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Abstract

This paper describes the use of nine-axis motion sensors to evaluate knee joint angle estimation accuracy during walking. The
nine-axis motion sensor comprises a three-axis gyro sensor, a three-axis acceleration sensor and a three-axis geomagnetic
sensor. It can estimate joint angles during exercise by correcting the drift of the three-axis gyro sensor using information
obtained from the other two sensors. Human movement results from the rotational motion of the respective joints, so that the
proportion of the centrifugal acceleration and the tangential acceleration in the output of the acceleration sensor increases
during exercise. Processing the centrifugal acceleration and tangential acceleration appropriately and ascertaining the degree
of estimation error are important for improving the joint angle estimation accuracy. For this study, the authors produced a
sensor fusion algorithm using an extended Kalman filter to correct the acceleration sensor output. The sensor fusion algorithm
uses information obtained from the nine-axis motion sensors to estimate the knee joint angle by correcting the centrifugal
acceleration and tangential acceleration. During the experiment, the 3D motion analysis system and two nine-axis motion
sensors measured walking exercise. The knee joint angle was estimated using an extended Kalman filter with information
obtained from the nine-axis motion sensors. We evaluated the system accuracy for knee joint angle estimation by comparing
the nine-axis motion sensor results and the 3D motion analysis system results. This analytical method is anticipated for use in
estimating motion in sports and healthcare applications.
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1. #

ANEOTHEFHANC ITRE % R FEMREIN TV D, RENRFIEL LT, EROET AN AT %AW THRE
(ZH O T T~ — A D 3 RTTALE RS 415 5 DLT i (M -fth, 1991; JLJF, 2008; V§~F, fHik, 2014) <°, ZRilH
DRRDL eV EFERICEEL, Yo ERERALHET S LIk VBB EHET I B Y - 72—V gy
(Foxlin, 1996) 232&(F Hivd. ITHETIL MEMS B OREICL Y, Uy A koW - IEEE o3 - Mgk v
AR LNV, BTV a YRR I, ROEORES R LR, KGR 2 3 e L
RNZ NG, B, ik, ARV R EREL RSB OEBERIIICEWTE—Y g PR HnL D K9
7257z (King et al., 2008; Pan et al., 2016; Niesch et al., 2017). X 5\, E— 3 B & RAWTZREHEE ORI
LS50, U OREEENESS, o HINICE N REOMIEICRET 2R ThIL TN 5.

U OIEEMBEICB L TE, BECHRA OB EIEH U CEME I ORIEIEE L E & HEE T DA T
NTEY, KBRS, FEEA~EET 258128V TE, WENITENLORTH~EAE T D 2 & TREZE T
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BHATREME NS STV (hEfth, 2012). £7-, H—OEM Y P2 L CTRBEREEZHEET 57200k
EENE SRR S D7 & (Faber et al., 2009; Faber et al., 2013), HAKEIL = & (2 LW Ol S E s B e
HZENHLMNIENSOHD.

T HHINCE ENDFREOHIEICE L TIE, INEEE 004G 5 5 BE IR & gk oI nG 6
ARG ERNT, YryAawr HHCEEND KU 7 MNEEEMIET S22 H 72—V a3 (Vaganay etal.,
1993; Jurman et al., 2007) <°, EB)FIIRA T D R, BEIEEIC L 2B EBE LY 72—
3 ¥ (BEWAM, 2012) MERIN TV D, AMOBEMEIIAREF ORESEEC L > TEL 572, AR—Y72ED
EEZRENE A FHIT 25 A0E, MBEE R Y HICE N Dm OIEE, BRI EOEENREL 2D, E—
va et E RO AMOBWEFHIICIWT, BEEifAEZEER HEET 2720121, BEFICRAET 208
FEORREARE L, BEOERNEZRETDIZENEETHS. INE T, EOMEE, PERINEE X 88 s
BRI Y s 72—V g VORERRIET 72010, n—4& ) —x o a—F—%& f - EBR M T,
Bee s 2 NS EHRER) 21T O A BN TH, BERSZEHEN R THD Z LRI TWD (I,
2012). L7 L, BEEOREECHRN OB X 25T NHIOBIWEEHINZIW T, 1m0 IREE, BRI L 58 %
BELIEE Y - Ta—VarziEAL, BERORBEIAEEZHEE LT E A R0,

Z ZCARMETIE, HEEEO— > THIBTEMEZZHIL, KBRS, THREMSICHAT Db ONnEE, B
HWEAELT, EEE Y, UrAakrY, Kt rEAnicerY - 7a—va v amEAL, B
i (i - (MR) Z2HEET 5. 1ZUOIC, EBTICIET HE00IEREE, SR 2 2 8 L 7~ R B
WEDTDODE Y « Ta—Ta e lT 5. i T, 9 T —a b a2 0T A TR 21T 5 .
FHAFEBRIZ I T, 3 IRTTEMEARITEERE I K D RIRGEHIZAT 5 . 3 IRGTEMERRIT R L, ~— I D 3 RoT/riE
BEEED Z L ICX 0 RN ONBEFRESLEETH Y, MOBETIIECB O THRHIEEORIEEZTT O 7=
DIZIAL W BTV (Jennifer et al., 2009; Syam et al., 2010; #ifth, 2013; Stief et al., 2013). ff&iZ, &2 -
T a—Va i L TE LN BBEEAEOHEERE L, 3 WotEMEMTEE K 0 15 5 - RBIEA E OFHI
FERA R L, SMTEMEICRT 2 DI, BENEEZ BB LIt - 72— a3 VOREIZ OV TREE
T5.

