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TKBEIC BV CERE O ANDRFE LMD —R% 72 &> T 50D, Gkt ss
T IS DN THIERC T I DI 7 i X 0 EBIEEEME T L, R ic Xk 3
BIAMED, ZRMEBIEE (OsteoArthritis, LAT, OA) WREFHZEI It & DFNE
VR BEE L. Tho OB T BEME 4 O BTk 08 F 280 % E '
ICRHi 3 2 © L 23 EIR FEECH 5. AT LI TR OEH)IC X Y R L RTT~
HIEE D C L Th 5. HITIIEEEICH 5 0, ZoBTRMEMNT 2 C
L CEEM R T ASRTRE & 7 B AT REIHA &3 E 23 i ~FEHE U < 2 2RI, M
2 SR L ChBEREI O A4 24 TH Y, Zhicthv T o KBS, KRS,
JEBAETIZBART D JE il & IR A AR VIR T, o7 1 FHIcE T 2BEEAE D
R e LCEhAEo it rsRon s, STRHE TR SHINIEED
—D2THY, L OEHEREMCEELL R EDOERBIEREHE O ICL o TR L
B EEOHTEEBCEEL, ZoSRCEMIOB) LTk EEEENICEE
fliT2. L2LAa2s HRIC X 2BERBREOMNGHEICIG . Tz 84T
%728, XU IEREZ 2 Wi AE O BUHASE R I3 T8 & BB L 7 AR T
BoOTEMPEETH 5.

HAT 7 &0 FREE) O E B EICEB DO A A T v 2T L CEEA Z R
FTorHFEAE—vavFr7IFr (LU, %X OBHonTnwE, Zov
AT LIFERBER GRS TE 32— TEAa X F23E L, FHIBRRE A RGE
ENTLE Y. T/, BB LD~ —h BT 27 o IR K 532> 2
2. 2070 RS ICERMTE 2 LI A$, WERE & 7t 505 D08 P
PR O BB RE W, 2N HGEREHIIZ R TEZ 2> 27 4 L L TR
RE—vavFr7yr Wxtv¥, UT, B dECHOATY 3,
BRI 2R TR P T v R Iy 2L BRICEE LTS A RIET 5L
= NE TR E N, HEEXL D DECEE L ARREEAL TV b F
FRENE 0 FHEIO - BHEITE T o & EEH 107 & 2> 20 BB % 51l 3 % o 1@
LT3, itk e BRI FR LV LCBETH 5720 2 F —0BfEFHE
PCHOERM > I 2 L — 2 TOHBTEHADICHW LN T WS, L L7Aad bR
R FFHAEB N I SR WER) 235 25817 — 20/ 4 X E&
N3, ZD-D%BOMEIRHHE X LT\ 3 EREE L% < o FHIC 1 2 7
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V. 2D EREOBRE R VKA ICE LTI 2D ORFEE KR L 2L
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(Inertial Measurement Unit, BA T, IMU) ZH W72 @#HEHUAFEH L TWw 3,
IMU (ZNFICHEE, v A4 v, Hilgke vy 32Nl Tk Y, LA TR %
SIS O 2 Yo ZEBMB IS T Wiz, 20— TEED Micro
Electro Mechanical Systems (LT, MEMS) HffioFREIC XV /N 7 & 1,
RO FAE— avF X 7Ty LD DK IR TEARAREL o7, X
72 IMU BfRZ BH{RICEE T 27210 Calillz Efic %, »oNERE—vavF
¥ 7 F v THO S K& ~—h ik X 0 3D S T HREIERHIIA T %
572D ICHHEPEDICRZ 2FEEZAEL TS, ZDO5TIEFAR—Y
B{EDFHAD, BATEIE D FHAH197 Ui A P CHW LT WS, IMU i
MEE, AEEEZFHIICE 2720, {tkoEe—v a3 v v 7F v CeHllCE =41
EERE D DBREN R EB OB ZFHT 2 2 L3 T 5. T BTMATICEE
T3 RATIFE Tl 2 TIIEE D b OB R ArE @R 719, B4R
MOBAFIAECOZEHETE S, L2 LAaRS IMU OFHlT — 2205 OfifE, &
BoBHIIEWTEEIICLZ Y 7 MEEOREITBITONT, chbd i
UHCHiE L 72 ECoMEEF R LE L k5, ERE BT A CIMU 280 -4
DE—VavFrx7F ¥ AT L0O0OXIIHKETLEDZLDEE 1-1 I
AT, TOXIHICE—vavFr 7 F ¥ AT LRKIEFZENENDOH R E R %
BLTEY, FERAPWARDO TP IMU LR L CERBETH L. ZD—HT
IMU 13/ C42fifi© & O AT E) O i -CERR & %2 A0E L 723556 1 IR IRE
OHFI P FHE BV m v EBENL TS,

IMU BT 3R PHEMSIMEERICEIT S F ) 7 FlER2RRT2FRE L
THEEDO X Vv HIHERERA L2y Y« 72—V a Vi X 3R EEOFF
QL2 LIFATIRT~DIEHP e E B RE I N TS, Lo L aidb % IHdE
FHOSITEHZNRE LCE Y, HEH#EEORECHETER T O fH 7 &1
KHEICE T2 HEHAEEZHS 22 LFHI D v, FRGEFE o Wm R
7 STy, REIFTES QR TAER T 2 ) v 7 RIABNEEM (LT, AlAk
[E5E) %R ICE T 2 FHIBHE AL TE T E, 2 D0 HIT Y
vl 7= a v OBls b EISMEE BE OB TEE) O G TR O i 7 23 EE o
HETHL. L2LAadoiEE RSB 7L — L EEET7 4 Y=L -
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Table 1-1 Comparison of various motion capture systems.
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F2EF AINEESESTESTICET HRREE
R EDHE & @B AL

Abstract

In this study, we estimated the knee joint angle of patients with external fixation of
wounds during walking using 9-axis inertial measurement units (IMUs), and examined
the range of motion and gait on the healthy side. Three patients with external fixation
were included in the study. The acceleration, angular velocity, and geomagnetism during
the stance and stance phases of optimal walking were measured using IMUs. The knee
joint flexion and extension angles were estimated from the gait measurement data by
IMUs using the extended Kalman filter. Among the knee joint flexion angles estimated
by the extended Kalman filter, the maximum flexion angle during the stance phase and
the maximum flexion angle during the stance phase were measured. As a result, the
average amplitude ratio of the 2nd/1st peak of the healthy side was 2.79 and that of the
affected side was 9.96, indicating that the double knee action of the affected side was
reduced compared with that of the healthy side. From the results of this study, it was
thought that this was due to the increased mass of the external fixator attached to the
lower leg on the affected side and the limited range of motion caused by pain. The
results of this study suggest that it is possible to quantify the range of motion of the
knee joint of patients with external fixation while walking alone, and to evaluate their
range of motion and gait.
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2.1 ®#S

Y v ZBRIRASNEERT (AT, ASMEDE) (B 2-1) 358l & e Lo, FHY
IEC H VTR T E 5. AAMEDE B I B 1T 2 RELREE Pt E R %2 5
HE 2L, BTV v 5F—va v 2BfiAECHEEIT— 2 v F08EE2 L
i35 Z L IFEETH Y, b ICHEH DV IZFHIIEEE O A KD LT W»
5. L2 L, ASMEE OB LT HMICEE 3 2 el 1ZFEH I 7 <, AlIAEE
TE SR DA T IC X 2 417 ADL (Activities of Daily Living : H# 2E7EEHE)
DOFEVR, f@EHIC X 2 AIMEERLEF 2 B L ST OIcf £ 5 C
W3, FD7DAISMNEE BRE OHITICO W CEEIZICEHE 2 1T o 72 B 1 .

BT O ER AT EE LT, BEOHI AT VAT L TR, T3 N%E
%59 % Direct Linear Transformation i5® 923 —f%ICJ AL b T nw3, —
77 Micro Electro Mechanical Systems #ffiio¥#EIC L 0, M#EEX V¥, U x
Aot vy, HilgR ety 2 EH L ZRBRE2L /N2 EE+L v (Inertial
Measurement Unit, LAT IMU) 23BN, 517 % & O EERBI{E © 5HINIC & 8
AT eNMEINTVEO, FHHESIE IMU Ly Y - 72—V av
ZHlABDE S LT, @EEICEIT 5 KREE O ST HhiERE A B O H#EE,
JERBEEf i i A JE o g O E B 21T WA OBTERII~ DG 23 A[RET H 5
ZEEMEL TR0,

BISMEEBRFICE T, 74¥—vvic ko THREZMBEICHEE L TW3
i, RESELOEZEET 2DICHNS. 207, BEMAICET 35
TICB W GEH PR RZMBEL TR0 T RWrE R % 2 TR
TIZRMEE BE BT IC 351 2 IREAETH AR B A 2 IMU X 0 H#EE L&
flll-c D A EHE L HEARIC OV T DE W EZ EEBMICHRES L 72,

BRI L, HARAEMSICE 2~y v FESOWE T o 72 E D
FlED PCcHEML, MABRICOVWTIIHANRIEED T T4 Ny —{REHA
K7 A4 VICHEL CTRREE L 72, BEBRE I SEMERTICERBA L, ol 2 Bifg L
THW LT, FHICTREZS..
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Fig. 2-1 Lower limb mounted of the ring-type external fixator.
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2.2 BT EiAEOHTE
221 FAYRTL, BHERR

AWFFECiE, 9 WhEM: -+ v ¥ IMU-Z2 (ZMP.Inc, Tokyo, Japan) % w7z, K
e CcH 72 IMU D4 L% [X] 2-2 ISR, IMU @ IMU-Z2 (3 3 Bl D fIEE & v
¥, Yy fokry, MR Y, Bluetooth BIEEY 2 — L ZEEH L T3
729, MHUEET COmA 9 iy ORIFFFHIAAIEECH 5. IMU 1T HRICTEE:
WEL, PCEMOTF—2uh—Y 7 27 2Hws 2 Citlllcx 3.

g ¥

Fig. 2-2 Inertial measurement unit (IMU-Z2) and local coordinate.

AWFEICEH T 2£58, BB IMU OHEEE X, Y, ZEhE Y OllfLH L LCTr—
() EvF (0)-3— () D EMAVE. KEICET 70—
PERERIY Z W7 A EN A E LA FREERCERL, &EE Y oREsH
W REEEEI D #IEE L. —fRlce—n - ¥y F - 3 —A%H 0 CREETH %
STRT GG, Iu = NVBEERS A | O IMU O — A2 VERR (LUT
IMU JEIER) ICBEIEZ S 3 729, Xo>Y—>Z OEFICHEEX ¢ 2 (K 2-3

(A). LAHL IMU 2RV 2541 IMU BEEZ D5 7' a — L JEREEZ ~ L
H AN PEAEAS WA 2 (T 5 72, R B IEED Z-Y->X ez s (¥ 2-3

(B)). ARWHFEICE T 288 i © IMU JEIER 25 AT 20 — SOV PERER ~ D[]
R1TH R 1ERX (2-1) DX dica— vy F - v —LDIHICKRHTE 3.

