AN
]
Il Incident wave |
i
L EBER mm&wwmaww [ Reflection echo
Fig.1 The principle of amplitude measurement of the

reflection wave of ultrasonic

ZDWEICHEEL T, FEY > X OE AR I
7% BA0E T RESRE OBIE #{T> T b,

BELKT Y > OB IS T 28 5%
A VE—F U ANRBBEYE I 508, ZF OMHE b IEREC
HET L ZENEEL L, 22T, BEOEE S E—
8 AL EIE, FEEEICBE U THREE OSBRSS
3 — OFRIE % B R EMEE CHIE U, &kt K8t
WEEELL X OBMRE RO 2. FORE, ZRE O
WORSHERELL X LI 258 v E—5 >
AZriZOWT, R(4) RT3 2 2 &8
TEBHW,

Zr=0.157e%07% eiriiiiiiiiii (4)
K4 &Y, BOMEICHT2H5EL  E—F R
Zr &, 73 =7 AL ERB ORI S 2 KR
B X=R/Re 5K DZ ZEMNTE 3,

2:2 BME HOXREAGKT 202 MR
WOBRE Ve, 1 DEE po, MW, BB T 2HE
A=A Lo, Zop \ZIERROBGRD D %O,

(z) ool z Joresl 2 )

<[s-oZe) Jere1-(22)]

U 2 OB R P Ve 3T ST O V(2) #h
MBS L ORD D EMNTE, Mk &M 235
BAE—Y VR Ty, Zro 1EF(3), (4) X DK
ZIEMTES, Lzn->T, R(6)1F pb DRI
R, COZXARREMRL ZLICXVFOE
% 00 2155 ZENTE D,

2:3 FHMREEARTY L AWFTEO I R
T 2 KRR IR A A A L,
ICIEAE T BN TIRIEIESEAEOME 2 A L Tn
22 NSRS TV BEOW, 2 2T K%
ELTHRD ZEeT %, MEERERD 2720 O
KA ICY 2D, M2 1R & 51 FEREE A& PE 3
5, 22T, Xo Xs HINWEAHETHL L L, Xidd
HhHWAITH S ET B,

2:3°1 BEEHERNOMEESR  HEESERN
DOREBIERE G, MR E &, 2hzhxc
EoTKRDBZEMNTE RO,

|
(=]

G:_Z%_b .......................................... (6)
O b
E=2(l+u)G .................................... (7)

BESEAMERINIC B W T, K7 Y v LR, feok
DEFEHE Vi, Ve EZNZFROFHEA L E—F VA
Zio, Zm OENZIE, RADOBRD D 5.

— 107 —



1074

S EEMEC L 2 KBRB AR O R EEE

X

2

X

X<

0

Vx

3

Fig.2 Coordinate system for transversely isotropic

materials
Voo _Zm _ [ 1=2v (8)
VLb ZLb \/ 2(1 - V)

K(8)ZEFT LI L TKRY
2:3+2 EJTVMEMEIAN O HME E #

VoKD s B,
H2icBnwTH

HENAEH T 2 REFE O HENC X 52BN OEE) w; 1&
G DZERLOIRIEDS KR A & O L & b I
BB T2 2 L2 EET L E, R(9)ED

EFETLIENTES,
w;= Uy expli(ynizi—
r=1,2;

(j=1,2,3;

wz‘)*ﬁrmzxz], i2: —1
=1, 2, 3) ......... (9)

22T, URIRE v 3K o 3AREE ¢ 138
R, n 3B AROBAMAR 2 by, m 3B
HHMADEMAY M, b, EREFRRTH 2.

HA(9) &V, Xy HFENSEIR T 2 KEHE O WKENZ D
W, UTFo3A»BEON D,

U= 011 eXD[i( YxX—
+ Urz expli(ya—

ws= Usi expli(ya:i—
+ Usy expli( 7 —
Z ’am, FKETIE X) HANICE

wt)— prxs]
wt)—ﬁzxs] ............ (10)
............................... (11)
wt)— prxs]
w,)_‘gﬂ_ﬁq] ............ (12)