2. 9EE—I a3 tIUYERALEEERALE
AFRIZBNTHNS 9ififiE— gty (AR—VEv 78, SS-WS1792) 1%, 3§ v Azt
W e 3HHEEE Y - 3 EHRI R Y, ERRRET Y a— A EE L TBY, HERO 9E—a v YA
FAW[FHHEHRINATRE CTH D, oD kE &3 38X53X11mm, EHEIZ30g THY, FIREALICERERY (117
THHIT A Z N TE S,

2-1 AEERELEEEER

9 HhE— a3 e EHAWEEERIICEWT, BESAE T —L - By T - I—AZHNTEBLT 5.
2—/L - By F - S—A1E, TR Z 8, Y i, X ORI A RS e AR L ERL, =LA (@)
EXEIEIY O, By FA (0) XY EEYO/E, I—A (y) 1L Z#EY OFELRT. EERERIT
ZEh G EEASGmE LA FEER TER L TR, KE 0 oRERIIEEHR Y 2 1EhmE L.

AHFFECBNTIE, RIRE OB AE 2 HEE T 20, AEOHTEHE CHDIEEI LV~ 7 NV F BT
L1012, B—/b - BT - a—AEEGRIFRIRET IR, IR RN MNE L D, 20, KE
IZBWT 3N ToOr—/L « By T - S —DFMAEIZ O THHETTS.

2-2 PHAE

AFFFENZ IV T, F L RFICIEREE & Y0 A5 52 E/INEE & iR b5 o852 VG,
JERIEN 4 FE ORIAE 2 B 95 (Vaganay et al., 1993; Jurman et al., 2007). ##1EFFICIUNT, IIEEEE I E M
WEDHRZRHT D720, INEEE L, FERERERICB T 2 EINEE ORI TRTZ LT
5.
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'A="RT°A
=2,
iAX O
'‘A=|'A, |, °A=|0
iAZ g

22T, A EIMEEE ), O AR R OFUR O lSH1 D INHEE, °R, IFIEHERE R B o A
FAOERATIITHY, g IEEINEEZTT. v - EvF - a—fAEAVEEE, EET51°R 132(2)
TETILNTED.

cosy -—siny 0||cosd 0O singd||1 O 0
°R =|siny cosy O] O 1 0 |[-|0 cosp -sing 2)
0 0 1| |-sin@ 0 cos@| |0 sing cose

bz, RQzEMNT, XO)zxEMT2 LR HEoN 5.

'A | [-sing-g
'A, |=| cosfsing-g (3)
‘A, cos@cosp-g

K@D Z Licky, v—nf, EyFAOYEIEITA@E), G)TETILNTED.

*#3 (4)
A
o (5)

_ -1
6, =tan —\/ﬁ

ZIT, @, O FmEEE Y HAOERAWCAER LIcn—f, By TFAERT.
I, HRERE Y OHRONDRS VT, EEEERICKT 2 3 —AzA T2, fiRkke i, &
CHOMER LTS, RS BRI 2 2 LN TERL R D72, AN T HHIERZ AV TR A 4

B35 (B8, g, 2014).

@, =tan

'm, cosd singsin@ cosgsind | m,
'm,|=| 0 COS¢ —sing || m,
'm, —sin@ singcosd cosgcosd || m,
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ZZT, my, my, mHEESE YT, mye my, m IERRAE AL LRSS TH D, MIER O A IV
HZlizky, a—mIX@)TRITIENTES.

m
W, = —tan‘lﬁ 7
2-3 HITHDAE

HEAI BT AT —L « By T - 3*%@1}&/\%2&%(8)\—77;—

7 0 singsecd cosgsech | o,
0|=|0 cos¢ —sing | o, 8)
| |1 singtan@ cosgtanéd | o,

ZT, ¢ 0, yixznzhon—1L - t/% S—AOWIETHY, 0 @Oy 0 JNFT¥ AP
Thsd. X@ERO)~EHT L &Icky, BMTHhoMELZENT L ZENARETH L.

W W W
0 :jédt+9 (9)
1. L2 ¢,

I, DG, 6, y ERHLICET s —L s By T - 3—ATHY, 0P, 6, y It
FHm—L - By F - 3—fERT.

