& + @ X o f X E F

WHFERE « BB | KRB B TAOTSER BRMONEE S A T AR LA

K v N TR 2032025
o B H BB L DT O TR 27 « 7 A DOHEE
22 =1

HATEMED HTICR T, FREOBIE hv 7 B by s o — (BLF T, JTP) I
X RT 4T ADHTITIA AW BT S (Neckel, 2008; Rozumalski, 2011) . ZiAu5H D
T 4 7 AEEEFEMT 7O IMER A2 BEE L, ZOFHINIE RIS T +—
AT Ty b 77— (LLFFP) BRHWVWLRS. LavL, FP & HAWEEOFHANIEHH
BERIZ L DN EZ T TLE Y. 20D, STEMESITZ1T OB, FP ZHWFIZFx
T4 AGHTIRFRRIC R D Z L IXEETHSH. £Z2TOh 6 (2013) X°Lim & (2019)
ILFP Z WU TH D IT 72 E2HEET 2 ELMGE LT, WFsE s HI2, KIRmo
JITIET R TORIHICIBVT%RMSE 10 % #ifé THEE SNz L dEL TV D. L, 2
LD OIFEIIHIRE D IEF 1D 2 S ZRUEORGEN AR+ Th D Z LR, 7 VkE
DFEBRBHR TH o7z, & 2 TANRIL, MRIEVHERE (S8 L Tl rge 2 M7 o F
R IT 38 LOVITP OHEE FTiE A ET L, #MEMELRGET 522 &2 AL Lz,

ARHFGETITE TV OFE O 7= OPERTF 300 4 FE 2909 3 GEHEAMT) o7 —# &> b
MW FTe, BETFAT = LITRRLERE TS 74 44 148 BRI DSV T — &
1 BEOI124 95 REDINTT — 4% 2 ET VORERGEO DW=, F£7z, IT O
EDT=, B7 A Mol XOHINEE 2 A ZEH E L THV 7= Inverse Dynamics
E7 VL BAFAE A NS E LCTHYE Joint Angle BT /LD 2 DOFEET V&G
L7z, BEFESNIZET M K W HEE S 7z IT I3 360 2 2B O T Z#Br< £ 7T
D JT TEAE & OFEFEED 0.90 UL E (1D:0.94~0.98, JA:0.93~0.99), ZAREIZHIT D IT
IZ%RMSE10%A1%%  (ID:7.2~11.7%, JA:6.6~11.1%) T -7z, #HEEMEIC LV FHFE SN
JTP 134 CTHEAE & OFBIFREDS 0.90 LA _E (1D:0.93~0.98, JA:0.92~0.99), %RMSE 10%Fiit%
(ID:5.7~10.1%, JA:5.5~9.9%) T o 7. F£7=, INBT —XIZBWT, FRIZRRIO JT 13—
ELLEOKEE CHEEFRETH D Z LN hote. £, BT NT—X LITERR D HERE
AT DHEERE IS EIZA Lo T2, L L, S@EBITUS OBFTHEE OB x5t
L CHEHT %G, B LM Mvy OWERENMETT 5 Z &3 00o7-. Lk
OFERL Y, TEINNEBRE RS TE DT VARG LA, BT I8 49T
K L CTEERMLETH D Z EDNRBINT-.
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1. #5

1.1 #FZEE s

BATEEDHTE, EILFIR~YT A7 A, FXT 47 A, HiGEe LN G 7R
H. ZOHTY, ¥RT 47 ZAOGHHTATINEL M2 L CIHFICHEETH .
FHZBATEEDHTIZIV T, TR OB b LB ML 7 RU—R3% 27 1 7 A
IHFCIES O BTV D (Neckel, 2008; Rozumalski, 2011) . =L T, ZH5HDF *
T4 7 AEEERNT D7 DIIIHE K ) & 68 e U, Hd S) O FHIN I — RIS
T+ —A7 Ty 8T H+—25b (LLFFP) BHWHNDA,  FP &2 HWZEEOFHAIT
1, FHIBERC XM AEZ T CLES. I, HER TN 2RI FP 2 HA T
BWAICLDOFHITE RN E W HN S D, £ FPIIEhZ 720, Y1 7 L5t
T IO MER B A FREICHET 2 Z 32 X MarbRERGARZ . S
blZ, MLy FINVETORTEITT DRI, FPOARKINIZ MLy FILVTR
FHUFFHAIA TE 20, ZAbMBO TEMTHY, FP & MLy FI &N o lllE
a2 P32 2 L IT—MICIZREETH 5. N OBH2 G, FP XSk CHm
KOZEFHITE 5 —7, FHINCRE 2K Z 52 2FHIBRER CH L Z &30 b, 1t
2T, BITEIEO ST EITIEE, FPARWTIZX KT 4 7 A ATREIZ 22D 2 &1