RT3 HEEHR T

ZWIEHE DT 13FE LR ->T0w5, FRIC, XoF
IR T 2 REEOEB > LT, UTFO 3 RH58

S5,

ws= Un expli(yx2—

+ Uy expli(yaxa—

ws= Usy expli(yx2—
+ Usy expli(yra—

............................... (13)
w/)—ﬁll:«:]
w;)_ﬁzx,{] ............ (14)
wt)— p1xs]
wf)—/)zxs] ............ (15)

(a5

<[4z éi,)“
<L;>[II//; ERaen 57>< 25 )2
_<£_>[Vn, (m <%>< A><

) +l2+5)

(4
)

o)

B SR T3 1 D BIERER R I KA 2Rz,

n=G(e= & )G 3)

G 3 G
+&{ < Gu+3A+ﬂ;+20>

G
3
“% < G;, >]‘;Zi‘;: ........................ (16)

722U, R RAEN R Vv 208, KXFOHEFI
INF ORI T 2R AR T O L LERIE &
S5 VWbDET S, 2T, A Gl Lame O E #,
05132702y ADTNY THD., Gy DFMICOL
TIEXE(7) 2B, 70, GIERAD TE

Ehb.
Lolgo1 AL
G 652G 2G(3A+2G) T 3A+2G
............ (17)
500, BEBMERE G IS IR OBRLSDH 5.
G”:GIZ:G13 .................................... (18)
G2623:G22:Gss .............................. (19)
EEARAIRAD L > cKE 5,
%,p%ﬁ_l ....................................... (20)
PR RN (16) (S & ST 1ANC & 0 E o 7o B S R

H10)~15) #RAL, & o 1B R (Q0) 1I2RA
T35, %12, Xa=01lB I 2RAKMHRIUT %S,

0'33=O'13=O'23=0 ................................. (21)
Tabb, BEHERT (X X i) TIERT 5%
DX (13)~15) 2 5 R (5)BE»h, BEE 0,
EX(9) TEZR L LR G B oh5, 72,
F MW (X0 - X W) % (a3 2 K o = (10)
~(12) 5 1330(22), (23) % F g L TREHMERE Gu
(=Gus) EWELRE P, bo BT 2 BT FER(24),
25)D3XHFoND, BRICHENTE, ZO3IF
OISR S h > MEICED G 2EH
LTWw3, 8, ZOMBIZBWLTIEEIIKD 7 0
EGOEEHVTWS,

VB =G [pp ++oevveeeessmmmmmmneessinniiieennn (22)

Vfb=(}«+2(;)/pb ................................. (23)
G\Vh( Vi o, G\, V(A o G
Gw)vfb(vﬁ,, 2+(;.3>+ V31,<G+2 c;la)

( VLb v2+4‘> (1_1 2) .................. (24)

v e ()62l
e () (6

— 108 —



TE RS & 2 KBRS 2R o SO 1075

FH U7 Go O & I T, 551 7 160 0 #6815 51
En, Xi- X FHHNOKRT Y v #KAD L 5 ik
ETLHIEMTE S,

o y

En 2Gn  2G0i+20) (26)
. Ell P 27

Vl—z(;“ 1 (2/)

3. SAM (2 & 2 BN D
EHMRE

3.1 EFMEFARXY v b AWFFRICB VLT
A RARER T PRI TR FIERIC, 3 IR TR
MR 2 ) » b & SRS Y > X ORI 3 S
L TEERZRE L 72, 8L > XORHREE IR
Dy ORI 612 ko THURICEILL, 0 2vs <
ENERAMORE A ET 20 V() iz T %
{82, SEOEBRTH72 200 MHz OF#E L > X
T, BER® THAE L2 X S5 H ) v A0 #E(GaAs)
BRSO B X D BIE L 72 0=40° OB A 21
T2 v N EHWE,

3.2 BEK Bt N AEKEEEEERLT2
W, ) 2V, & ST & B o SR
LB R LRGS0 E— 7 VR KSR

Angular aperture 0 =40°

Acoustic lens

Aluminum cap Slit (macromolecular-film)

Fig. 3 Lens slit for acoustic anisotropic measurement

Proximal

Anterior

Lateral

Lol b b

Fig. 4 Specimen of human femoral bone

(EHRSHH, A A) bEHEHLL, AkasiEHve b
DRBRE 2 BE UL 21T 5 N & 7208, IR D AF 3
JEHEICNEE A fo s, E—Z VRO KRG 2 H L
7o, ROEEABOB I TIFHRFEDT L & L 2YEER
THER® SR Twab, K4zt b ARG E®E»