3. EDILEE, BERNEEEEBELE-EVY - T7a—Pa3y

N DOEWEIZA B ORESEEC L > THEL 57280, E—3 a v b2 B0 CEIERHIAZTT 5 558, e
YIS E ENDEIEE, SEHINEEOBIGIIRE 8D, AT, ABOBMEFNZI T Dl
SNFREE, BEIEEAZEE LItV « 72— a ORI EREEST 5720, TSR AT 2 O EE,
BN E 2 BE LY - 7a—Ta VEMEL, BRI T oV H EEA LT, RIREICR T 5 R
%%W®%M%ﬁﬁﬁé

SRR I DB — a e o EEEE & TIRORIERY > 727 VA 112, FRIREIZIST 2 B A
@ﬁ%%IZ;mﬁl20@9%%—V5V?V#ﬁ,k%%,T%%&%K%ﬁ®%ﬁm%ETé.Elkk
WTC, U o2 L IERBRES, Vo7 VT TR TH Y, ot LIZKIRE~EET Lo, o4 21X FIREE~
WETDLEL YD THD. G (IEBEERO»SE D LRLETOMBENRZ My, GIFEREES L5 2
FOETOMBRY MVERLTEY, @, 0 3FhERtrd1, Brd20Vvf k4L ion
To AT 2R T

HATH, IEREE Y 2 T 2RI, RN RS K O (CIEENNREE, RO NS, BEmseEs, =
FTIMEE NG END.

&:Atr_FA:t—l—g (10)
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Fig. 1 Sensor positions and the rigid link model of the lower limb. Fig. 2 The definition of the knee joint angle.

2T, AJIIERER ), A RIEEIREE, A YRS LY v ORRREBIC L Y AU S

UL & BARIEE ORI, g XE/IEETH 5.
AR IBNTIE, IR, BEIEEIC L > TAE U HBELRHIET H7-0I12, Vv A a1

W Cm D IIERRE, $ERRINERIE 2 R B19 5 (BEfh, 2012; JTikfh, 2012). KBRS, TFHREEZISIT D ONeRE &
PERRILEE OFn A = e A (11), (12I2RT
ACtH =@ XWXl +@, XTI, (11)

Ay =@, x@, X1 + @, xT, (12)

ZITC, @, oK, TR LY A nt L HATHY, FREKBEEOEISERIC L - T
AU B RERE O AR, ERIEI O RREENC L > T U D FERESOAEEZ /R LTV A, I TR LD
KEERA~ZGE Lot L E TOAEN Y My, GIEEBIE LD TR A~2EE Uizt il TofrE
X7 MV ThD. O, O FENETIEBEIORRER K> T T 2 KEREO M AIEEE, HEBIE o [mlfAES)
ICE > TAELD FREBOAIEETHY, Pyt Vothe, , o 28y LEETHs. o, o O
BT, K@) TAR5ERMS D ()& AV,

S
D(s)=
(S) 1+ns (13)

ZIT, ST T AEES, nIERTH L. AFRICE WV TE, n=001 & L7z
X(10), (11), (12)% AV CEH U7 RERES, FREEIC 1) Zam DMEE, BEinE & o EX% = h 2 ha(14),

(152"

(14)

A%H - AEtH =0iu
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A -A, :iRi—l(wi—l X Oy XE L+ @4 ¥ ri—l)+ 9i (15)

22T, FREECISU B IENEIE Y, KBREOIWENERE, O, B 2 IV TE LT 5. g,
0,1, vk 1 OFEIERIZIT D EIINERE, &Y 2 OFERIZIS T 5 EIJINHE 2777

UL EOMERE FHWCTHBED L~ v 7 4 VB SR T B 12010, IERIGHERIRT S 2 7 A A 5T 5. IERE
ARRESTRRSIE, AT T OB £ A BT B 300) & A CHEFR T % . FRBUBBLAIT RIS, 3 —f B
(7)), KERES, TFREBICIS T Digtls « BEfILEEE O EA(N(14), (15))F AW TR 2. KEEBIZBIT 2 IEHP
RIEFFR, FBENTRR A 2 2haA(e), (NI, TREICEIT 2 IRRE B, JEpBII st
wrnrh(18), R(19)IRT