FHHEAR D 2 2 b AR B 2 L RFHIIOBIR 2 EHT B &5 D b EETH S,



1.2 SEfTarse

1.1 TR L1, FPEHWTICRRT 4 Z AGHNTEDL LI DH 2 Lidsk
ITEMESHTICB W TCIERICEETH S, £ T, ZTNETIZFP ZHWRWATO Tk
Bfli R 7 1 7 ADHEEFIENEERE SN TE .

Oh & (2013) 1F&H DO~ —I—hLEDOERN DAITHOMIE K S & RO kL
7 EWEET D HIEERG Lie. ZOFIETIE, ANERE L TRy DO~ —h—N B
BREHWTEBY, 3ENLRLERMEG=2—7 /L%y MU —7 (Full connected neural
network, B4 F FCNN) (2 XV Hijfif< /) & FIOBE M7 Z2HEE LTz, £ LT, #EE
SRR OBAET bV 7 1T R T OBMIZ IV T 10 % Rl D%RMSE (EAED LS
HPHIZ X > CIEH{E SN2 RMSE) Tholzt L TCWd. —J, 2F0~—707—
BEMEHNTND Z 20D, 2FIc~v—h—Z2 T L THII L7288 LI T& 72
WeEWo TR b H o T

%72, Lim 5 (2019) (X IMU JBEE L 3 X 0L 58 ®E AV CTRITH OB
MV 7 e EERHEET D HEERGELTZ. ZOHFETIE, ANZEEE LT IMU IEE &
Y NDINRE, HE, ACEFERE, RS L 3825725 FCNN I XV B~
i EaRMELE. £ LT, RREOBEE 7137 X TORIZIHWNT 10 % [tk
D%RMSE THEE TE 72 LG LT\ 5. JEEY v & Wil L TR E T
bole—7, B VO IEDEVC K DBEDIL L SO E Y23 0
AIEIFHTE W E o i EAE LR T b .

ZoEoE, BITHoO FREE vy aMET L HEL L Tma— TRy FU—
7 (LLFNN) DA HWSLND L DIZeD, mWKHEETHEERIRETH 5 2 & Al
SNTWD. LaL, ZHbOBFRITWT IS BEEIC W & T BRE By I+ 12
72, BHUEORGENRA 0 ThoTz. EHIZ, Oh HOWFFETIX 20 fROBERE 48
4, Lim HOWFETIZ 20 RO BT H DB 235 L LTERY, £7 /L0 I 75
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DTIREH Th o7z, KV IRIEWEERCHER OBRE 27 V7 —% & LTHY, 1
DLWV EBFEHET NV EERT 5 2 LIIEFICEETH L EEXBND. £

Tz, ZOETNANEFEHIIACONT — & L3R 23 HBRE, #E, ~—b—t
v FOFHIT —Z 2% UTCTRGET 5 Z & TE Y IEMERET )V OHEERE 2 MRGET 5 4
ERbDHEEZEZOND. £z, ZRHOMETIEIANERSET VOREET L LT
IBHL L 72 D JFBR e v o Te. ANEB OB W THFAR EEZEATHZ L TEH
B RET VARG CEDARMERDH Y, KEOM ELRIADDL EZEZ NS, Kt
T, AT LEONTE D OBRICESE, THEHixRT 7 2OHEE

i1 7.

1.3 #FZEERY
KIFZETIE, 74—AF T v b7+ —2&2AOWFITHTHO FRES 3T ¢
U A RFEWCFEIC LD HEET D HECOWTHREIL, BARHEE S8k
OFT—H &y MIX UIRGEZIT 5 2 & TET LV OZFSHECHEHEH 20 60023 %

ZExHEMLE L.