S Ol RHRECR I 2 7~ 3, RBRA e R AT % B
HL, fECmaE L7z b oo—2 23 (Kb ok
DFEAN) & LTz,

33 AIELIE 512t b ARV B E R
D SAM 12 & % C E— FHifRAER T, AKF, BEEIZT
A >R IRSFOG &, KFETA a2, 1, 1,
I, F|E 7 1 > 2FEH»S A B, CE Lk, B%8H
ZRENE £ UBdicRd 1~9 FoEr 2 HE L 7.
46 12 & — 7R KBRS B R O SAM i & %
CE—FHRERYT., KF¥EIT4 &2 3AK BETA >
ARG &, BARAEWEME &L, KPR T
1~11 #FOEHT & E L 7z,

34 BIEFINE £, FEEGEPHS LN
Vv A VF(GaAs) Hifigh &2 > TA Y v b HkE % &
ET 5, BPNCA Y v MR % 150~190 pm (272 %
K OWCREL, 0°~45° £ TH M@ Clhlizs ¥ 5, %
D L & DOFHHREHAY 2850 m/s A2 5 2700 m/s (2 iHXR
WAL T Lo chIkE 2 SR L 22,

A OBIERTIC 7V 2 ORKESREME A HET 5. XK
WalkhE SAM ik AT A L, SHENE £ TH

Proximal

s

Periosteum
i
Endosteum -

Distal

Fig.5 C-mode image and measurement position of
human femoral bone

— 109 —



1076 AR IS & 2 KERE Rt o B HE

ez, 2L TCAY v ~&0~90° £ T5° HkE TR
YL, FOLEOFHREAREMET 2. BEH
% 90° i s, FEFIEAHRE T, 2V v &AL,
BHEETO R EEXHET 5, KRBTV IOR
Has P E 2 JE T 5.

BMERLE O KGR L & 5 L kR o 2 hZh
OMMAEERD 2, FHEOKE S L HE» S R
ORIy, BE ) O ERET 2. FOTFH
B OREIC Y72 5 T, B ICHE SRR TH 5
AFEHEDOFE» SR (5) % HOCTEEE 00, HE
FIPERTE N ORI R G &R 7 Y vy ZREL,
ROTRIGWU AT 2 HEE S AOFHEEFITKRDIE
R 0, B X OBHIERE G 2w, BRI
DOBEHPARE G & K7 Y v ZEE L.

1. HRCEE

41 E PEXKBEEEHRBONFERENEFMED T
[ 7 1 O I E S5 & o B R o 8 E F & o
TR 50741894 CORETH D
FHS 3BT LUEMERL T0D, WREEFEL
T, BT (90°) 2> & ki 22 /71 (180°) £ T 1/4
RIRZ5° BXICK3ICRTAY v b &AL EH%
HIEL T2, MPOAMBHFROKE S L 2D T0

Proximal

A B CD

f

Periosteum
Endosteum

mm

Distal

Fig.6 C-mode image and measurement position of
canine femoral bone

ZRLTHED, AW ANEFEAHE T & 25
Sl ZERRT, Ak, REFIERAED F@ATmC
T 2700, ZOEMAE A v b OHRN—E
THIFHE SN EEPRKESRD, ZDEEDAY
v b OF S RO S ERET S I EMNTE
%, B 7TICBWTIE, 135° KT - EE AR OB &
L, 1 90°~135°, AKCF 5 ] 1d 135°~180° &
FFHCORAFTH E S A2 PE L, RAGEOREE - K
FHEE L, ZOMBEEXREDORETRT. 1B,
HIERLE 12 BV TRAIDIR S T WA WAL EEL
HE T polzZ Eick s, K8 o, BAMOH
DOF & FLT LS EA S 20 IEZICEZZL Ty
e, BAMIHY ¥ ThW I EDHERIsh B,