X = F(X) +w, (16)
Yo = H(Xt)+vt (17)
=771,
Vit Vit sin Diat Sec‘gi—l,twyi,l,t -Ts+cosg, ,, sec 0i—1,ta)zi,1,t -Ts
X, = Hi—l,t ) F(XI)= ei—l,t +C0Sp_,, @, -Ts—sin Di14D; ¢ -Ts
Piar P+ Oy cTSHSING  tand 0 - Ts+cosp  tang o, TS
I Wmi,l,t ] Vi
A( S, Ax ct; 0
— 19i-1 Lt B , H X —
Vi Ay,si,l _ Ay,ctH ( t) (0 RH T 0
B Az,si,1 - Az,cti,1 | 9
X = F(X) +w, (18)
Yi = H(Xt)+vt (19)
=720,
Wi Wi, +sing,, 59C49i,t60yi (" Ts+cosg;, SeC@i,thi TS
X =6, | F(XI ) = 0, +cosgp, @, - Ts —sin @@, TS
Oy @I+wkas+ﬂn@imnaﬁ%ﬂ3B44m5@imn¢mwths
l//mi t Vi
A( s Ax ct 0
—| 4, H (X )= \ T )
Y A A t (0 Ri)\ 0|+ (0 R; )t '(0 Riy '(wi—l,t XW_qy X Ty + Oy X ri—l,t)
Az,si - Az,cti 9
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START
Initialization
Set initial state X, P,
| Sensor 1 | | Sensor 2 Set white noise Q | R
Acceleration Angular| Magnetic Acceleration Angular| Magnetic }
As velocity | field As velocity | field —-
Prediction step
" (O] m; 4 ' @i m; —F(x)
Xy =
Inclination ) Inclination =fP f +
[— A:t' b correction l— A:[' [ correction it Q
Eq.(1) Eq.(6) Eq.(12) Eq.(6)
T 1 l Update step
Temporal Temporal _pn T -t
differentiation l/‘/m"l ‘//mi Ko = Rl (h Pl + R)i
Bg. (7 Fg.(D X = X +K( 1(y”1 (Xt+1))
rg)Y N
/1 ) l Pt+1 *( (+1h| ) t+1
Extended Kalman filter Extended Kalman filter No
Eq.(16)17) ’ Eq.(18)(19)
t l Yes
P O Vs o0 v END
Fig. 3 Block diagram of the sensor fusion. Fig. 4 EKF estimation procedure.

ZIZT, ot HLERIARLTERY, W, VIFABMEETHS. TRV~ T W Z a2 TooIT, KBRS,
THERICEHT 2 F(x), HX) om#ss f(x) & h(x) zznzns(20), RUIZEHT.

f()_aF“) (20)
n(x) = %) o

t

PLEX Y. K(16) ~(21)TH S D IFEEEGHE Y AT 22T, THIAT v 7 (X(22), (23) &7 4v
2T AT T (K(24)~(26) DHRDIEED N~ T 4 ETNTY XL E#0 K LT 5.

X = F( ) (22)

P.=fRf +Q (23)
Ky = Poahly(haPahl, +R) (24)
Xa = Xea +K a(Vea = H () (25)
P = (1 = Kiaha P (26)

TIT, PHRBEAHATI, KIZA v A L, QR IEEH SR R, R R
U BAGHT W WDIDRTITHB. Xy, P ISR CORBAE A CHEE LI 1 (= Té%
LRGEISBATIITH Y, Xy Py AR ] £ CONF A I THEE L7225 th1 104517 B 4kiekt & s
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Thigh Lumbar
(Link i-1)
Table 1 Anthropometric data. Sensorl lso% e
Age (years) 19 Bl o ot
Height [mm] 1808 Lower leg :\ B o Yo
Weight [kg] 64.4 Sensorg(unky') N 150% 80% | 100%
Length of thigh [mm] 470 <ela"
Length of lower leg [mm] 460 ‘ O | b s Yo
Fig. 5 Sensor coordinate system and sensor positions.
HHBATHITH 5.

OIS, BRI C L ABAEE Lo - 72—V 03, BT A ORSEE ZEE LT
TEENEHAE (T, 2012) AR L, B L. BuY s 7a—Uar Tl XAOMEEK3IOT 0 v s
MENRT. F, Tay I NHOHEERIE Ch DIEI NV~ 7 4 W Z T NI XD T a—%X 4 1R

4.  EHRIRER

PR BT 2 HIRRr S A R 1 1R, A TRHASEERI I L3 m R RISV T3 L, AR
DWTIIERRFERRICERE T2 H LESSHMER e My ERESORRESEDL L L bIT, HOLLUDHERE
i E 52, REES.

FHUSEBRIC RV TIE, #BRE O KBRS, A TR~ st — a v o235 L, 3 ocEh/EfMpTEEH
D~ —T ZWERE DRI AT, 9llE— 3 oo & 3 WITENEAATLERE (VICON 4%, VICON Bonita
H AT 8H) IZXDRAIGFEHZIT-7-. —Mo 250 9flEt—T g vrHiE, FHOT 7V r—rv a3 (ssw
Sensor2017) ZHAWTCRII LT\ 5. 3RICEMEMITEREIL, T—3 a2 N L H5HIZBIG L ThnD 5B
(ZRHAE BRAE L=, BRICZEY (11 5~ — B OALEIL Plug in Gait Marker 2 2%(Z L=, £—Yar kot ~v—
H OB FFFICELTE, ROTHRCAXF LT —F 7 7 7 hOFEEE ATRERIR VKRS 5720, #BRE IR
BETHEMOREEBZRAL, RO ELSNFE~v—DEET—2 a2V E2MET—7TLo0Y LM LZ. £
72, =—h iU L TCE—Ya B PEENREWVEYD, ETr—72ANTE—Ya R RoOFER
~RERF U721, Bk E R — 2 —CREE L.