2. WFgEHE
21 T INT—H

AWML TIXET VT —ZERD T2, PEEFITREMIEAT (LT AIST) @ AIST #*

177 —Z~_X—2Z 2019 Z 7~

2.1.1 AIST 57 —%#

2.1.1.1 #eBE

KT 4 S A DY BIL Table 2.1 1SR LIl 0 T . F72, KF— 4

ZNXBEERE 10 R3LT0FF 3000 SHEL D BATENET — 2 b7 5.

Table 2.1  AIST subject information (n=300)

Age [yrs] Height [cm] Weight [kg]

49.3£19.1 162.9+£8.4 59.8+10.6

2.1.1.2  EBITIE

AIST BT7 — & _X—2 2019 TlE, #REOLLH | TEEHE, 6% 5 s
BEE, oA BIEI G X OYMI, A IRBEEI Pl K OWMAI, AR, ME b
&7 CICHIRYER S~ — 1 — Z 854+ (Figure 2.1) L, 9 10 m OHITIE A4 E T HER
IR CHEE, RFA RT3 Xy 7 F v (Vicon £ Vicon MX & AT
2+ Vicon Nexus) & FP (AMTI #1:84 BP400600-1000 X UF BP400600-2000) % [F#f L T
BATEMERZ I L CTWA. 2ok, o7 ) v ZElEEITZ N1 200 Hz & 1000

Hz THo7-.



Ak S
F# S(RSHO/LSHO) (RSHO/LSHO)

AEEMA
(RELL/LELL)

(RHIP./LHIP)

MIPE
(RMTS/LMTS)

WIGERA

W IR RS (RMT1/LMTI)
(RTQE/LTOE)

Figure 2.1 AIST marker set



2.1.1.3 F—Z g

JERE T — 221X 6 Hz, HE X /)7 — #121% 10 Hz ORI R TR Y —U — A1 —
INAT 4 VAR TES TN D, RFFETIE, 2D OB R X UM /1% M
W Visual 3D (c-motion Inc.) 2KV, Fx~vT ¢ 7 ALHTHLBHIARE, &7 A
vONIEEINEREE, £ 7 Ay NAMBERBL N2 T 4 7 AEBETHLMEI MLy, B
i I \U—ZEH LTz, LT, TROLOHEICI > THRLNTERRT 1 7 AE

BEEMEAR L.



22 TARNT—X

AW TIE, ET MAERICHAWTZ AIST 7 —# & 135872 23 RE TRt s vz T
— XX U CHRERGEEIT O T2 2 2OT — &ty MW=, N7 —% 1135hIE
MOFEFETHENTEY, T —F 2 1TF—#RE Tk L TR I X OWE H
DENTNOBRMTREZFP L 72T — 4y b THD. INFT—% 1 T, ETALT
—ZITEEND 20 FRELEOWERERE L & F R0 20 AT OO RERH] THEE R 2 Lk
L7z, BT AT —XIFEOREOAER W72, N7 —% 2 TidtaE/H L7z
RELUCKT L T ARETH L0 E D M EMRET 72D v bz, £z, WIS

— & 2 W THMTIH S LD HEERE R DL 24T > 72,

221 AHET—H 1

587 — 4 11, Orthopaedic Hospital for Children  (Behandlungszentrum Aschau

GmbH, Germany) (Z X VRt T—F Y N THD.

22.1.1 WeBRE

KT —42t v MI 74 4 OREERERE (BiE254, &hE494) »okhd 7T —4%

v FTHoTo. BEBRETFHRITE Table 2.2 IR LT,

Table 2.2 External 1subject information (n=74)

Age [yrs] Height [cm] Weight [kg]

17.549.9 155.2+18.3 47.1+£17.0




2212 ZFEBHE

WERFE AL T 3 FHOME (B, @EAIT, W) ICX TS, SHTEME
DOFMZEITo 7. F L CEF 148 (37 A x1 RELB LN 37 43 ) ZMffT L7, #%
Bl O FH 14 RICHIRMER ~— 1 — %2 L, ey —vardry I Fr—v
AT B FOWBTRE O S~ — 0 — O = RoeiE R 2 5l L7z, o 77U o TR
#03% 200Hz & L7-.

Fro, MTRICHBR L7+ — A7 7y b7+ —AELTFFP ERIDEMEA L, 27

O RICERT 2R D ZEH L=, o7V > 70T 1000Hz & L7-.