°R; =R@)-R()"R(p)
cos ilp —sin il/) 0][cos @ 0 sinig|[1 0, 0 )
sinp  cos W 0 0o 1 0 0 cos'p —sin'e
0 0 1)1l—sin ‘6 0 cos ‘6

(2-1)

0 sin i(p cos i(p
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=
Global s%l}; ‘
coordinate
, Local (IMU)

l (B)

coordinate

Gravity acceleration
1[G]=g[m/s?]
X

\4
Z

Fig. 2-3 Coordinate transformation in this study.

2.2.2 JHAELS

Bl suwTYry Aoy FHEILZ 'w=[0 0 0] TH 3 7-DEHEY
WZRBAAGHETLZLETE R, 22T, MEEL VY IFHNICETINIET
HLEE & iR v CTHIS TZ 252 W T — N VEIERICE T 5]
WIZRAZEH T2 ©, FIERICE T 2 MEE v v I ZESINEE O B2 T
% 72%, (Ko IMU FBEERICE T 2 IEE L v fa i3 (2-1) olEldx
19l 7o — NV EER DR A 0 1B 2 NLEE °a, BEHNEE g ZHv 3
&R (2-2) DXHITkS.

‘a = °Rl °a (2-2)

a, 0
‘a=|ta,|, %a= [O]
iaZ g
INXY, EEr v E S e = A, Y F Ao Ouce 157280
DHXE2-3, )L NG,

Ogec = tan 1 —2 (2-3)

. . (2-4)
/ ‘a32,+ ‘a2

KRRt v ErHCca Aoy iR 2HE 3 5. HKAt v TERE
21521213 IMU BIRDSIKFETH 2 B D % 28, HEEMBECEER OEM D5

O4cc = tan™?!
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Bh 505, zozo (2-5) KXV ERBEEEZMIEOL, X (2-6) L bib
WRt v yiciko a—fM Y, EREHET 2. 22T, ‘my, 'my, ‘ml3ER
%‘J&%WE&@@%L’ DG, MK | OFIERT O & SRS TH B,

'm, cos ‘9 sin i(p sin ‘0 cos i(p sin ‘@
imy = 0 cos i(p —sin i(p ‘M (2-5)
‘m, sin ‘0 sin ‘¢ cos '6 cos ‘¢cos 'O
lMx
‘M = l.My
lMZ .
l
—'m
- y
Ymag = tan™? - (2-6)
mx

2.2.3 EMFRFDES

Vx4 vt Y CEHUIL 72 AL D> D LB~ D28 3 A O —FEiR 7 Tk
HDHLNEH, PHICHES?ZITH)> L TP 7 PREZEMHI T 201, Y3
WARBERER -7 », 22T, IMU BIERICET 2 AEEICoOWTR (2-7)
FHwCTr— - ¥y T - I—AOWIMME~EEWST S, 2L TRlt+ 101
— ey F - a—MiEIR (2-8) DLIICKMMEEEST L LiIcX W EH
T5. 22T, ¢,0,pldu—n -y F - a—MOMHE ‘wldEEiicsd
% IR S N PR 7 R R LT B,

" 0 sin i(p sec '@ cos i(p sec ‘0

‘9l=1o0 cos ‘o —sin ‘¢ ‘w (2-7)
i(/’) 1 sin i(p tan ‘0 cos i(p tan ‘0
i
wx
‘w = "a)y
sz
g P g
‘g = f ‘o dt+| ‘e (2-8)
i i i
4 t+1 ¢ t+1 4 t

224 VY- 72—V 3VDBELEBHMTE

Vx4 v BRI HERE 2 v 3 OIS E IR, AN 1A 2
T, BEHIO FHEEE) O ZEL I RO, BRI AR 5. RO
P, BERIEE Y v A ne v 2o on s AEEIC X > TRIE S 72
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b, TOWEREET LISV TCELRIEREKAL LYY - 7
2=V a VERETIRNENRD L. & & CHTRIREIAETE th A o #EE I h
T DR, BB OB 2 ZEE L IRV~ 74 VR ICK B2y
P Ta—Vay ® BRESL, MEELyFHAERK (229 KRTEIIC
AEAENEREE, [IHEENC X 200 - B EE, EHIEEZEA TV 5.
iaout = iatr + iac + iat + ig (2-9)
ZTT, g INEE R vy, fa, FAGENLGERE, a3 ONNERE,
, la (ZEERRIERE, g ZENNEECH B, HOMEEE, HEEMEE L (2-
10) TR i DAEE ‘o, AIEE o, BEfih025 IMUFBLETORS
rEHACTRETE 3.
fa,+ 'ay = ‘wx 'wx r+ fox r (2-10)
AW CIIRBEART 2 K3 2 T KRR, THRD 2f&fric IMU 2285 L, %
o DN LED O REFEMAEZHET 5. X 2-4 IS TEMEIEY v 2727
WATHD W2 IMU D25 E & IREARIR I AMEDER, ZERHEEICH 2%
A—=ZDREBRICOWTRT. ¥ 2-4 ITBWT, K — 1 13KBE, K& 13T
THY, DAREIZi—1, i Z KB, TR 2. IMUL IZKBR, IMU2 X TR
~EEET 2720, DKEIZ IMUL IMU2 2 KERO IMU, THEO IMU & MR35,
K (2-9,10) % FH W CEH L 72 KERIC B3 2 53 OIERE, SR o k=0 X
R-1I)D X Hich b, T2, THRRICET 2@ 0NERE, BEENERE Ok
KERICH T 2.0 - BRRIEE O ELZ T 52t boH (212D X 51k 5.
i—ICa — i_laout _ (i—lac + i—lat) — i—lg (2_11)
'Co= "aoue — ('ac+ ‘a;)
_ iRi_l(i—lw x gy ¢ 1 4 i1 i—1r) + ig
F 72 DN IS 3 B A EE O AME I BRI T &2 K (2-13) 0 X 5 i
0, BEAREE O AMNEE O IZ ) A RO K EER L X (2-14)IcRm T
RREWITD % Z AT 4 v (W—RZH) 1 X o THEBUL L TH W72,

(2-12)

0 —W; Wy
[wX]=|-w, 0 —w, (2-13)
—Wy Wy 0
s
D(s) = 1T Ts (2-14)
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Link Hip O
O Joint ] Thigh E—l
[] mu

IMU1(*a, "o, "' M)

& . Knee flexion angle [deg] Knee ;)
’I
— £ : . ;
YV, 0 (@ — X, ,f? Shank IMU2( ‘a, ‘w, 'M)
2 Kl i)
L
L

Zy Ankle E !

Fig. 2-4 Rigid link model.
Left: Definition of the mount positions, knee flexion angle. Right: IMU’s parameters.

ZZT, siE7 77 AEET, TR (RFEK) <db b, KitFETizy v
7Y v R (v 7Y v TR OMH) IcEDET =001 & Lz,
LIEoRIERX 2R WT, BEAIL=Y 74 2 2R T 3 =01 KR, THR

ZNENDLRALHE T 2 IFIIREF R, FERIBBLH TR 2 HES 5.
KR IE#IIRRE T REUEL (2.7, 8) 2T (2-15) D XS ek . FE
EE R g —AoBHEN (X (2-6)) LEOIEE, BEARINEE O #iE
x (R (211) 2HwTR (2-16) DX H ik 3.

i—1xt+1 — i—1F(i—1xt ) + i_lwt (2-15)

i—1yt — i—1H(i—1xt )+ i—1vt (2-16)

i—1¢ i—1F¢
i—1xt = [i-19], i_lF(i_lxt ) _ i—1F9
L—1§0 , l_lF¢ .
1Ey, = [T + (sin g sec 70 - T, + cos Mg sec O T w,) - Ts]t
i_ngt = [0, + (cos" o - i_lwy —sin'p - Tw,) - Ts]t
R, = [T+ (Tlwy +sin o tan M0 Tlwy, +sin g tan T - e, ) - Ts]t

lpmi—u

e bosas
-1, _ | X i—1p(i-1 _
Ve = 1—1Cay , H( Xt ) (ORi—1)T [0]
ll—lCaZJt g t

RICTRRED IERRI AR RE AR UL RBR & Ak ic X (2-7,8) #H W (2-17) @
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Lo s, FERBE RN T2 —MmoE B (X (2-6)) &M,
AR ofIERX (X (2-12) 2w (2-18) ok Hrick 3. 22T,

x BIERAN =Y 7 4V X THEE L 72 WIRRER, y BZIERANL~ VY 7 4 L2 I
B AEIHE, t+ 112K f‘J we, v IFEEHE TH B,

Yer = F( e )+ (2-17)
iy, = iH( i, )+ iy, (2-18)
. ilp g 5 iFlp
% =|'0|, ‘F('x )=| "Fo
| ' . ‘o t lF‘P t '
‘Fy, = [ "W, + (sin ‘psec ‘G- ° a)y + cos ‘psec ‘0 sz) . TS]t

Fo, = [ B+ (cos ‘g fw, —sin ‘g ‘) T,
F,, = [ i(pt + ( iwx + sin i(p tan ‘6 - iwy + sin i<,0 tan ‘6 - iwz) ' Ts]t

Vmy,
i iC“x
Ye = iCay ,
| icq, .
Yinag,
H( )= op, T (ORl-_l(i_lwxi_lwxi'1r+i_1d)xi'lr)+ 8)
al/l,

LRI NN~y 742 B EHT 22012, ¥ 2T LTHF(x,), H(x,) DR
f(x), h(x) (X (2-19,20)) I ko> THIBL I B,

flx) = aF(it) (2-19)
h(x,) = afé S:t) (2-20)

Z LT, XR20)26KQR-25)ICRTTFHRAT YT, Z4NE)VTRT v T h
DR INBIEEAIL2 VY T AALRXRTATY XL ZREVIRLEIET 22 L CF
BHETRTTS. FHIRT v 713k (2-21,22)D X 5 1272 5.

Xep1 = F(xt ) (2-21)

Py = ftPtftT + W (2-22)
::?,@Wghﬁﬁ% t FCOEMEHCTHEE L 2K ¢ + 1 Ic BT 20K
REE, BAILEATH, P 3R ¢ OFRELSEATY, WIRIERURIREE TR

CH T2 AEMEEw OLGEETIICH 5. 27402 ) v I RT v TIER(2-
23,24, 25)D & 51275 %
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_ _ -1
Kev1 = Pqhisr (ReyaPiqhlsq + V) (2-23)
Xeg1 = Xep1 T K (J’t+1 - H(xt+1)) (2-24)
Piyq = (1 - Kt+1ht+1)Pt_+1 (2-25)

T, Kidhr=vrA4y, VIERERNTERN BT 206 v ol
TIEATA, xt+1;Pt+1 R t+ 1E COBEMEHCCHEE L ZRZ t+11CB 1T
ZRREE, FRALSEUTAI, [ IXHA{THICH 5.