9HHE— 3 e EHWIZEHINC N TIE, SO L E COEBOEWC LY, InEEE
FHINZE EN DI, BEINEEORE INRRRS. AFRICEO O, B PEEMEICREFRR < &
YT a—Ta VORI ER T D700, B VEGEE L 2 B OMAG O TR SE, FHllER T o7,
QHE— 3 B R & U IEELE A X 5 IR X 5, BRE A Em D R ERLTEY,
A, BIIKIBEICIRIT 52 A&, a, bIX TRREICEB T 28 o VEEMEL T, & o VEEMEIL, &
MEZEEL LERSOEIETERLTEY, ABXOalIiBhr Lo 5RO 50%, B 3L 0 b X 80%Dr
EThDH. 72k, KEEBEIIKEE T HgOKBREIEOH B SR O R L~V OIRTEZIED S E T
ORERE, TN O EE A L~V OIFTRIE O S0 BN TG L~V OSSR & IR O O FREE &
L7 (BT, 1992). & VEEALEITRIRES A - TR a &, KIREE B - N b @ 2 FDOMAEGHOE TH
5.

B B COWERE OBIEEFHAIL, ZMTE E~REE (7T0cm) @ICEAIE 725 — V206G Uiz, FHAISEERIC
BWTIE, ARERIRY —EDHBIETA ha /2 —2 70 bpm (Z&DET—HF O HRICHIET 5 L S FR L. 9
T—rarkrt, BIO3RITEIEITEEOY 7Y o FTEEEITIEC 100H TH D.
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<=> Single support phase <=> Single support phase

<= Double support phase <==p Double support phase

-« @< —D>e <> <> &< —D <>

T T T T T T T T u T T T T T T T T u
80+ —— 3D motion analysis system - 80+ —— 3D motion analysis system -
—_ = = Sensor fusion —_ = = Sensor fusion
3 I == Gyro sensor @ I =-— Gyro sensor A
5. 60 . 260
S5 | IN 55 |
@< @ 'X
23 40- 23 40
2 20
<+ T <+ T
£ 20/ £720
o o
- 3 — F
0 ’/' \‘. 7N = ’ \ OF-
e | NN . LN L I . ! . I . I e
0 20 40 60 80 100 0 20 40 60 80 100
Normalized state of walking [%] Normalized state of walking [%]
(@) Sensor position A-a (b) Sensor position B-b

Fig.6  The knee joint angles during walking obtained from the 3D motion analysis system and the sensor fusion.

5. MER

5:1 o4 72—V arvZRAVV-EREGAEOHTERE

WELIEL Y - 72—V a v ailH L TEONT A ORREEAE (R - HE) offife, 3k
TCENERAT ISR L 0 153 SRR EE, Vv A vk O AR L TE AV EBII A B D it 4[4 6 12
. X 6@)IIRERES A - TR a ~t o P2 4E Uizik e, X 6(b)ITRERE B « THM b~k 423835 L7
FERZRT. X6 1TIERL U= e 2 Kk & U, WERIE & ST A 2 (Bl 0 3K 94T TR E 100% 8 LTS,
B 6 123317 24T RO A LRI, 3 IRTTENVERFATIEE K 0 15 O AL IRRIET A BE DS, I & S ORI
IZBWTHR/MEZ £ S-S ZEZR L TWVD. RERIZEBWTE, 74—A7 L— MEHWTW W=, 1Bk
7R RS & SR A W E CE 220, /EEE OB AT ERRMTONTBRS, 1989) #5581, &
TN I DAL A28 600 & L, & HICSEMENC IS D W) & fcth 0K 17%% M ER ], 2 S mijscF;
WO Z R cH D L HEIL, K6 ~RL7=

K6k, Bt 7a—Ta UEEA L TEOIERERE, 3WROTEMEMRITERE L 0 15 oo/, i
RO Z R LTS, Fie, AERIE, BT BRI R KR A2 507 ~60° (ol &, kK
HIAEEA 10° ~20° FHTOSIHEZ 220 2 [0 K L TR Y, BITEEICE T 2 BB A E LS S Z —2 0
HRE] (LA, B, 1992) & [EEEOMEBITHD Z &b, WEL-E Y - 72—V a VA H0T, BUIOE
BEIAEOHEEA1TO Z LN TEIZEEZX D LENTE D,

5.2 HEREICEHTIER

BEL-E Y - 72—V a v OBEERET 5720, UyA vk ORI EES L CUEONT-BBEEAE
BIOEY - T7a—Va CEAEHLTEONZEESARL L, 3 RoTENEMITIERE X 0 15 5 - B A &
D FERFREORE R (F22) ZHET 5. £2 L0, 200 HEEMBIZBNT, BrY e 72—V 00
TIREHRREY, Ux A b o THEIEEREL D B AallBU0 TR 45%, B-b IZBW TR 30%/ N SUVMETH
v, Bt Ta—UarEEHATLZ EICE DB THRORBEEAELZRE LHETE LI AR LTINS,
Ty A vkt OrEHWNVTHELZREHT 205G, BEZECERICLY N 7 MAENKET L0, #HiER
FEIMRE L RDMENCH D0, KRBT H Y« 72—V a 103, IEEY Y L Ko %
ANTY YA a0 Y 7 MEEEFIET D & & IS, MHEOMIEREZ W CE DI, SEINEE
KD EMEL TS, BTSN TIE, — 7AW T b Rl O HIReOHT 2 Bt 2 BR ISR 2 R &= <
B, TS OEENFEAT HSIHETITICBNTY v A aE YO RY 7 FEENRELRY, Py A
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Table 2 Root mean square error of estimated joint angles.