2213 T—XUH

JEFE T — 2121 6 Hz, MK /17— #121% 10 Hz OBEWE R T4 —U — 21—
INAT 4 VE IR Z N LTz, FPIZ X VLG HIFERIZA 7T 4 Ui L D 200
Hz OF — X BB U=, ShEHIE 1A 10N % L[5l 7o R0 & BE i s, 2o
%, 10N % Fal> 72 RER 2 BEHEE S & Uz, 50 -8l L OBERIRE S 2 b & ICfg
Hr X2 RE LTz,



222 HNERT— 4 2

SNRT — & 2 1AM D T DI IS E N7 —4 8y FThoTz.

2221 WeBRE

ARFEER CII R A ARNEME 12 £ 28508 & L7z, #BRE L Table 2.3 127 L

7.

Table 2.3 External 2 subject information (n=12)

Age [yrs] Height [cm] Weight [kg]

22.7+1.3 170.7£3.8 65.7+£13.6
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2222 EBGE
FPHIDOIC, IS 1T 572, Z 0%, WSRE K 8Sm OHITE F4 4
TEHOMEEE (B4, BEHT, HUk, REHT) OFT S, STEEOIEZT-

7o, FHANIAR R OB L OMZEH Licha oz 2 Enstill Lz, B

IX Albert H (2007) IZX % IOR~—H—k v bEBEIZL, 2FOMHIFHIER 49
& TV PR M RO~ — 1 —(Figure 2.3) % B fF L 7= (Figure 2.4).

WERKET—va ¥y 7F v — A5 L L LT, Natural Point #:540> OptiTrack
(Figure 2.5)% VN, TR DS~ — 1 — DO =R CMBEEZFH I Lz, o7 ) v
ZTEBEIL200Hz & LTz, ZDE &, BITHEENMREARELRDLLIIC12ADH
AT HEE L, BIS, BEGIREAE LTI AEDON AT EHITIANI ICRHE Lz
Z LT, 796 3 (12 4 x4 st o 4 8) 2 1) L7-.

Kistler £+-#4 FP (Figure 2.6) i L, HTHRFOA R IAVER T 2 M ) 1 2 31l L
fe. 7V 7 JEPEEIE 1000Hz & L7z,

Figure 2.3  Retroreflective marker
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3 V7

FSho 8 BSho 0 / X\ j 11

MEIb

WRA

Hand

o A

FCC !

G\

Figure 2.4 External 2 marker set
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Figure 2.5 OptiTrack S250e and OptiTrack Prime13

(Natural Point inc., optitrack.com)

Figure 2.6 Force platform (9287B, Kistler Inc.)
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2223 TF—Z LB

JEFRT — 21213 6 Hz ORI TS — U — A —/R 27 ¢ )V Z L & Ji LTz,
TOW%, AISTT—Fty hEFRBRICT R~ T 4 7 AZEBLOFRT 4 7 AL &R
HL7, EEFPICEVBELNIMEINIAT T A ALY 200Hz DT — X2
M LT 4%, SRIELMIE S 7Y 10 N 2 BBl 7o 2 BRI R, B %, 10N 2 1
[l > 7z 2 BE R & U7, 5 Do iitis KOOI R 2 & LIS, ARITIXR) &2 IR

ELT-.

23 BT A=H

231 ¥R~ T 4T A

ABFFETIE, FR~T 4 7 AEETHLBEAE, B 7 A MIEEIERE, &2 A
YMAIMEREAFE L. Zoob, EfifAERSI e A MAINEEIZLITO X
HTHEE SN

AW TIL, EO S BT AR RIS T DA 7 A &k OEEEONEZ A3
Xy, 20 L IRDINE A ERNCT, BEEAE, B AL MAEORI AT 572 (Figure
2.7) . ZOEMRIETE, F1 OMEIXa, $H2 3B, B3 Ty TEIN, o A/
B, B AAMEE/NES, y ZAMENFES 2D ZOKICEVERE SNBSS A NJE
BT B LIS B Ay M A 2R LT

F7o, 232TRTBEHE by AU —OREITITENE 7 A L SR TEMNE T A
¥ M OEHRDNEFE X,y 2 & 72D IV F A X0 B U7 B4R &2 1By LT

5% B A A 2 Tz,
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[+

Figure 2.7 The Order of rotation of Cardan angles.