2.2.5 RREEEiERAREOREH

KEE, THRZFhFhouo—n - -vyF - -a—MfEwyH 72—V 3 /T
HeoE L 7212, MY Z2BAfR 2 o IRBAET R th A 2 HH 5 5. 13U ® 1ic H(2-26)
P TR R ~ DB % T 5. OR,_,, °R; 132 NER 2 0 — LR
ICB T B KER, TERROMERTAICcH 5. X 2-3 X 0 REAEIEM AL X7 o —
WIEERICE T2 YHIE Y o vy FA719,ThH H E-2)D X 5 ichk 3.
i—1Ri — (oRi 1)T oR
lcosi_lei 0 sin'” 19 H 0 0

0 1 0 0 cos'” goi —sin'"1g;

—sin''9; 0 cos'™'; | [0 p;  costTle;
Rll RlZ R13

R21 R22 R23
R31 R3; Ry

sin~1; cos'™hyP; 0

[cosi_llpi —sin"hy; 0
0 0 1

(2-26)

JRE, + RZ; (2-27)
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2.3 FREWRIIRER
23.1 REEAHE

RUFFE CHREFE U 72 BEMEE 15 OB 01 % A BRI CREM L 72, WA EER
&L CHRBAET O 3 XITH e MR EH) 2 1 L 72 3HMEY v 7 7 LIC IMU % %
HL, Vyr7EFLOKENCERI L TwE o —% ) —2va—&X (UFxzv
2—%&) & IMU & DRI 2T, v W« 72—V a v OHEERE 2 REE
L7z, T2 v 7270 %K 25 13, VY 7T AT TRICEIT SR
BEER & TRESZBIL 72V v 7 T I W TH Y, KifficEEihi-oya—4x
TEIERO R EB 2 5HHlCcE 5. /2, Vv 2ET AT v a— X IR
YV ~DOHEEREELCT 7 I ARERCCEELEZ. IMU OFHIIL v Uik
MGEE 2 v 3 24 [G], ¥ % 4 ok V¥ 1 +250 [degls], M & v ¥ @ +2
[Gauss] & L, v 7V v ZJEEEIL 50Hz & L 7=, FEERITARBRES % FEE L 724Kk
HEC T BRES % &R o [lEE 5 1811 FECh o —E ORIFE T 3 BIEEEH %17 -
7. ZLlTCxzva—x¢ IMU TR NBEMAELEH L2, 2ok, IMU
DOREIAEIL 22 fiCHELEZR VY - 72— 3 Y EHOWTREE O DL3
AHEEL. IMU X OH#EE L BEAE Ry a - X2 EfEE LT F T
¥)37% (Root Mean Square Error, AT, RMSE)% 8 H L CE &MICEEAMm L 7-.

Femur

Rotary Encoder

IMU

Tibia

Fig. 2-5 Experimental setup and setting position of measurement systems.
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2.3.2 1RIL%ER

X 2-6,781CY v/ ETAICE T E2r— 1A, vy I, I—HOMEDLK
ZRT. BB v a— XOHIGER, FoS IMUIC X BHEEMRRTH 5. &%
77 7% [TCHhBL, Tva—xhoHonzBEAEOEIZICN LT IMU &
VY Ta—VaviEHCTHEINZBEGIAE RS END X L
Tz, v vH - Z7a—YavifluTFHicyyf oy 3ol hzEST 2
FITHIIIHERE L &b ICHEBIRD F Y 7 FEENRE, BHETS. 2o
FU 7 FERFEICIE IMUIC BT 2 REEES) 0 2L 23 BE L Tk ) AR K O
EEMOEN L 5., ZOORHEEEICHE Ty a—-XOMERE2 S IMU
DAEREATMLCLE S, RFFECHELEZR VY - 72—V 3 VIZIEER
AN=V T ANEEHWTEY, ZoBHEITRERICE W CEOMERE, 8N
L DA Z ERE L T\ 5 72D ICEGEE) O JEFIE RIS IG L T 5. 2
R LCHEEHICTERT 2 Y 7 FEEEZRVIMICHEL, FY 7 ¢
AR L BRI AEAHEECE TV I b LEILND,

7 2-11C RMSE o B HfER %R 3. RMSE (3w — T 1.52deg, v v FMAT
2.09deg, T —MT 1.34deg TH o7z, HIBOWEELIKEA T LY —2L 7T 7
RIS THEED T XL 3 A DAL D A3, ARBFFEIC CTHENT, Hl 21T 5 (TR REA A
Jeet b A B D R BN IS Odeg 22 5 70deg L MR CTH Y, ZoHFHNTOEEL LT
1-2deg IIFEE L LTHYTHE EE2ZLNS. $72, R—TFEE2HCEES
AT D JRBEETE Bl A RS A HEE L - BR RS 1362 & iR L T 3-5deg TH o
EMEINTNEO. CnLDERP ORIV~ Y T 4 VX BRI W21V
Ve 72—V a VIIHTRRBEHEMAEOHE ICERTh2bDLEZ B,

AT BT DIEEMEEDIRIR & LT AT & 70 2 IS0 A 08054
FHICOWTER LD o722 BB T ON D, XV U ekl % 17 5 BB
M2t ' e P 7 P OZ LR ZHli 32 DL E L \vas, KRB TIRAAT
R COHREFO%ESEIHEERILZT 272720, INLEZHMBICEEL Tk
V., FOORMRCHEREL-e Y - 72—V a v eEHIIL v P O #EIPN T
DOEE), DOF VHITO LI BEHTLDOW o 0 & L 723EE) T H T HE )
RO CEHE, HEEXTE S —J, X VBRBABESICE O CHBEDOMES
[JFoNZDTEDLTIE RV, BTLUNOEEICE T 2 Z U EOREER X Y
B 72 IR ET IC D W TS B OFELE Lzw., 2o 2E 2 T IMU CESE
HEITHO>HEE TR TORNREERRZONS X ORIV v 2 2 IcHEL T
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SHHZITY) ORLEF L v, F25HEDL IRV VY IETADARTOMEICHE F
59, BlAMEE BE O SITEHEZ £ T & 2 x4 LAISMEE 2 0 s &
BEIG B o HEEE % bess U 72 e AT 9e s e v CRIAMEDE B E A TIC X 2 iR
MEEMTZETIVHMEBERLKNBTEZLDLEEZ L7120, ThIZDOnT
bESHOMEL Lz,

60

— L
—E ricoder

@0 £~ O
o o o

Roll angle [ded]
N
o

- -
© o o

L 1 1 1 1 1

0 2 4 6 8 10 12 14
Time [sec]

Fig. 2-6 Comparison of encoder and IMU in Roll angle.
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—rcoder

N W A
o O o

Pitch angle [deg]
=)

(=]

-
o

0 2 4 6 8 10 12 14
Time [sec]

Fig. 2-7 Comparison of encoder and IMU in Pitch angle.

— (AL
m—Fncoder
50 ¢ 1

10

Yaw angle [deq]

0 2 4 6 8 10 12 14 16 18
Time [sec]

Fig. 2-8 Comparison of encoder and IMU in Yaw angle.

Table 2-1 Root mean square error each roll-pitch-yaw angle.

Roll angle Pitch angle Yaw angle

RMSE [deg] 1.52 2.09 1.34
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2.4 HITRHAIRER
24.1 EERFE

BIAMEE BE O SITRE R EBMWICETHE 3 2 720, FMHAIEEEE 3 4
(HTHE 24, ETHR14) 20T TRRIEREZIT > 72, £ 2-2 I[CHBRE
DYKRT — 2 %13, EEEFO IMU OXEENE & BAITRHIIER O ME % X 2-9
R, EHELCIE IMU &2 4 oL, EAOKRER (X 2-9 £ :1,2), TR
(X 2-9 £ =3, 4) ORIEICHEE L. IMU DFHIIL v I3 IEE & ~
I 124 [G], ¥ ¥ A vk P £250 [degls], HufgEK kv Yt +2[Gauss] & L, W
v 7 v ZTEREENE 100Hz & U7z, #BRE I IE 10m O ERRERRE %2 P AT IC <
BITEMEZ T L 72, 723, BITHEO 7 A ¥ — ] ABR 2 IR~ <, 1585
DBF L 72 REERW 285 L CRHEfTo 72, FEEROE, IMU OFIHAZL S
RT3 72 D (ZA TR R 21 C 5 WMIEZ BB TR L L 7.

Table 2-2 Physical parameters of participants. BMI is Body Mass Index.

Participants

(n=3)
Mean (SD)
Age [yr] 30.3 (3.77)
Height [cm] 164 (11.1)
Body weight [kg] 60.0 (9.42)
BMI [kg/m?] 22.2 (0.99)

Fig. 2-9 Attachment positions of IMUs and experimental overview.
Left: Frontal plane. Right: Sagittal plane.
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2.4.2 FHEAE

BATIRFIC BT, BB Bh A B2 13 S B, B o A5 2 Mo v—2
BRoND. T REEEIAED TIEME L WS RIFFETIZIX 2-10 1R T
X o I m AR A (BUT 1st peak) & EEMIMR A AE (AT 2nd
peak) ZEREF oMK CEhETNEH L7z, FRAEMAELZEHT21CH
720, FRBEIEE AR 3ERE 1 AN 0 o TEE Ek L - A L
7. ZORREE 25 L oW N OB Z EH] (Unaffected side), A5k
EE &AL T2 THOBE Bl (Affected) & L TEFEL 7.

JRBAET R KR HE AL A, B DIRIEIO, 5/0k 41X, A DERKIEHIASE 0, 4 % HiHE
L7720 B OERKNEHAE 0, & D e LT (2-27) CHEH L 7- B E th
ffE g, P, B HRKD X 5 ISR B,

Okp BHHBL-
Oxa  A-ig,

AWFFEIC BT 2 IRME L (2R, Bl 2 vz 41D 2nd peak/ist peak % D A, B

DIRME O, 5/0kal L TENETNE R L, EMCO K EZIT- 7.

(2-28)
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100 I
Stance phase Swing phase
30 [€ >l¢
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> | [deg]
= |
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2 |
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20 Y

0 20 40 60 80 100
Gait cycle [%]

Fig. 2-10 Maximum knee flexion angle. 1st peak is in the stance phase, and 2nd peak

is in the swing phase.
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243 ERER

AT IR IR BE A R A B D HEEAS R o — il 2 X 2-11 1R 3. flR < 13 B i E
thAaEo —gEsRon s ikt L, HBE<iZREHEAE D 1st peak 78
HME LTz, hoplEE c b FEEIC 1st peak DF/IME, F2IZWHEkAR LN
7o, #EREmOMEMICH T 2 R RKREESHMAE LIRIELZ LD 2b D%
K 2210 F. K 2-2 X0, A& Helk U< AT C o R EE A i R o gtk
DL, BN O AMER & L CAR L7z, 2 IR AISEE BE o
B~ D BIAMEE BREEE I X 2B BN KR I X 2 A EhHiPH o HIfR 2352 L
TWizl® R eEz2bNn 5. AW CIREHORIKEER % v TS TEBR %
L7223, BEMCEAZID 20D TRICHAXAEL S, ZD720HEE
AT TyALED 22 & THL BB R B2 HIHE L X 5 & B S0 <
BTy LT, TRBTRCROMAZEL 2 EEZONL O E L 2 5
H3 2 HEHWIHA O Heel Strike T® Y, B TIZ Heel Strike D% i R EH i fh
FEEICT 1st Peak 4L 5. L2 LEMICIZBEESMIEZ SO TH S L LT
%7-%, JREAEIEM AL O st Peak oM@l & ik L Tl £ 72 13K L, BT
JAHIrRIc 3 2 REAST A B L WP LT3 pE e E 2 b5, Layton H D
T LT, EEEICX 2 BINEE SR & 25 L 22 BT C 1 RBA A b A R
KOWTHEEZRI AL o2 b MEOL T3, T NIFHEEFIC X 25K E
TV, EEOBELIIRLZIFEEZTRRL T, Z0DARMEICET
RITEEH T IC X EE)EN Bz EBLL TV EHEL L, FiTHEE
i L CHEESEWHR T EEZLND.