Sensor RMSE[degree]

position Gyro sensor Sensor fusion
A-a 9.13 492
B-b 5.48 3.89

oY OREHNTEL LA, 3WTEERITEESCE Y - 72—V a VORER & RERENAE Ul ]
BEMEREZBND.

T, BUVEEMEICLAHEREOEWVNIER TS E, Uy ek bBIOE LY - 72—V g VO
FERICBWNT, KA B - RS b ~& 228 Lo/ RIE, KRR A - THEHS a ~2o 23858 LIofER &
D HERERERARLE. AR, Vv obkrbBLO0EUY - T a— g U oRERSCEREOME R &
RLTWAHZ LMD, B PEEMNEOEWNCEIY B Y« 72— g VORENRZLLIZOTIERLS, vod
FEFENLE DIE N L D RECHAN OB & O ESFHIREE ~2R % RIE LT RN B 2 b b, mOInE
B, BEINEEEBE LIt - 72— s COAMEERRGEET 2 720I120E, EOIERE, SERIMEE D)
(R R BN B OB L DHER R T 5 Z ENEETHD. ERFERLY, B hiE
NEOFEWCE D HEERHERRES L LN LE2RTIENTE D, Bt s 72—V a v OFMEE
MR CTE 2B Z TN D,

ULEEXY, BMTEEOFHICH T, EOIEE, BHpdEIc Lo B2 EBE LIt Y 72a—Taro
AIMEARTZ ENTE R, AFRICERE O, AR TEIEZ XI5t & LT2hs, AR—V 70 o EiE7
BEZ GBS & T 556, mOUIEE, SEINEEOREIIRE DI LNBIOND. KRBT 5HE
W T a— Vg U ERRA REMERIISEAT D Z Sk D, BEISEBHEERIT) ZENYIRTE D,

6. #E

AWFZETIE, 9 T — 3 vV EAWTHEEED > THLHBATENEZFHIIL, O, BEin®
Ik BEEE Lt s 72—V a U EE L CREBEIESAEOHEE 21T 72, BARRICIE, A479am
B DR T DR DS, AN, A OINEEE, BRI, EOMEENOEKD EREL, Vv A
o ) & DT AN, BRI 2 R 2 2 L2 L0, IEEE OMIEX A 57, fETicB VT,
I E DOFFIER AT Y« 72—V a VERAWT, BRIV~ 7 4V Z 2R L, BT ORI
BERHEE L. E6I0, HELEELY - 72—V a VA L TE LIV BRI FE OHEE RS EE A WMEET 5
720, HEE UT-IEBIEAE L, 3 WoTEMEMNTEEE X 0 15 D - IBBIEI A FE & O TIPS OV CRRER - B
FEAToTo. ZORER, IO/ ERT.

1. FOERE, BEIEE I C L ARELEE L -t - 72— a UEASMTEWEICE T B IERIEIMA o HEE
~IGH L, RIREIZB T 2B AE OB b2 HEE L=,

2. 2o UPIEEMBIZBNT, BrH s 72—V g CORERE 3 RTEEITIEE L0 B SR R0
FPHIRAET, Vv A nk RS L TE BN RER & 3 RTENERITEE X 0 15 Dok o TR
AL D B/NSVETH Y, STEMEICERT 2 ONLERE, B L 2B e ZE Lzt s 72—V
a v OHMEE R L.

FT— g ERANT, BERSEEBHELITO 2 L1T, B, Eak, AR—Y7 CIREWNSEICBIT S
EERHHIOT-OICEE TH DH. AFFEICEBW T, KR T 2BBEHEiAEOE(IEE L, TR0 -

[DOI: 10.1299/transjsme.17-00488] © 2018 The Japan Society of Mechanical Engineers



Saito, Miyawaki, Kizawa and Kobayashi, Transactions of the JSME (in Japanese), Vol.84, No.857 (2018)

RBAHEE L7203, SBOMEL LT, HREREECL, PTHRERHE T2 LA LR ELTHEL eV -
72—V a rOHEERE 2 ERICEHMEYT 5 & L bIZ, JEBE & B HEOSWEIENICRIT D 3EE D oL
fbEHEEL, I DICEBMMEEOREZR LIE572008 L« 72—V a VBB EE T ZEBUETH
2.