B 9 W2 AFHIE T A > 1~ EDK LT BT 2 KF
B & OHEEN 17O R ORGEERE R RS, &7
FREC, 10 CHEERE T 4 > A~C LOFKHICH
U2 AR & OHRIE T OMEEE R R R T, B,
MhACE A A H, |EAEZV ERLTHS, K
9, 10 £ v, & MAEKBEEF®HL T, ZhZhOHlE
N7 BV 2 A ST, HEE T O fEBPER D IZIE
FUKESTHD, NFHRAERIEEA RS Lk
WOMbM S, HEAERICE W T, — R @I
HFEDEHETIE A L, A E D FICIE AL E
Ao RD, 1, BaticgEldond
HHL & OES EOHA B T 5 RS
v,

42 E—JNREXBREERBONFHENES
MRt 1SR ORE S L OB
HEF 2R, 77 7136 O 9 FHOREHLOME %

Measurement direction

Leaky surface wave velocity, m/s

210

Fig.7 Leaky surface wave velocity and its measure-
ment direction of human femoral bone
(measurement point No. 3 in Fig. 5)

— 110 —



B WM X A KEE RO B AMEE 1077

RL TV, K12 OKENS, SHEME B % 5%
HYEFEMOAY « |EHAERLIZLDTHL, b
S S M el o TR T [ ASE G 1A, AKSE
TS EEE R ENC LT E D, E AR SO
MR B L TWwB EnZ 5,

BI13 I AFHET A4 > I~ EDKHICB T 3,
AEF5 & OHEEC T 1) 0O 55 1 O M SR A TR T
FIREIC 14 10, MEPE 71 >~ A~D LOKHICE
U 5 AR B & OHEE A A OB R R, K
[ H, BEAMEZV EEXLTHS, K13, 14 &0,

Proximal

Periosteum
Endosteum

Distal

Fig.8 Anisotropic principal axis of mechanical prop-
erty of human femoral bone

T o-Hine 1|
0 | ~A-Hline I
] i i
B { ~O-Hline I
AT Y S | ~@-Vine I
Ks | ~&—Vline I |
« . ~#-Vlne Il
B30 frd
=
3
g 20 |
)
o0
5 10 S
S Periosteum Endosteum
0 i

Fig.9 Young’s modulus distribution along horizontal
line of human femoral bone

E— 7 VREKBEEEBHEL T, %< OME R TERE
FIENEAE A & L THE IR EWEERR L, 2
DT R, BHOE—ZNVROKEEE XSGR C
LERLTWS, $1AFEIA TR, K13 L0 8
& e X OB IT D < 2 HE > TREH MR K
L 7 BEAMFAET 5. E— 7 VRERBRE B
T, #NFNOREME B B AKFEH, Bl
B OBBERBUEOBRSN, 2O s b
B S MEOTFAEDHERI S 5,

1512 b M AKEEERE, 16 18— 7 VR
KERE B8 O £ HE S BV T, JEE T O
TRECEL[V] 2 ACES M O fMEstEfR 5 E.[H] TH#l- 72
EART. ZOfEH 1 ThiuIgRo 7Rt
SHWTHDH Z EREKRL, 1 LY REFIEEETS
Mot s hzBAEEL v eFEzonb, ¥
15 205, ElineE OB R OMFEE MR EUE, BE, A
FIEDKNHRGE S Z L AV ELR, 1 25 AELH]

« 50 ~~H line B’

% ~{}-H line C.
" 40 ~@—Vline A’

] 0\ —&—Vline B

- i |

g 30 P ~3i-V line C

=

El

B

E 20 v ‘

oo

g‘ 10

o Proximal Distal

>‘ 0 5 i P i

Fig.10 Young’s modulus distribution along vertical
line of human femoral bone

Measurement direction
90

Leaky surface wave velocity, m/s

Fig.11 Leaky surface wave velocity and its measure-
ment direction of canine femoral bone
(measurement point No. 9 in Fig. 6)

—111—



1078 MG WIAEC & B KBRS O S5 TERIE

BEAERLTWA, 5, JES L HE S 8 13k
ST O REHMEARBAITE T & 720 o 72 72 OISl % ik
FTCwRw, —HM16 56, FHuE— 27 IV ROEH
T, METT & ARSI OFEFEERB O % <
OHEMEICBWTILAETHY, BAMEEZHL T
LZENbNDL, INHDI EnD, EikOE L
D HEWERRRDIE D AJEREE I B AV < Bl
THBY, THIEHEOES AR % 12 & 2 5OV
TN T EHEOHES D L L EMESELLDT
HbH, BB, ERNEFRISHOREL T S,