ARIFFRDORF & LT, FEFIED 3 Hl& iz b, BIFMEE OERS b [H—H
Ficldewnwz &, @ AEEMRNZED IR TETnn T Lasg
Fohd, SHINOOFELMT2HT, BARAZHMEPFEONE EEZD
N3, Ma<, KFECHELEZRY Y « 72— 3 VIZEONEE, 600
W2 ERL T35, b BEIFMEE B3 O BTIC KT I EB) LY s 2
ICDWBTIEBRT L Tk, Z D705 % ITE DIEE, BERINEE o2
DNTHREFTF%EITo T FETH 3.
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Fig. 2-11 Example of estimated knee flexion angle during gait by participant A.

(Upper : Healthy side, Lower: Affected side)

Table 2-2 Maximum knee flexion angle each participant.

EE 2 B4

1st [deg] 2nd [deg] 2nd/1st 1st [deq] 2nd [deg] 2nd/1st
A (L) 9.465 32.84 3.47 7.043 40.32 5.73
B (R) 12.27 43.36 3.53 1.535 28.28 18.43
C(R) 31.87 43.61 1.37 3.834 21.99 5.74
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25 8

AHFFETIE IMU &2 Hl v CRIGMEE B F O BRI Z 1TV, s DAL & £2
PR E 2 ZERE L 7o v ¥ - 72— a v OB TR R, (hEAE %
fEE L7z, 2 ofiR, AISMEE &3E B0 3510 2 IRBAE I Hh /A B o I 0
KRB DT 2350 225 7. AW OFiELBEH T 235, ASMEEERF D
BITREZ ERBL L, ROFE IS U BB OFHEE~DICH AT 5.
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F3IE ZERIEREEERESITOETERIC
1T % BREAE = B A £ 0 i

Abstract

Knee osteoarthritis (KOA) is one of the most common musculoskeletal diseases, and
the number of patients is expected to increase in Japan. In recent years, gait analysis using
inertial measurement units (IMUs) has been attracting attention. In this study, we
quantified the knee flexion angle during gait in patients with KOA using IMUs and sensor
fusion considering centrifugal and tangential acceleration. And we compared the results
between healthy participants and patients with KOA to validate the usefulness of the
system. As a sensor fusion, an extended kalman filter was constructed to correct the
posture of IMUs using the corrected values of centrifugal and tangential acceleration
using the accelerometer and gyroscope. Gait measurement experiments were conducted
on healthy participants and patients with KOA mounting IMUs. As a result, estimated
knee flexion angle during gait of patients with KOA showed patient-specific waveform
flattening and amplitude changes different from those of healthy participants, indicating

that is useful for clinical gait analysis.
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3.1 WS

W%ﬁ%%ﬁfWKmﬂMmM@ﬁsuT%OA)i%ﬁﬁ CHVBENET S
KXV TIT A4 X v FBEEONIMINCZETZ L, Eh-oHifiz A3 %58
@%W$@%5 FOETIE 40 LA LD OA BE A 2530 T AW 5 L& X
NTH IO, GEfLicthuS®%d BEROMMAFHEI N TS, KOABET
(IHRATIRFIC 35\ 5 IR B e h A8 B2 oD etk 031 2 2 N AR ST 1) < o Il 5 i
FH, KEIEEB OWMAEIREINT VL@, oD i b, KOA D
ZWHc B W» T, BEEA OBITR OEB) AL 2 EBICEHE T 5 © L 23
IKEBEETH 5. EERICE 0A BF ORBIHHESD) % 5l 3 2 54 1L ERR -5k
51 X B HITEERLL TN T3 PEEED TH ERBIcikiFr+5.
D% R 3~ Z OHEFE CHEA DEIEFHII S 2 7 2235 F, BAINE
FHRITEEENICFMECE 2 X5 ICkh o 7=,

JREAET OB P LB % ER/IL T 2EEFHHl > A 7 2D Cid F IR
PHARDE— v a v Iy 7 F v IC LB FEPREINTZAZCY), Larlh
STy FHIBREOFIRLEA I R FAFmI B aE NS, 22T
fE, Micro Electro Mechanical Systems 4T D #EHR 1 ff /N C 22 7o B 14 & v 3
(Inertial Measurement Unit, AT IMU) 23BAF S 1, FHHUBREZIREL \nZ2 D
FE M2 S BHTTIC D IS E o0 H % GO IMU IINEE, M3 % 51l <
2 2 7 OFETEEIC X 0 BATEE L TP, BREMOBEIAE @ 2R T
5. L2LADOZONE, ZAEHICEWTEETICIZFY 7 VEEDW
T ONT, L ZBEYICHIEL - ECORBRHEEIEEL 2. Th%
RS BFELE LTHALS VY 7 AN R ERA W2y - 72— a vaileb
B2 LRHE RS RE 10D I, BTTICHICHTE 2 2 eI Tw
5D H o0, BOA Kk EDOEEGRERELH T 2 H(TICE T 2 B PR L E
L TZ 20 EHLICIN TRV, 2 0A BFICH L TIMU 2w/
T DB TIRE O 2HE 3D BRI N T 528, WD E OA DEEfTEIC
JG U 72 B T DT e, R OA (ZJWREHETTICIO U TG T % 274
BHEDPED->TL %, 20720 OA DHEITEEICIE U 7= B TEE) O E &
BT 79 T EDYRREEITICIG U7 I6H T # O RE IR OA DRI HIC &
CTHEHECTHL. LI LANLE 0A OETEICIE U CEEIME % 1T - 72 H61:
T A EIRE I N TV,

AEFFETIE, IMU LA~V 7 4 V2 BMEDETCERITEEEHET 2 ¢
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VYT a—Y a vEBEL, B OA BHE OBITRIC B % REARE dh A B o HE
ExEITH. Z LT & OA B OMEITEICIO U - EB AR 2R % g L,
ZOERMZWGEEST 2. RSO IIF DI v Y 72—V a v OREEICD
WTIRR 2, RIC IMU %25 #H & OA BF o T A L O TaHlEME %
fTwv, ev¥ - 7a—Yavick W#EESn-RESEAEZ KL, Z0&
KICOWTHR, RFICHS 2B~ 5,

ks, AFEREREMASICE 3~V Y FESOME TR - 72 [E DY
g T cEME N, MAKREMEZESOER, Kilxk X Iz KRES
2017-1775).
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3.2 HITRHAIEER
321 EERAE

IMU &ty ¥« 72— 3 VIiCK B0 OA B3 o 57T RpIE B il A B 0 78
HaH OB AL T XL, #EE 8 4 (HEH :n =3, Ik 0A B# (KOA) :
n="5) ZRRIHTHNEREZITo72. £ 3-1 THBREDEKRT — 2 2R
Wb O FHITE OA DRI ITIC A W 5T\ % Kellgren-Lawrence 7340 (LA
T KL 73%H) 19 e o WCEM L 7z, @EF I PRICOOME PR A, BIEED &
WHT KL BHOWTNICHFE L LAand D (KL<1) & L7z, i OA H&IX S
Z DN KL 2D Grade 3 283 %4, Grade 4 324 THo7=. ML XY RKiff%ET
IZRERETE D M 2 (R E R, R OAGrade 3 B, i OA Grade4 B &5t 3 B
SFL -, KWEZETIE, R & [EARIC 9 ilfE M+ v ¥ IMU-Z2 (ZMP.Inc, Tokyo,
Japan) % 72, FEERFFD IMU DAL E & HfTRHIIEER O /MBI RTEE O X 2-
9O DY TH5. FHANCIZIMU % 4 oL, EHGOKER, THROHTHIC%E
&= L72. IMU OFHEIL v P I3IEE £ ~ 3 144 [G], ¥ % 4 vk v F 14250 [deg/s],
Hufgisi 2 v 3 ¢ £2 [Gauss] & L, v 7V v 7RI 100Hz & L7-. #iEsE
11 10m D EHREEAE 2 POE AR TIC TRTEIE 2 1T L 72, EEROFE, IMU D)
LB R B3 2 7- O BRE IR TRIMGRITZ 1 C 5 PRIE L8 CFfl L 7=,

Table 3-1 Physical parameters of participants.

Healthy KOA

(n=3) (n=5)
Mean (SD) Mean (SD)
Age [years] 30.3 (3.77) 73.2 (3.60)
Height [cm] 164 (11.1) 156 (10.4)
Body weight [kg] 60.0 (9.42) 62.8 (11.0)
BMI [kg/m?] 22.2 (0.99) 25.6 (1.56)

KOA: Patients with Knee OsteoArthritis
BMI: Body Mass Index
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3.2.2 FH@EAE

IMU D FHl 7 — & 2> & AT Rp IR BR i i /1 B 2 HEE 3~ <, AT CILRT&E
DX 2-4 DAY v 7 BT NVICH DO THER L 2RIV~ Y 7 4V RICX D
VY 7 a—VaviEHOTKIEE THRRO IMU OZLBZHEE L - 5HRICHRT
W RBAFI I Hh A A HEE L 72, 2 D=0 REBHEE, X OKESEAE R
H R & AR D ik (K- 5 @2-27)F T) I TEBL T3, KB
i Jee o A B TR 1 N 72 0D FOEH T L 72 IS 0 W TR TR O
2 EMAZ M L, BAZEEY 720 0 F — 2o TR TR O i & 0%, KD
R E T& 100% & IERUL L 7. IEBME DR, 37 JEHH 0% D R BE i i A
% Odeg & L7z, ROEHDE IO TR A EEE 7 72 0 #5107 I HH 0 2345
Do & BEEHL D> D AT 60% 7% 2 (R 23 EEH L v 20REE), 2 40%
ZAEE (25 L CuinvwiREE) & L7z, IEHALEE R EEERE R OA
Grade 3 #f, M OA Grade 4 £ O K HENIC CTHERE BOQ A Ic O W L
MR E DB 2 RO EAMEICOWT Tr y + Lz, 2o, {@EERIC
DV T IR O REC BB I LA AT R\ 72 9, F K (Right), 721 (Left)
ELTERLE. K OABHIIER ORI ICIC U CREE O TEREC 58 1 o 22
BHONDG =8, IR 2355 % f@#H] (Unaffected side), FEIR 2350 i
% Bl (Affected) & L CTEFRL 7. AL CTIIATEORM 2-11 1IR3 X 51257
IR KJE A (LAT 1stpeak) & #HIEARAIEREAE (LUF 2nd peak) % %%
HHNoOmBEICTENETNEH L2, 72, SEHENOMBROREZ £ Lo 7zBo
% peak % Both & L CENETNEH L7, ZOKE, I OA BED A 20T
MoEzZ T, OFHANOLESL (@EM) OIRIEH, O Bz i
& L7 OA BEFEHED Both DIRMEH 2 FLH, FHIi L 72, BEN OGRS % ik
Rz 28E% AB & L72RFDOIRIEO, 5 /0 alE, A DERKEHAE 04, %
FAEL U720 B O KEMIAE 0,5 D& L CHIE & FR IR (2-28)% H
Wiz,