(a) around x-axis, (b) around y-axis, (c) around z-axis

(HIREEN DA A A D =7 AWFSEEE, 2008 LY 51H)
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232 XX T 4T A
WEARANC LY, T3 EZ AL~ (25, T, K ok Uik L ol
DOEB HRALTRT 2 LUTOR (1) ~ (6) 12725, ZhboiriER L OEED

EE RS VRS bV MERE L.

Fground + Fankle + mfootg = mfootafoot (1)

Mankle + rfg X Fground + Tfa X Fankle = Ifootafoot (2)
Fankle, + Fknee + Mshankd = Mshank Ashank (3)

Mankle’ + Mknee + Tsa X Fankle’ + Tsk X Fknee = Ishank Xshank (4’)
Finee' + Frip + Menigng = MenighQenign (5)

Mynee' + Mpip + Tere X Fynee' + Ten X Frip = Itnign @tnign (6)

ZIT, ald® AL FELOIMEENZ bV [m/s?], aldt 7 A2 b OAINEE

[rad/s?], rixE 7 A FELOHLEGSTOLETOMNBE Y bV [m], NT®Z7 AV NE

BRLEDY OEMEE— A2 kg * m?], FIXEEADINITHS.
ZHCEVEONERE PV M I 241 OJFETE S B ETAV &

TREE b7 RO —JTPZR (7) 128> TR LT,

JTP(t) = M(¢) - JAV(¢) (7)
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24 HEETTIE
2.4.1 WiEh 17

232 TRLER D WCHEE)FANC LY, TR3EZ A (2, TH, Ki) 2
b LAt ds & ONRlER o0 #h 5 falZ fslalk44ud (1) ~ (6) XD K HIZidbT& 5,
Iz Zeicky, TH3E (2, W, RBE&) (24 25 b2 iZkoX

®) ~ (10) DX HIT/e5.

Mankle = Ifaf + (_rfa) X mf(af - g) + (rfa - rfg) X Fground

(8)
Mypee = lsas + Iray + (Tsa —Tsk — rfa.) X mf(af - g) + (=75x) X ms(as — g)
+ (rra — g + Tsk — Tsa) X Farouna
9)
Mm-p =lLia; + L;ag, + Ifaf + (rtk —TptTsq — Yok — rfa) X mf(af - g)
+ (T — Ten — i) X mg(as — g) + (=1n) X me(a; — g)
+ (rfa —Trg t Ts — TsqtTen — Tik) X Fyrouna
(10)

XY, THEIBEHEO M7 IS L VIEMIZSH DT A FOIFER L OVH
IEEZHWTERILEND Z R0 D. KFZETIL, Z O HEV Table
24 DX KBRS LTz® 2 A > N OWHENEER L OVENERE 2 A 25 E L

THW-.
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Table 2.4 Segment used as input for each joint torque

Joint Input segment

Hip Foot Shank Thigh
Knee Foot Shank
Ankle Foot

242 BHIAH =2 —TF Ry NT—7
AHFFE Tl Figure 2.9 ITR LT &AL =2 —F Ly R T —2 (LLF CNN)
VT V2 OHEEEIT o 7. ARET T 2.5.1 1R LB AN S
WTCERRF SN2, ANEEE LT, 71 A 70 (W#IZ FP ZEEATZIHN 2 O
A I T IPBIRICEP Zie ET) % 101 7 L— AICRIERE S - T3 &
T A CRERES, TR, &) o 3 #hizxhd 2t X O 2 Huv
2. b D AN ER E B IIAIE T average pooling (2 X 0 Ffshht L, (L
BT, SHARBICHA LB Ly 2T oG L RoTnD. Zok
& X M olrER LOMIEEZ A L2356, SRRmEX e 0 )ics T 2 B
MV P, Y Ko O IEE 2 A U256, BigEmE (Y #hisl 0Oz
HEAET RV B, Z FaoWERs L OEIGEEE AN L2854, BB fhimv)
BT OB ML BN END K HITERFEI L. LEen-> T, 38kt LEi
FNET NERGILEF3 BT ANER S L.
£/, ZOFTIVILHE S (Inverse Dynamics Principle)lZ Rl » TREFF S 47z

ZEMmD, UBIDET VLT
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Thigh Acceleration