X 3

BVTIE R, S, MRS, AARNT AV — S OSIRE MEMEREDOHEE, /A A A =X 4, Vol.11 (1992), pp.
23-33.

TLIRFETL, FEUVN72U VICON, /3o A A J1 = R LAk, Vol.32, No.2 (2008), pp. 107-111.

Faber, G. S., Kingma, 1., Bruijn, S. M. and Dieén, J. H., Optimal inertial sensor location for ambulatory measurement of
trunk inclination, Journal of Biomechanics, Vol.42, No.14 (2009), pp.2406—2409.

Faber, G. S., Chang, C. C., Kingma, I. and Dennerlein, J. T., Lifting style and participant's sex do not affect optimal inertial
sensor location for ambulatory assessment of trunk inclination, Journal of Biomechanics, Vol.46, No.5 (2013),
pp.1027-1030.

Foxlin, E., Inertial head-tracker sensor fusion by a complementary separate-bias Kalmanfilter, IEEE Proceedings of
VRAIS’96, Vol.2 (1996), pp.185-194.

MH—ER, EPRAE, /NRZEZ, RAHEES, TEEBKRES, H LEkE, BERURRKIGEHE W HiF O 200 Vil &
¥ L OKBRUIMrE O TEEN T, H A C e, Vol.79, No.805 (2013), pp. 3059-3074.

i, T, SRR, M Y MR R W AR — 2T S BB NS BT g, AR

VF%%E)PE, \ol.22, No.2 (2012), pp. 255-262.

B, TR, ARG ¢ A LFO 7O OFHIFE, A L%, Vol.50, No.4 (2014), pp. 182-190.

i ERES, BOHE =, KREETZBh, DLT 14, Japan Journal of Sport Science, Vol.10, No.3 (1991), pp. 191-195.

Jennifer, L. M., Richard, B., Rory, W. and Meg, E. M., The reliability of three-dimensional kinematic gait measurements: A
systematic review, Gait & Posture, Vol.29, No.3 (2009), pp. 360-369.

Jurman, D., Jankovec, M., Kamnik, R. and Topi¢, M., Calibration and data fusion solution for the miniature attitude and
heading reference system, Sensors and Actuators, A: Physical, Vol.138, No.2 (2007), pp.411-420.

King, K., Yoon, S. W., Perkins, N. C. and Najafi, K., Wireless MEMS inertial sensor system for golf swing dynamics, Sensors
and Actuators, A: Physical, Vol.141, No.2 (2008), pp.619-630.

UTHEHAY -, T, B, WM Y - MR a2 W e AR — I LB R A B 0P8, A
=Y« T U R ba—vy - XAF 7 A58 CE (2012), pp. 29 33

INVERNZE, VE)IB —, FiGAss, BhEMRAT AT 5 O KR 3 X OVFRRES~ D il S S T HEE, B A
2w LR C i, VoI 78, N0.786 (2012), pp. 352-361.

VaSFRE, GHEE, BB AT v TREITHS DA TENEOMRYT, BURERNTE, Vol.29, No.1 (2014), pp. 51-55.

Nesch, C., Roos, E., Pagenstert, G. and Mindermann, A., Measuring joint kinematics of treadmill walking and running:
Comparison between an inertial sensor based system and a camera-based system, Journal of Biomechanics,
\Vol.57(2017), pp.32-38.

Pan, M. S., Huang, K. C., Lu, T. H. and Lin, Z. Y., Using accelerometer for counting and identifying swimming strokes,
Pervasive and Mobile Computing, Vol.31 (2016), pp.37-49.

Stief, F.,, Bohm, H., Michel, K., Schwirtz, A. and Ddderlein, L., Reliability and accuracy in three-dimensional gait analysis: A
comparison of two lower body protocols, Journal of Applied Biomechanics, Vol.29(2013), pp. 105-111.

Syam, P. N., Sheila, G., Graham, A., Rami, A. and Weijie, W., A method to calculate the centre of the ankle joint: A
comparison with the Vicon® Plug-in-Gait model, Clinical Biomechanics, Vol.25, No.6 (2010), pp. 582-587.

HRIRAM T oAk =, BRIARAMT 0T AR (1989), pp. 11-23.

Vaganay, J., Aldon, M. J. and Fournier, A., Mabile robot attitude estimation by fusion of inertial data, Proceedings of the
IEEE International Conference on Robotics and Automation (1993), pp.277-282.

IWAYVEZ, B Z83%, AT O BBEIET A B DO ZARMEIZ DWW TC, BEEREEFRY, Vol.26, No.2 (2011), pp.
269-273.

References

[DOI: 10.1299/transjsme.17-00488] © 2018 The Japan Society of Mechanical Engineers



Saito, Miyawaki, Kizawa and Kobayashi, Transactions of the JSME (in Japanese), Vol.84, No.857 (2018)

Ae, M., Tang, H. and Yokoi, T., estimation of inertia properties of the body segments in Japanese athletes, Biomechanism,
Vol.11 (1992), pp. 23-33 (in Japanese).