AWTFETIERREA D fo s DRI X B RO 7o/, B OA HEo Bl /g &
L, MEERHZEEL LK OA BFOIRIEH X OA BH/EFERE L L T peak
DFEHEL Y Zh T nEH, HRE1T- 7.
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3.3 &R

X 3-1,2,3 1@ EHE & OA B IEBEEIE ih A L O HEERS R A2 R 3. o3
HATREIA[%], e 2 I BE Hf e Bh 5 [deg] Td 5. HEEHHD 0%72> 5 60% F THIL
JHEH, 60%72° 5 100%F CTHEMBACTH v, WK O EARA B A 0K, w0
BHERZ 2R LT\ 5, REOPHEEFEOGIEE 72 13 OA BEO MM, &2
WEHBOLKEE 72 13 OA BHoBMlTcHh 2. FEH L 2SO hANE
(1st, 2nd peak) D1~ & EEHE(R A % 2R 3-2 IC/R T

fEHEEBEOHEEREFIIX 3-1 1B W, HITREMD 20, 70%Hi# 1< T B EiE
Hi A B D IR A b Nz, EAROEBICE R 2 2FMIC X L Tw
7. ¥7-, TR 30%5 5 50%I1C 5 CREAMRE & I EBEETE M AT 1st
peak 7> 5 10deg REEET % 12 L 7214, 2nd peak IC T 1 TR A ICEIR L 72,

& OA Grade 3 #EIZX] 3-2 iIc BT, BATREIHD 20%, 70%H# 1< T HREEHTHE
A EE D I3 4 &, flREERE & iR L CIIE o P b3 4 b Tz, H1T/E
1 30%T 82> O (BB & b Il EEIE O MER 31T 20-22deg FifR & HERF L,
AT 60% i ic T L 7z, (@8l o s K ah A 2725 13 1st peak T 2.2deg,
2nd peak T 2.4deg TH Y, BMloF2/NX D FHEAMERA ZR L 72, P
BT ZHATEIE 30 %2> 5 60 %I 21 THEHIC 17-19deg, HMHIT 21-23deg itk
% MERE Lo <l L 72, (R ERE L iR L TR B A o 1l 1 1st
peak TH{fN L 2nd peak T4 L 7=.

J&& OA Grade 4 #f1X[X] 3-3 iIcB T, HITRIHID 10%, 80%H[# IC T HEBHHIE
HEA RS D IR A b, (@ EHE, &R OA Grade 3 Bf X 0 & BHE i IE 0 13
BBz, F 72 VBTG AT I 30 %5 5 60 %12 2> 1 THEEMI & b i 5-
Tdeg Hiite & AMERE L, BEMIENIC CIER U 72, (8 R o B K il A B 22 1% Istpeak C
8.2deg, 2ndpeak T 14.7deg TH Y, Mk OA Grade 3 fif & [FIFRICEM D T7 25/ E <
B b P ER 2R L7z, - EFHE, & OA Grade 3 B & FL#RX L T 1st,2nd
peak DWW HKfEZ R L 72,
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Fig. 3-1 Estimated knee flexion angle during gait of healthy group.
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Fig. 3-2 Estimated knee flexion angle during gait of KOA Grade 3 group.
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Fig. 3-3 Estimated knee flexion angle during gait of KOA Grade 4 group.

Table 3-2 Peak value of knee flexion angle.

Participants 1st peak [deg] 2nd peak [deg]

Mean (SD) Mean (SD)
Right 26.8 (5.02) 63.7 (2.24)

Healthy
(n=3) Left 27.8 (11.5) 62.2 (9.12)
Both 26.2 (12.4) 62.9 (6.40)
KOA Unaffected 31.5(14.9) 57.3 (15.2)
Grade 3 Affected 29.3 (10.3) 54.9 (8.99)
(n=3) Both 30.4 (12.8) 56.1 (12.6)
KOA Unaffected 18.9 (17.9) 43.6 (18.3)
Grade 4 Affected 10.7 (3.89) 28.9 (12.6)
(n=2) Both 13.4 (15.3) 35.7 (18.0)
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£ 3-2 X VRN L 2B 0N O MR D F3BE D 1st, 2nd peak I 31 5 IRiE L %
K3IB3IWRT. ER1 X O/NZI I EEAEZELD Y, @Ik U< EHlo RE
WAL TWEZLERLTWS, 725K 3-2 D Both ICHD W72 {@#HF H#E & K OA
FEOIRIEH OBHIFE R 2K 3-4 IR T, fHA 1 LW /NTWIg EREEFEERE L Y &K
RIEA/NE VW EZRLT WS,

HHENIC BT 2 MR o RIC B W T, (@#FEREIT 1st, 2nd peak D W3 D 1
IS LB ZE T A D Lindr o 72, i OA Grade 3 BEIZ{EH # & [AIBRIC 1st, 2nd peak
DWIND | BIETH - MEFE L ThI»r I EGERALNLE. B
OA Grade 4 #1Z 1stpeak T 0.57, 2nd peak T 0.66 & BAE I fEG 2034 LT\ /e,

ftHEERE 2 BUE L L 7R OA B EITER @ HiIC DT, iR OA Grade 3 #f
1% Istpeak TREFEHERE L U DIRIEASK Z {, 2ndpeak TN WHAICH - 7. B
OA Grade 4 FHIZIRIALL 23 BEE (/N & {{@RHEEREDOR R FEE 7 5 72,

Table 3-3 Amplitude ratio between both knees in groups.

Participants HK.B/HK.A gK.B/BK.A
(1st peak) (2nd peak)
Healthy (n = 3) 0.96 1.02
KOA Grade 3 (n =3) 0.93 0.96
KOA Grade 4 (n=2) 0.57 0.66

Table 3-4 Amplitude ratio between healthy group and each KOA groups.

Ok 5/0 Ok 5/0
Participants x8/Okca x5/0x.4
(1st peak) (2nd peak)
KOA Grade 3 (n = 3) 1.16 0.89
KOA Grade 4 (n=2) 0.51 0.57
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34 EE
3.4.1 EBERERICOWT

AHFFE T IMU &g OIEE, g+ EE Lz v - 72—V a v
Z A b CORT IR RBAETE dh /4 B OHEE 217 o 7. X1 3-1 TR L 72l FHED
JRBAFIE A ORI, EEEZNRE Lz v S 72— 3 v ORERGE
ICCHEE S N BB R A & e e —v a vF ¥ 7 F ¥ TR iz
BAFE A E DI IC X < —8L Twiz 1B, 2 D7 o KHFFE TR THFZE & [H]
FEofEE CREMEMAREZEETE L EZ 5.

HEXE U 72k OA B 317 IR IR BEEl i h /4 BE 1Z R OA Grade 3 #f, R OA Grade 4
HonTn EFEEHOMNE L L L CHFHARIRZ R L2, 23 OA &
HEE O REESEAEOFHLZ R LTwEbDEEZ LN, I OA 13K
REDAETTIC X 0 AT IR R BA Hfi s il 11 B 0 PR 23 B 1T 72 208, AKWFFE T D IR
OA Grade 3 BE X V % K OA Grade 4 BEIC B\ CHEZE 72 AL 234 b 1, SefThifge
LT 5. ol lrb, KffECTHGW Y - 72—V g VIIEFEREL
ZTHE B OA BEREOHKICOWTERILTCECnWB 2 #E 2 3,

F 7 AWGE CHRENT L 72 S BE O MR D e K il A B PR IR O F5 R 2 5, R OA
HoBflomihAE R X 0 3D LTz, Zid Bl o BEEiTAT ik o (K
TRERICL2BEOMBENZEIFIRICL2d0eEx NG, ERRICHT
o 07 2 REAMTR A E 3 ER e —v a v F» FFrx 2O BE FRE
& OA B & DRI PBE I~ — 71 % F W72k OA B3 O BRI ELIECO D
TNICEWTHE OA #Aa v LIFEBEMANCE T 2 JEihAE oF = b s X
NTEH, KFFEO[RE—-HL TS, UEERIET 2L, Rt X 51
IMU &tV 72—V avilaabEzFiEidE oA BFEOERHGiICH
HThh, fitkoe—vavdrr 75 ¥ TL2BEONR D - EEENEE
IR CTE 2 DD ERIBI NG,

L2 L7225 5 OAGrade 3 BED Istpeak [ZHIEEREL v &2 /R L, @&
& D st peak DIRMELLDEGIML T/, TNEIEDOZDITY DFEEREZ LN
%. M OA Grade 3 BEIZHATRHICIR SIS D I (KL 2 2H XV BR LN B,
TV IIHNARCREE O ANEK cH VBT MIE B 24 5. R
I O ST IEAWIHA CRATRIE 0%2> 5 20%) (X AIA AT X 0 BEART D
ARFEL, BB biEs 2 & clfizAARCHIEI LIS ARd., 2Dk st
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peak MAFEHEL VDML 7z TlE WA EZ 5. T ITH LI OA Grade
4 FECTIEIENE D v — 27K &SR EIC 1 2 BB O FIHAL 23 OA Grade 3
BEL LS L CHEHE A Z R L Tz, 2D I &2 LK OA Grade 4 # I3 OA
Grade 3£ X 0 HBHHIORIENHK T 234 b TH Y, WEHETICE > T VKD
23 ic TR hbIEVBHEEIENRTWBE EEZLNS. X Ofthic b REIH
Je A DI IZEHEHREIC B LT h A B LA b5 2 L @D 2, JROA
BF ORI CEIBERE, RO U 7k CREMAZIC X VEEREI S LN
ROAREEDHEIN TS @ 202053 cnb2EE L o0, WEE
BEMPLIRELTCZOMHAE X LICKRFTT2HELRH B,

342 RINEEZBESFITLEROASFITEDLRIZOVT

KGRI CRERE L 722 v ¥ - 72—V a VICX 2RBHEECTIRN 3-1 ITRT
L9 R TIC A b 2 IRBAFT T A D "I T Tk <, M323D K5
R OA HBFESITRA OEEN WAL E R Z Tz, —J7 TRIERICE W CAER
D FikCTHEE L 72 RIS EE B o Bl o 1T IR IR BE 1 oh A B 1, 1) 2-12 1ToR
T &9 @Ml & bl U < RRBE T b B o gt o Ko A, BT AT B o
WABH LN Tz, THIIAREICE T 5 OA Grade 4 DIETE IV MEM % 7R
LTHY, WInicsw»Th M RENIC S T 258001 X 2 nERHIR24: U
TWb720ThbLEZS. i OAGrade3 B2\ Tt OA Grade 4 I it
TZ#Z72 LT3 bITTiERWT &R ADEE D I OA Grade 4 #E-CHISLE E
BELHERZ L RE S AV D ICAEEHIRABEE TRV D LEZLND,
ZDZ EDDL, RICH OA Grade 3 BE BT % EHIMICHENE L 72FR1c, 2Tk
BAfE A IC B T 2 K T2 1A O 72 0 L2 5E I3REE DT L& D
B EPEL T E D LHERINS,