Thigh
Angular Acceleration

Shank Acceleration

Shank
Angular Acceleration

Foot Acceleration

El

v

v

v

v

Foot

"oy

©/6E

A

Angular Acceleration

101X 1x6

'
'
'
]
'
]
1
1
|
|
|
'

Convolution

=P =P I P = I

9x1%5

= = S S P

Average Pooling

2x1%30

2X1x20

...... a
. S =
ﬁ I e » Ankle
! Joint Torque
. B S8 e ;
,,_ TSR
\ 2x1x10 | '
' ‘ L 101%1
Concatenate Flatten Full Connected

Figure 2.8 Inverse dynamics model architecture
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243 G =2 —T Ry FU—7

IDE7/VEDRROT, The 3 B (K%, B, 2R oMEifEL ALK L
L CTHV 72 FCNN (2 X % JA(Joint Angle) &7 /L Z %t L7-. FASf4E XSS T 1
7 AR DEHOFERTHY, BHNBGBRERTHLHDHZ LN ANEHE LTHK
E L7z,

ETNDT —%T 7 F X Figure 29 (2R L7z, ZOETI/VCTIEIATIED 101 D 7
— K, FfBIZ 10D, — K, HOBN 101D ) — KERoTnD. ANEHITHA
IT1HA 70 (RIS FP B A TEMMN Z DX A I 73 BIRIC FP ZHie £ C) T
101 7 L— LR IERME S 4u72 T IB 3 BAET oo S tkim (X ®hi=l v ), Aigem (Y #hiEl ),
BEWTHEI(Z BhiEl D)IZB T 2 BfiAE L TN AW, ZoL X, FRmEoEEAE 4
AN LTeE T A TIRRRE OB My, Figm oA E 2 A Lize7 /L Cldni
#EE OB by o, BEWTE O B A AT) U2 TV LRIk E O BIE KL 7 A3
NENDEICETNAEER L. Lo, T3 BB L 3 dil & 72 559

ETNADBERR ST,

20



Y1

Y2

Y101

Input Layer Middle Layer Output Layer
ReLU Linear

Figure 2.9 Joint angle model architecture
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244 EF )L

T NOFEEE, IDETN, JATTAE BERRICITo T2, Ny F A X512 4%

79 A 7 v, 8RBT RMSE & Ui {kBI%IC Adam (Diederik, 2015)% V7. &

7=, FE & RET 5 72 Keras (https://keras.io)D = — /L 3w 7 BA¥TH 5 Early

Stopping Z T, 1000 =R v 7 FZH 217 - 7=,

245 FEEMGEE/NT A —X

AW TIIMEERAED 729, BEAR L HEEE OFEREfREL, REMHREL, RMSE, %RMSE

EEH L.

RMSE & %RMSE [Z3 (11) (IS THEI L.

101
1 2
RMSE = TZ (Ypredicted(k) ~ Ymesaured (k))
k=1
RMSE
%RMSE = X 100%

max (ymeasured (t)) — min (.Vmesaured (t))

22
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2.5 AFEMGE

AW TIL, BT VORBERGEDO T DR EMGEZ{T>7-. AISTT —% &y O,
Bi&H h v OEfEE LTI LR UVEZ G e 91 s A RV T2EF 2909 3E 2 FH
. Z0Hh, TUXATEINZI04 30 R EZT AN T —Z L LTTOFEEND
BRON L, Bk 72 270 44 2609 ik & FHWTC S BBIOZEMGEEATo72. 2D L X, 54
FIRERGEIC X D SN R b HEEEEORVNET VA RERET L E LIER LT,

D%, TOFEEMNLERI LI AIST D7 A M7 —4 30 4 300 54, &5 ICHiBrg
74 4 148 SREL B R DHMBT — & 1 3B LOWERE 12 4 95 3lE(1 S EIZFHAAME 23 &
D BRINDN S 72 DINMT — & 2 1% U TR EERRGRIEZ FE0E L 7=,

AIST Dataset 300 subjects 2909 trials

Training data 270 subjects 26089 trials

[
Train : 54 subjects X 4
|

Validation :
54 subjects

Test :
30subjects 300trials

External data 1:
74 subjects 148 trials

External data 2:
12 subjects 95 trials

5 fold cross-validation

Figure 2.10 Validation method
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3. AERL