Proximal
B C

Periosteum
Endosteum

o

Distal

Fig. 12 Anisotropic principal axis of mechanical prop-

erty of canine femoral bone

50

«© ~O—H line 1
=¥ B‘j ety H line 1
S 40 ~[}H line T
= @V line 1
E: iV line T
= 30 iV line I
— [ T
=
B
g2 ©
w
op
g 10
§ Periosteum Endosteum

0

Fig. 13 Young’s modulus distribution along horizontal
line of canine femoral bone

5. #& B

T P AP A F V> TR O 15 B e S
T2 OMEMGRARE L, EBICE b EkmE L
HOE =7V ROKBEO Rl L 72, 20
FE ATz engohni:,

(1) & b@EkEORBE T, Blihm e Zzhic
ERZT 2 HACIEREERIcENRonghotz, &
DO Z e FITFREO RSB TE W Z & ZRT,

(2) FHOROKERG T, BllHH &2 CER
T2 HA TR ICEN R o, £, BN

50 ¢! —O-HlneA —A-HlneB |
& . “}~HlneC =O-—HlineD '
H
OCyo 1oy —@—Vine A  ~a—VlineB |
= . -@-VineC ~4-VlineD |
330
=
e
B
20
w
o0
10
:s . .
] Proximal Distal
0 i

Fig. 14 Young’'s modulus distribution along vertical
line of canine femoral bone

18
1.6 — S
14 .\ R
T | —
3 N P

06

04 B
0.2

1 2 3 4 5 6 7 8 9
Measurement position

Fig. 15 Young's modulus ratio of vertical direction to
horizontal direction of human femoral bone

5
q |
4

Eb[V]/Eb[H]

S © 9 O -
[N

|

|

|

|

|

|

|

|

|

|

|

|

|

I

o 1 2 3 4 5 6 7 8 9 10 11 12

Measurement position

Fig.16 Young’s modulus ratio of vertical direction to
horizontal direction of canine femoral bone

— 112 —



FEE RS & 2 KB ENESEOEFEE 1079

DOF#MOIZIFERZL Tle, 20O L3 fEFTCE
WERAUNTFET L I L ERT.

(3) ABEIZ & > TEKBHEBO TEREOR Y
TS AIRE T H B
AIFFEDO—EIL TR 13-15 FEEE R E R
& (BRI E R O ML HE R IR e E) GRER
S HI3-HiRE - BIF-013)ic k> Tiibh7:Z L %
CTRELEEERT.

X [

(1) Todoh, M. et al., Polychromatic X-ray Measurements
of Anisotropic Residual Stress in Bovine Femoral
Bone, Transactions of the Japan Socicty of Mcchanical
Engineers, Series A, Vol. 65, No. 630 (1999), pp. 406-
413.

(2) Fan, Z. et al., Anisotropic properties of human tibial
cortical bone as measured by nanoindentation, J.

(3)

(4)

Ortho. Res., Vol. 20 (2002), pp. 806-810.

Nakatsuchi, Y. et al,, Acoustic anisotropy of normal
and healing cortical bone, Japanese Journal of Clinical
Biomechanics, Vol. 20 (1999), pp. 213-217.

Aoki, D. et al, Study on Mechanical Properties of
Bone Tissue Using Scanning Acoustic Microscope,
Transactions of the Japan Society of Mechanical Engi-
neers, Series A, Vol. 67, No. 653 (2001), pp. 175-183.
Nakamura, K. ed., Ultrasonics, (2001), p. 13, CORONA
Publishing.

Japanese Society for Non-destructive Inspection ed.,
Acoustoclasticity, (1994), p. 15.

Kobayashi, M., Theoretical study of acoustoelastic
effects caused by plastic anisotropy growth, Int. J.
Plasticity, Vol. 3 (1987), pp. 1-20.

QOomori, S. et al.,, Evaluation of Plastic Anisotropy
near Surface Through Fractal Dimensional Analysis of
X-Z mode Image Measured by Scanning Acoustic
Microscope, Transactions of the Japan Socicty of
Mechanical  Engineers, Series A, Vol.65, No. 629
(1999), pp. 93-99.

— 113 —