LAEX Y, B OA HBFESITIZRAEMET I W TR L o nl B K T 23 BaTE
LU, %#iC Grade 4 ~DHEFT LI D HEALEFIC X o TITBIFMEE B 43T o B
ICHONZ X9 BB REET S, %0708 72 B T M OHIRIC 13
BEICE T 2E/BPEEL Cw2 b0 RBINS. AfFRICEVLTIIWTh
DIEFNIC 35T b & OREMEIC D W IR T X a0 o 72, BRI CIE
Visual Analogue Scale (LAF VAS) #HW/zEEiHIiRZZHEI L TE Y, 5%
ZN o B TR CRHMli ¢ 2 22 & L CBIEE A S 2 i L T & 720,
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35 &8

AFFETIE, IMU &tV ¥« 72— a vailladbe TEEER K OA
D BTN REA S e h A 2 HEE U, B PR ER 2 ER/WICHIRL 2. Z Dfh
R, HATHIECTH LN 21K OA BEFE OEB AR, Bl th /A o a1k
CEMOEHAE O, WEPEKTERL, IMU LtV Y - T7a—Vavik
EERAATIRT~ICH 3% 2 L OBEMWEZ /R L7z, F 72, B CfbT L 72 BIAMEE
BT 0 R BRI i A B DR & el U 72 R, R o i A3 Al BiE KT i
B L T 2 ATREMESS R I 7z, RIFE 2 ICH L, W REIHZ LT T 2 &
THE OA LN D D E B g I b )G C % 2 a[REtE it % 3.

41



Akita University

3.6 ZEXE

1)

@)
(3)

(4)

()

(6)

(7)

(8)

©)

(10)

(11)

(12)

(13)

Yoshimura, N. et al., Prevalence of knee osteoarthritis, lumbar spondylosis, and
osteoporosis in  Japanese men and women: the research on
osteoarthritis/osteoporosis against disability study, Journal of Bone and Mineral
Metabolism, Vol. 27, No. 5(2009), pp. 620-628.

mERA, ZHEREEIE—RE & (REFE, FITLEL(2008).

Andriacchi T.P. et al., A point cluster technique for in vivo motion analysis- applied
to a study of knee kinematics, Journal of Biomechanical Engineering, Vol. 120, No.
6(1998), pp. 743-749.

Hoshino, Y. et al., In vivo measurement of the pivot-shift test in the anterior cruciate
ligament-deficient knee using an electromagnetic device, The American Journal of
Sports Medicine, Vol. 35, No. 7(2007), pp. 1098-1104.

KRR fth, MEHE X v &V v 4 v xS o7 ra) X
2, HABEMAE 25 C MR, Vol. 67, No. 655(2000), pp. 782-788.

Seel, T. et al., IMU-Based Joint Angle Measurement for Gait Analysis, sensors, Vol.
14, No. 4(2014), pp. 6891-69009.

Pe)lE— f, ACFATEREE D A RG], 5HH B BhHIE S 25 SCE, Vol
36, No. 11(2000), pp. 909-915.

Kitagawa, N. et al., Estimation of foot trajectory during human walking by a
wearable inertial measurement unit mounted to the foot, Gait & Posture, Vol.
45(2016), pp. 110-114.

MR fh, FERXY v 4 v 22— 7 %7z TR B EE o fi5 5 5
%, AERE TR, Vol. 43, No. 4(2005), pp. 538-543.

Sabatini, A.M., Quaternion-based extended Kalman filter for determining
orientation by inertial and magnetic sensing, IEEE Transactions on Biomedical
Engineering, Vol. 53, No. 7(2006), pp. 1346-1356.

FEREE B, MR v - e v 2 W e AR — Y ic B 5 LBEGHH
BTS2 9E, AR — Y EZEFTE, Vol. 22, No. 2(2012), pp. 255-262.
PREH T ft, HITEEICB T 3 - 5 vk vy 2R R A E
DOHEEICEI T 290 GO HERE & EEEE o 8 icE H L <) , HAR
B 5 SCEE,  Vol. 84, No. 857(2018), DOI: 10.1299/transjsme. 17-00488.
R M, DR & v 3 % F o 72 2T R B i E o #4547 R T BREH) o

42



Akita University

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

FEAT, BRAEREE, Vol. 31, No. 1(2004), pp. 86-94.

Tadano S. et al., Gait characterization for osteoarthritis patients using wearable gait
sensors (H-Gait systems), Journal of Biomechanics, Vol. 49, No. 5(2016), pp. 684-
690.

Kellgren J. H. et al., Radiological assessment of osteo-arthrosis, Annals of the
Rheumatic Diseases, Vo. 116(1957), pp. 494-502.

INPERLE i, BOEREAT FETE € v 3 0 KERE 35 X OV P RRES ~ 0 i 2675
FrEHEE, HARME 2 C W, Vol. 78, No. 786(2012), pp. 352-361.
Perry, J. et al., Gait Analysis: Normal and Pathological Function — 2nd. ed., SLACK
Incorporated(2010).

Astephen, J. L. et al., Biomechanical changes at the hip, knee, and ankle joints
during gait are associated with knee osteoarthritis severity, Journal of Orthopaedic
Research, Vol. 26, No. 3(2008), pp. 332-341.

Bytyqi, D. et al., Gait knee kinematic alterations in medial osteoarthritis: three
dimensional assessment, International Orthopaedics, Vol. 38, No. 6(2014), pp.
1191-1198.

Bejek, Z. et al., The influence of walking speed on gait parameters in healthy people
and in patients with osteoarthritis, Knee Surgery, Sports Traumatology, Arthroscopy,
Vol. 14, No. 7(2006), pp. 612-622.

AR 2, AT o B AN A FEZAL D Lkt i 2T, BRAEERER)
¢, Vol. 26, No. 2(2011), pp. 269-273.

el 2, Z N RBEEE DT BB TR O IRBET ¥ A ~7 4 7 2 - F 4
T A7 R RIETHEE, N A F A H =X L, Vol. 23(2016), pp. 129-138.

43



Akita University

FAE ZTHRERBESEEZESTOETERIC
BT 3 HTREEESOTE =5

b

Abstract

Knee osteoarthritis (KOA) is a common joint disease of the lower limbs. Its progression
reduces the patients' quality of life. Varus Thrust (VT), one of the abnormal gait patterns
of KOA patients, is considered as an effective index for assessing KOA. Hence, several
studies have assessed VT using various measurement methods. Since VT is the
momentary lateral knee motion that increases knee varus angle and moment, optical
motion capture system is widely used. However, optical motion capture system has some
disadvantages in clinical usage, such as high cost, requirement of technical skills, and
time-consuming attachment process. Recently, inertial measurement units (IMU) have
emerged as a measurement system instead of optical motion capture systems. IMU-based
method is regarded as more suitable than optical motion capture systems for VT
assessment because of its simplicity. This study aimed to assess the gait of KOA patients
using IMUs and to quantitatively evaluate VT based on disease progression. For this
purpose, we recruited 7 healthy participants and 15 KOA patients. Subsequently, their
knees were classified into 3 progression groups: 14 healthy (grade 0) knees, 9 grade 3
knees, and 14 grade 4 knees. As a gait test, all the participants wore IMUs positioned at
the trunk, both thighs, and both shanks, and traversed a 10-m walkway. VT was
considered as the first peak value of the mediolateral acceleration and the varus—valgus
angular velocity data, which were collected via the IMUs at both shanks. Thereafter, these
acquired data were compared and evaluated among the three progression groups. The
results indicate that both peak values were significantly greater in the KOA patients than
in the healthy subjects. Moreover, there was a significant positive correlation between the

two peak values. Thus, this study is expected to contribute toward early detection of KOA.
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41 #E

ZTERRBEEIE (Knee OsteoArthritis, DA T OA) (13T BEBEEE O op T b R
KRB TH 20, BE, miLICE R OA O Y X 713N 2 Z & 23515
NTHH, ZOoBEBILEE 28 FERIEMO—F % 72> TH Y, 2017 FDORF
Tl RMHHE T 2 {2 6000 T ADHE OA BER VWS L INTWBEA, IE OA DT
I X 0 BAETRIENR oA, BITHEE KT, BE S TEENFER I, BFO
A2 1% O (Quality Of Life, LAT QOL)DKR TICD723569, ZD 70l OA DF
WS R R REET T DH N EE T H 5.

& OA B3 D B I TR D —-21C Varus Thrust (AT VT) 28% %. VT X
AT LA D W HRELFS 1 & & 4L 2 BRBE T o Bl R 7= 77 E B < B 2 ©D, VT 13R
OA HEFTIC B T 2 B R BIEHETEE S L ZE2 6N TWw3®, JF OA DHETE D
A i 1%, Computed Tomography (LAF CT) < X #Ei{RzZHW/=FiEick v 2
WiASFRIRETH 528, VT @ X 5 BIR =K B0c B L CTIZANR D X 5 7oy 72 FiE
T X BN TH 5720, BIRTREMM#ESEZ A L -EREEEORETE
JUOHBIC X 25HEA TN T3, LA L, BRo X 5 2 Tkl dEiiE ic L
o CTIIANZED B D Y 75l & 135 WEE 72, FHIEER % F W 72 B 7o B
FRNTIC X 23l A BT L S T3,

R OA BEOHBITINTICEET 2 TR ICB VT, chFcioktyre—v
avFry7TFrxhEpHeLNTERL, ¥R —vavFrTFrEHVE
RO DI TIIE OA BEDOHITHRIIC BT 2 REAFT O AL IE o < T Ik
B AT, MREAEINE — X v T+ DIKIZE OA DIFREHETT & DB A 5
NpZ 000 AR L i L CRRBIEIN IR A & NS 23 2 i+
2Nz L EBHEINTVWE, L2l boFERE—vavFrTF v %
MAuZzFEiEEfics 27 2838 TH b, FHllo HEfmIc 2 235 5 72
DICAFTEHI A BRI R B IC B W TR R ICEETE 5 L3270,

ZTIE, FERE—vavFr 7T v IicBED SN AT EOH &
L CHEM+E ¥ (Inertial Measurement Unit, AT, IMU) (T X 237238
5502 MU (K2 R b T OffEICFRIlAIRETH b, FHEIYERE I IR
B bl wozHm2d Y, BIKHRCEwTIAEEe—vavxy
7F v XD MU ZHOWAFHIFEOHTBEL Cnwd vz b, IMU ZH W
R OA HBE TR BT Ic B WCTIE 3 ElEE 2 v ic X W L = F
BROBIGHEE v — 2% VT ICX 2 b D LEREL, ZNE2EH L TR 723
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B OA BFICEVWTEFEF LKL CTHARICEMLTWwas Z L a2fE L Twb
M MU ZHW 225G ITAEREBORICAEL 2 VY 7 FREZEZER T 2 LE
HHZE, BEOHIEREME Lz vy 7a—YavhTiiEIns
BAET A B O HEE IC BT b IRBAETE A B D X 5 7o LR HHR Zr B {E I D W T
BT OB B A 2 EBILTE 2098 o1, AIENIR A 72 PN S JE
T—AV DL RNFNEACEMED T — 2 05HHIZNEECH 5720, Zhb
PHDART X =20 0 OA BEFED VT ZEENICEHTIT 2 0812 H 5. 2 C
T, ZhHoflbYic X VBN ZEZ{LTH Y 20 IMU THHEIRTRE 72 75 hiE
FE, N AEEOFHE A RATIHIEIC RO WA TH I ELLNS. £ 2 TAHF
ZECIE IMU Z VTR OA BE OB T2 FHHIL, ST BT 2 THROH]
FEEE, N AEE % VT OFHli- X7 A — 2 & L CER LK OA DJFEEITE
MCEEMICHMTs L Z2HME L.