Ehara, Y., The VICON, Journal of the Society of Biomechanisms, Vol.32, No.2 (2008), pp.107-111(in Japanese).

Faber, G. S., Kingma, 1., Bruijn, S. M. and Dieén, J. H., Optimal inertial sensor location for ambulatory measurement of
trunk inclination, Journal of Biomechanics, Vol.42, No.14 (2009), pp.2406—2409.

Faber, G. S., Chang, C. C., Kingma, I. and Dennerlein, J. T., Lifting style and participant's sex do not affect optimal inertial
sensor location for ambulatory assessment of trunk inclination, Journal of Biomechanics, Vol.46, No.5 (2013),
pp.1027-1030.

Foxlin, E., Inertial head-tracker sensor fusion by a complementary separate-bias Kalmanfilter, IEEE Proceedings of
VRAIS’96, Vol.2 (1996), pp.185-194.

Hayashi, Y., Tsujiuchi, N., Koizumi, T., Matsuda, Y., Tsuchiya, Y. and Inoue, Y., Unrestrained human gait motion analysis of
healthy subjects and trans-femoral amputee using mobile force plate, The Japan Society of Mechanical Engineers,
\Vol.79, No.805 (2013), pp. 3059-3074 (in Japanese).

Hirose, K., Doki, H. and Kondo, A., Studies on orientation measurement in sports using inertial and magnetic field sensors,
Japan Society of Sports Industry, Vol.22, No.2 (2012), pp. 255-262 (in Japanese).

Hirose, K. and Kondo, A., Special Issues No.3: Measurement Technique for Ergonomics, The Japanese journal of
ergonomics, Vol.50, No.4 (2014), pp. 182-190 (in Japanese).

Ikegami, Y., Sakurai, S. and Yabe, K., The DLT method, Japan Journal of Sport Science, Vol.10, No.3 (1991), pp.191-195(in
Japanese).

Jennifer, L. M., Richard, B., Rory, W. and Meg, E. M., The reliability of three-dimensional kinematic gait measurements: A
systematic review, Gait & Posture, Vol.29, No.3 (2009), pp. 360-369.

Jurman, D., Jankovec, M., Kamnik, R. and Topi¢, M., Calibration and data fusion solution for the miniature attitude and
heading reference system, Sensors and Actuators, A: Physical, Vol.138, No.2 (2007), pp.411-420.

King, K., Yoon, S. W., Perkins, N. C. and Najafi, K., Wireless MEMS inertial sensor system for golf swing dynamics, Sensors
and Actuators, A: Physical, Vol.141, No.2 (2008), pp.619-630.

Kondo, A., Doki, H. and Hirose, K., A study on the motion measurement method in sports using inertial and magnetic field
sensors, Proceedings of the Sports engineering and Human Dynamics (2012), pp.29-33 (in Japanese).

Konishi, K., Sagawa, K. and Ishibashi, Y., Estimation of optimal mount positions of inertial sensor for motion analysis of
thigh and crus, Transactions of the Japan Society of Mechanical Engineers, Series C, Vol.78, No.786 (2012), pp.
352-361 (in Japanese).

Nishimori, T. and Ito, A., Waking adaptation associated with elongation of step length at the usual walking speed of healthy
men, The Society of Physical Therapy Science, Vol.29, No.1 (2014), pp.51-55(in Japanese).

Nuesch, C., Roos, E., Pagenstert, G. and Mundermann, A., Measuring joint kinematics of treadmill walking and running:
Comparison between an inertial sensor based system and a camera-based system, Journal of Biomechanics,
\Vol.57(2017), pp.32-38.

Pan, M. S., Huang, K. C., Lu, T. H. and Lin, Z. ., Using accelerometer for counting and identifying swimming strokes,
Pervasive and Mobile Computing, Vol.31 (2016), pp.37-49.

Stief, F., Bohm, H., Michel, K., Schwirtz, A. and Ddderlein, L., Reliability and accuracy in three-dimensional gait analysis: A
comparison of two lower body protocols, Journal of Applied Biomechanics, Vol.29(2013), pp. 105-111.

Syam, P. N., Sheila, G., Graham, A., Rami, A. and Weijie, W., A method to calculate the centre of the ankle joint: A
comparison with the Vicon® Plug-in-Gait model, Clinical Biomechanics, Vol.25, No.6 (2010), pp. 582-587.

The Clinical Gait Analysis social gathering of Japan, Introduction to clinical gait analysis (1989), pp. 11-23 (in Japanese).

Vaganay, J., Aldon, M. J. and Fournier, A., Mobile robot attitude estimation by fusion of inertial data, Proceedings of the
IEEE International Conference on Robotics and Automation (1993), pp.277-282.

Yamamoto, H. and Yanagida, Y., The various patterns of knee angle in the stance phase, The Society of Physical Therapy
Science, Vol.26, No.2 (2011), pp. 269-273 (in Japanese).

[DOI: 10.1299/transjsme.17-00488] © 2018 The Japan Society of Mechanical Engineers