B, AFEREFMREMESICLE~Ly vy FESOME TR o 72 K D BT
DT CTEMI N, MEKAMHEZEROER, Kilxk %) 7= GKAES 12017-
1775).
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4.2 HITRHEIERER

4.2.1 =EBRAGE

WhRE 22 4 (EFEHE n=17, K O0AHBE (KOA) :n=15) ZXRICHTE

HIEER 21T 5 72, R 4-1 ICHERE O KT — 2 %R 3. AR5 TldEE OA DFi
ZWH W 5 0T % Kellgren-Lawrence 7758 (LT KL 4958) (9 125\ Tf
B oL o EHA SR & A 2R KL DJEOMEITERRI T L 72, #RE ok
WEL 44 RTH Y, EERIZTRIOME RS, BHERED %7 KL 5780
WERICH LY L) @ (KL<1,Grade0) & L7z, Z DFER, @A 14 &,

OA HEIZ 23 lECTH Y, OA DM KL 73#HD Grade 3 (KL3) 2% 9 &, Grade 4
(KL4) X 14 RiCfEEn, s 37BEHlioxge Lz, K0 o 7T
X 4-1 1R TEHEIC X VERIL L L7z, A b X 0 REFE CId g X v 57817k
DOWRBET T — 2 D 7 F % R OA OHEITIEICH D 2 {#HE M % Grade 0 #, KL3 O
OA J Grade 3 B, KL4 © OA % Grade 4 HEOGEF 3 BRICH L 7=, AWFFET
1%, 2,3 % & FIRRIC 9 ElifEYE2 v ¥ IMU-Z2 (ZMP.Inc, Tokyo, Japan) 7% V7=,
FERIF D IMU O RENLE % X 4-2, BATRHAER O I % X 4-3 1R 3. FHIlC
T IMU % 5 Offi L, 7240 KER, TR (42 £X) ofim'? & ki (K
42 X)) ICHEE L. IMU QEHAIL v P IIEE 2 v 1 44 [G], Y v Mok
v W 1 +250 [deg/s], HufEEAi v 1 £2[Gauss] & L, v 7V v ZEHEET 100HzZ
& L7z #RERFICIT 10m O ERRERREZ PLsE AT I T TEME % 3 [T L 7=,

EERDOE, MU OYIHIRE 2 EH T 2 72 0 WERE 13 THARTRIC T 5 BEE
SRR THEIE LT, F, BEOSEE AT VL, 1I0mBITEK XS ETD
iRl Zadex L7z, 2o OHIEME D & #ERE OBITHE Zz B L 7-.
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Table 4-1 Physical parameters of participants.

Healthy KOA

(n=7) (n =15)
Mean (SD) Mean (SD)
Age [years] 22.9 (2.63) 68.4 (6.43)
Height [cm] 172 (5.50) 158 (7.80)
Body weight [kg] 69.6 (9.74) 60.7 (9.16)
BMI [kg/m?] 23.4 (2.10) 24.3 (2.35)

KOA: Patients with Knee OsteoArthritis
BMI: Body Mass Index

All participants’ knees

(n=44)

Knees included

After-surgery knees
(n=5)

Deficiency of the gait test
(n=2)

(n=37)
Grade 0 Grade 3 Grade 4
(n=14) (n=9) (n=14)

Fig. 4-1 Inclusion/exclusion criteria.
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IMU
(Trunk)

IMUs
(Thigh)

IMUs
(Shank)

v i T
1 “aid

Frontal view Back view

Fig. 4-2 IMU attachment positions. Left: Frontal view. Right: Back view.

10m walkway

Fig. 4-3 Experimental overview in sagittal plane.
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4.2.2 FHEFHE

X 4-4 ICAHFZE TR S 2 VT ICBEE 3 2 THEB) & IMU o iR o B (% %
AT, IMU ORI 42 O X 5 ICEAE T 2 BRI IR O KB R & —E X
72, IMU @ x filliZ & KEio E TR, ziEE ok, yilidlEAa
| (AT A, ZERI2SNETA ) AR XS ICRIEL, 2z b,
RiJ5IA, A7 %Z IMU BERICE T B IE76E (+) & LTERL .

Thigh

Mediolateral

acceleration Shank

< = Q)
y Varus-valgus

Angular velocity
2z NI

Fig. 4-4 Relationship between VT-related shank movements and IMU coordinate axes.

SATHIFEIC BT, THEDES 2 VI ICBEEL TWwW3 Z Rl nTesh,
VT 3BT O SE IR Tl S N5, Z D72 VT OE & HIC 12372
Homt»EEL 5. 22T, AL TIZLATOUMIC XY IMU KR T
— 2O RO Z R L2, #loic 2 IS THEREL ZIEI v~ v 7 4
MR XDV - 7a—YavyEHOTIMU OZRRAEZHEEL, SHOBITH
REBAS Rt A 2 HEE L 72, & U CIRRRRTTR TT MIIGE L 23 4347 IR o J&l A TE 35 &
Ui o B (Heel Strike) D& 4 I v 7 X { —EF 208978 (KEHiE
HEICHEITF S IMU DIEET — 2% SRKOB = NANXT =T 4 L& (S
A TR 2HZ) T AR Y v L, SO A 4 v SR L 7.
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P bEDF—25 5 4-5 1R $TETEMOSATRIEAZ RE L, Hep] O % 4
TR 0%, X% TR 100% & L 72EF D 60%I12FH2Y 3 5 X [H %2 AT
T T 3o E Ui L 7.

ol 0% 100% |
> I Gait cycle |
=0 I I |
[} = >
© wl | | i
% I Stance phase I
e 5l | 60% | j
o
"% | |
é’ 20 1 | | .
8 I I
e 10 | | )
< L v
L — T .
11 115 12 125 13
Time[s]

Fig. 4-5 Example of detection of stance phase during gait cycle using trunk acceleration.

4-4 X0, ARBFZE RSB IC B T 2 VRO QI IEEE, P AEE T D
WT 10m X o2 HlIcE T 28T —2 0 FEEExBEH L2, Bl L7257
A 3 25 IR, P O FEE OB b, BRI 10%5H1#

QL) BT 2 v —2M%Z VI Ic X 2 b @, HIH VT ICBhE S 2 87z
RNRIA=2 (LUFVT 72 —=%) &L, KFFETIZIh b DfEICoWT, filh
I % First Peak Lateral Accerelation (A ™ FPLA), PN fA3# £ % First Peak Varus
Angular Velocity (AN FPVAV) & L CTERL 7. 7z, BITEHEDE W HHIE
JE, MM ELY 5252 L EE L, FPLA, FPVAV I3 & HEERE O T8
TYOBRLMEEZFMICH -3 2 & & Lz, FHlICE LAIZE CiZ FPLA &
FPVAV % 4.2.1 fiCHMA L 721k OA DHETIERE (Grade0,3,4) THEL 72, &
FEHIC BT 2 HREEDOHE ICIIAEKE 5% & L 7% HEHBMIE % v Citgh
fRMT %#1T> 7. £72 FPLA & FPVAV DEHEM:IC DT Spearman D IEAZFHBE %
REE FIBRICHEKEE 5% & L TRt 217 o 72, BEaTAETIC 1X EZR Ver. 1.37 (Jichi
Medical University, Japan) % F \» 7220,
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4.3 &R

4-6,7 I1C Grade 0 #F, Grade4 #£D 1 5 O ZHHIFAIC 3513 2 T ERO M7 ins B
LN EE O — il RS, AL v ORISR 10%F1%% GLEIPIHA)
KRNI ZEEFOY—27HTH D, XN VT »¥F A —% : FPLA, FPVAV
DIEZRL TWwb. [X4-6 D Grade 0 DIEIED X H i’ — 7 2MEfER W LITA S
N WGE TIPS Z 2 o LB BTD 0%2 5 20%D X[HIC TR b &
VWMEZ VT X A —2 & LT L 72, X 4-7 © Grade 4 DFE LXK 4-6 D Grade
0 DIEIE & HlE L ChasE, MlEo v — ZEAEIML W3 2 &ibh b,

10 100

8 80
= 6 P 60
% Py
s ¢ 3 40
= 2 = 20
e -
g 0 \/ g 0 /\/__
S o © -20
o >
g 5
< -6 3 60
-8 é -80
10 -100
0 20 40 60 0 20 40 60
Gait cycle [%] Gait cycle [%]

Fig. 4-6 Example result of grade 0: One of the participants mediolateral acceleration

(left) and varus-valgus angular velocity (right) during the stance phase.

10 . . 100
rf" 80
60
40

Acceleration [m/s?]
Angular velocity [deg/s]

2I[} 4h 60 0 20 40 60
Gait cycle [%] Gait cycle [%]

Fig. 4-7 Example result of grade 4: One of the participants mediolateral acceleration

(left) and varus-valgus angular velocity (right) during the stance phase.
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4-8,9 IZHE OA DEMEITEREICEH T % FPLA & FPVAV D F¥ L BEHE(R 22 %
TED 725 OTR%E RS, SELEBWHEIC X Y AEKE 5% CHEZDHE LS
MicChINTesh, AEEFPRONRRICH L B (%) ZRLT05,
4-8,9 I8 X 91T FPLA, FPVAV O W1 Grade 3, 4 BEl Grade 0 #f & H
L CHREICHEML T2, Grade3, 4 FEEIC B W THEEIZA DN D o 7=,

*

14 | 1
12 -
10

“n

~~ 8o

—

RIE

o

(Wi
4—
1 L

Grade 0 Grade 3 Grade 4

Fig. 4-8 Comparison of FPLA values among the three groups. The asterisk indicates
statistical significance (p < 0.05).

b
| |
100 7
*
ﬁ
80
NCE -
=
<C
=
0 40 A
L
af |

Grade 0 Grade 3 Grade 4

Fig. 4-9 Comparison of FPVAV values among the three groups. The asterisk indicates
statistical significance (p < 0.05).
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4-10 IC FPLA & FPVAV D31 O\ C Spearman D AR AHEIREL % F v
THEKME 5% TN L 28R %2 RS, 777 7ZNTIREKRED FPLA D % #itifi,
FPVAV D%l L 72O H %2 7oy F LTw3, #E% e LT, FPLA &
FPVAV DT ITAE MR A b7z,

25
. r=0.491
20 p=0.00228
< 15 :
> y = 0.0303x + 3.5983
= 10 . .
L ®
S B .
DN -
()
0 50 100 150
FPVAV [-]

Fig. 4-10 Scatter plots of FPLA and FPVAV value. The black line represents regression
estimated via the least square method; 7 is the correlation coefficient. p < 0.05

was considered to be statistically significant (p < 0.05).
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44 HBE

4-6,7 £V, Grade0 & Grade4 TIAMEHHITIR o 7 IEHEE & 3L D YIHRD 28
ERTHEFICR R D e 0h o7z, 2D LR OA DHETERD A S ICD
AVTHREE & A O v — 7 33 2 i ® 0, B ]y i BEE AT 23
FIcEI < VT O E 22 TWw5b. KXo T IMU ZHWV72 VT OFHEIC i3 TR
OMITTMEEE & N AR OB ERCTH 2 L EZLND.

4-8,9 X Y, Grade 3, 4 #£®D FPLA, FPVAV Dfii Grade 0 #f & [k L THE
AL 72 (p<0.05). T3 E TICAKREES X TREDOEIT IS %, Chang S 3R
BAETIN A L WK AEE ZFHIIL, WaEhn b @4 & ik L T OA #Ric T
AREICHMT 2L E2MEL TS, IO DRIIAMIEORERE L X L —5
LTkY, KR CHRONZFBRIIZLYTHELEEZSL. L2 LA 5 Grade3,
AFERICB W TEEEZIFAO N » o7z, K489 ICRT X 5 1C, BB
7213 Grade 0 #f (1.07 m/s?, 10.7 deg/s) & HLEZ L C Grade 3 #f (5.64 m/s?,23.2 deg/s),
Grade 4 B (3.30 m/s, 38.9 deg/s) 13 & DICRKEWHZ /R L7, Thbd DR HIZE
HiOARNLEEDOEMPLH IO T 2 E, R OA DETE ORI ORI
K3 2. Mx CTHRELELIBEOENDARELRBIFICORRS. Zhb0HERK
T Grade 3, 4 FEOFERICE W CTIIFEERADBHE L AZRNELLEFE 2 ON
%.

4-10 IZ BT FPLA & FPVAV OHHBHIIHEINICERETH Y (p<0.05), IE
DA% R L7z (1=0491). T DFERD 5 OA OFHMliIC 35> T FREDEIA N
RIS & NN ARE D722 2 e R TchH B e ELS. ULOERLL
AR DIRETIEIT X VRN ZRE 0A DI L B R ICHm T % 2 n[REk:
DR INTZ, LerLlaroSHI VL ofmE2zHEL X mueHBE %2R
T EiCk o TREFEOFEHEEZI L ICM LI B TE 3,

AFFEICTIZ L O D[RR H 5. —DHITZ IMU OBiFER%Z IMU HiED 1
— JIVPERE R 2 D ARET D JERE R~ L T/, BHEIL 22 0ERE & A
FE I HEERE OEE D b D L IEFEIC R L AW BT L5, ZD0K
HFEDFERICOVWTIHERE—v 5 v F ¥ 7 F ¥ 7 £ IMU DA ICHERE © &
RENE 2 GHII 3 2 Fik & i, WREEZ 1T 5 203 H 5. —DOHIX KL /I D
W72 R OA DHEITEEICE W T, Grade 1,2 R EDEKWEITEAEEB L ido72C
ERETFOoNE, IO ERIHMET A Z ik W E OA Bk BHAZKICE#RT
ZH[REVEDSRIR I NG 720, SHBOFEE Lz,
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45 &S

AT, IMU &2 W T OA HBE OHB(Th o TRREITINEE B X OV TR
AR S 2 FHET L, JRRE & & IC iR o v — 7 2 L3 5 2 & T, ik
DETIC X 2 BB P % 3 L 72, = OfEE, @KL ik L T OA Tk
WEFE - AT T o v — ZEAEIN L T Y, JEITHFE & [ERE DA 25 iR X
iz, 7z, JRREDMEITE LN - AT & OfICHE MR S, 2
R ETE DLW PR E O RIAF FICEHIR T X 2 REM 2 H 2 2 L RIE X
Nz, KFFECRELZTERE OA R OJREDETEOFMIcHEHTH 2
T eI ENTA, FHlOEFENE O F_E S B 2 5 Tk o #2553 E T B
%.
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BOHE &im

ARWHFETIE, IMU Z W72 T O G A Z B S 23 _ <, GEBER
DIRIE LI REEST % 11 5 IRBA AN o B 22 U & b U 72, R IC RIS EDE 2R %6
BB BITICE T 5 REAHTE i A B o HEE & BRI EER, 2B R EE R R
1T OEITEE RN 3513 2 B Bh /A 1 o o8 B FET, 2T ERRBA i B E 51T itk
TTEERIC 3 ) 2 TR R EB) o T Bl I > W TRET 217 - 7-.
PTNICAE RO NZARICOWTHED 5.

552 BT IMU ORHINT — & 0 b A TIIRBE R £ 2 e 5 7200 0 &
VT e R L CREEERRRE & T, RPN D I 1 1 B
HIER R Lo, RICAHEE 5 0 TS IMU 25535 L OB TaHIEERE 7
L RV - T = 3k ORI I R A L A
BAC 55 L 5 (TR B £ 3 5 (L & (B C D RIS D1

R~ 7=

93 TR & IEOA B 0 FIEIC IMU %355 L OB (TRt IR 171,
RV 72— g v R OB TR i 2 HEE L, LK OA
BUEIE OA DMEFTIEICHED \ CH L 7 B0 KIS 517 2 AT ISR
FIE DI (L & AT T ORI DT < 72

FATETIREEE & B OA BF O T IMU 2335 L OB TRRIIEER 21T\,
TRRAERE, D O OA © B EENCEE T 5 87 A -2 2 EmL L, {#
HWE LR OA BEOEMOMKEE OA DHEITEICHE W THEL 72 o KREIC
BT 5 TRRAER, MAEEICH D W BEEE DT A — & & e TR T Hg
L, 2OERICOWTHRRT,

RIAMEE B O & B R BT O FHlT B 7 <, R TR W= FiE
BINEEREDANA A A= RZHLOPICT 27200 EIV B2 %
mL7e. F72, K OA BEDOBITHIT IIEkDE—vavF ¥ 7 FvickoT%
OEEIEFFESHO 2 ICENT WD, IMU Iy S - 72—V a v EfAa
Hbdd, H5VIEIMU CRHEIT X 2 h#EE, AHEEZFHEICH -5 2ick
S>TINETLAFEOHEZ LY LM CFRICHTCE 22 LR,
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DIEA#IET 2 &, RFFECTHONIZHRL S IMU % H W 72 BE R AT AT ~
DHEFAESHS 2 L7 ), ARRE % I BB < 3B 1 2 /0B &1l 2 LA
PEDECHBITINT S AT 4L LTIMU 2335 M LT 2 &, (R HEB) AR
7 EORIABWI~DICH R ERFHEI N, SHROEERIEERICKE L HHLT
X200 MfFING,

SHOMFEEEE L LT, BB o BB, B, K & fho i
RENCHE H L 7 # B8 Ot % Efe 5 2%, 23 FECHW Az v S - 72
— Y a VORESGECIRE T — XISVl E P OHEE R £ 21T C
LT IMU Z 72 BRIRABATIENT 2 X 0 Bk 4 e fiEfl, FRICIEIRCTZ 2 2 &3 7
BNz, T/, SITRICE T 2B P2 7R 2B, TS 2800 7%
ExbFET sz — v zRgitL, IMU &HAEDE 5 H TER
HEFE DA/ & BRERITHTE L 2o X 0 flE BT O RIS, 1RIECRRE
T & DHTIREIR R SR DL ~ DI HfF S 2 TH 5 5.
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o

ARSI R E RGBT 2 E R Bax B iy e oBYUITE R 3
CIREE CHREHY, 2 XTI B TEE L. ECREHOEE
KT2LLHITOLIVEHILFL LT EF.

¥ 2 RERZEBE R E R MR BIEHRIEREE 2 BRI BH F— &
A4, B B WA SEE, HERZEESAEKEREE Vo e ) T —2 a VR
AEHE MoKk e oA I ITARNTIE ~ AR R D & SHEEANL O i B < i &
HEE LA LICHEHBL LT ET,

KL 2 HBF AR X £ L 2 KERERAGEE TAER B RAE IR 5k
A, KPFHE —2F EARICECEH LT

KWFFEDZRITICH 72 0 EA A X v I Em®# ziToCE WY £ L7,
JERKH T RSP A R ek, FREKRZEZLSMERE Vo e ) 7 —v =
vER EE G Jed, Al BE o4, EYRM, TYEMRMX Y SEo
BIE ot - EBEREOMEICL KA 2 W) ZTHZ £ L7~ Akita Motion
Analysis Group THHEHIC 7 o 725 EAEF IR LR L L E 3.

RELIEAHRIC D 72 O FEICHT TG BN il &, FmsCREE 2 R - BT Ic 28 ),
CHIETEZ E L 2MHKREBRRAMIEDREREZKICECHLFL LT E .

¥ 7 A D BN IC B U S D B LT SEiG BN I Rr Al 0 ZRCE %2 TH 72
ilG &EFHMER KR B BN 4, iR @ ik Jed, Be TR
N3 ==y FE &I Gl 53¢ Jedk, XUk Bux Rt S ek,
HEHIE BIE B Sd,  BhE BN EE Ak, HE OGE kA, EIRR O
FeET, N3 2=y b+ (B - =a v ¥ —a—xHY) offkld, $TXToH
BB DBERTT, FAEFRICEEILHRL LT £,

Z L TR OBFEERHEICH-VES»OORBICEE LS KA JHE, X
e THOZMHREREGE®R BLREREHY N B Rz i3, 3T
KEFHY O FRRICIIREBMFRIC R Y LA ELHELFHL BT E 5.

RBICFAD S KnBEEZ KRR > T S o 2 RKIBICELSER#HOEEZ KL,
HEEL WL E T
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EE S

L7z V) —HoDbH 5 ZFiiME (BEHE)

EHtENXOEBEE L -[RER

O1

0O2.

O3.

VAR, R, R, AR, AHEE, BHFE—, MU vy - 7

2= g v R A B EE FB A o AT RE AR BE A i A o B, PE NG
TAE2EmsCEE, Vol 10, No. 2, pp, 64-72, DOI: 10.12792/jjiiae.10.2.64, (2022).

Kiyoshi Tsurumiya, Wataru Hayasaka, Akira Komatsu, Hiroaki Tsukamoto, Tomohiro Suda,
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