3.1 AIST 5 —#% OHEEEIZHOWT

Figure 3.1-2 13 ID B L WNJA ET/UIZ LD AIST DT —X & v MIxt L THEE S 7z
B MLV B RO h L T — %R LT b DT D, F7z, Table3.1-2 1FEfEE
s U7 HE BRI SOV R LE DO TH S.

e /L& BT, BEBmEICI T 5 v RV T2 TR TORE hL s TEE
& OFEBIHEBILR S 0.90 & % D FEE (1ID:0.94~0.98, JA:0.93~0.99) THEE iz,
Fio, HEEEDORZIT%RMSE THRARE TiE ID:7.2~11.7%, JA:6.6~11.1%, R CTiE
ID:10.5~13.9%, JA:11.0~15.3%, REWTHE Ci% ID:11.1~34.4%, JA:13.4~38.5% CH o7,
EHIT, HEEMIC LV HE SN by ST — 3T RTOREFICOWTEE E O
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Figure 3.1 Real vs predicted joint torque for both models on the AIST dataset
(Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)
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Table 3.1 Joint torque prediction error comparison between inverse dynamics model and joint angle
model on the AIST dataset

AIST Inverse dynamics model Joint angle model

Joint Plane r R? %RMSE r R? %RMSE
Sagittal 0.97 £0.03*  0.94+0.05* 7.7£3.3*%  0.97+£0.03  0.95+0.05 7.34£3.3
HIP Frontal 0.98+0.02*  0.96+0.03* 11.245.3 0.98+0.02  0.95+0.04 11.0+£5.1
Transverse ~ 0.95+0.09* 0.90+0.13*  11.1+£8.4*  0.93+0.11  0.89+0.14  13.4+£11.6
Sagittal 0.97+0.03* 0.94+0.05* 11.7£6.7*  0.94+0.09  0.89+0.14 11.1+6.8
KNEE Frontal 0.94+0.09* 0.89+0.13* 16.4+12.1*  0.95£0.08  0.90+0.13  15.3%11.0
Transverse 0.94+0.10  0.89+0.14 13.9+7.9 0.94+0.09  0.90+0.13 14.0+£7.9
Sagittal 0.99+0.01*  0.97+0.02* 7.243.3*  0.99+0.01  0.97+0.02 6.6+3.1
ANKLE Frontal 0.97+0.06*  0.94+0.09* 10.5+6.8 0.96+£0.06  0.93+0.10 11.1+£8.5
Transverse  0.44+0.43* 0.38+0.30*  34.4+11.7  0.01+£0.62  0.38+0.28  38.5+£12.2

r : correlation coefficient; R® : determination coefficient; %RMSE : Normalized root mean square error,
and asterisk means significant difference with JA model (p<0.05)
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Figure 3.2 Real vs predicted joint torque power for both models on the AIST dataset (Black
= Real, Red = Inverse dynamics model, and Blue = Joint angle model)

Table 3.2 Joint torque power prediction error comparison between inverse dynamics model and
joint angle model on the AIST dataset

AIST Inverse dynamics model Joint angle model
%RMSE %RMSE
Joints r R? r R?
[70] [70]
HIP 0.93+0.06 0.87+0.11 10.1£5.5 0.94:+0.06 0.89+0.10 9.9+5.3
KNEE 0.92+0.08* 0.85+0.12* 9.443.5* 0.92:+0.07 0.86+0.12 9.7+3.9*

ANKLE 0.98+0.03* 0.97+0.05* 5.74£3.3* 0.99+0.03 0.97+0.05 5.5£3.3

r : correlation coefficient; R? : determination coefficient; %RMSE : Normalized root mean square
error, and asterisk means significant difference with JA model (p<0.05)
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Figure 3.4 Individual true and predicted joint torque powers by ID model in order of
accuracy of estimation on the AIST dataset (Black = Real, Red = Predicted)

28



HIP Joint Torgue [Nm/kg]

ANKLE Joint Torque [Nm/kgl ~ KNEE Joint Tergue [Nm/kg]

=2

Gait cycle [%]

Gait cycle [%]

Gait cycle [%]

Gait cycle [%]

Best 25% 50% T5% Worst
4 4 4 4 4
r: 0.995 r: 0.974 r: 0.975 r: 0.972 r: 0.961
2 RMSE: 0.032 2 RMSE: 0.079 2 RMSE: 0.106 2 RMSE: 0.144 2 RMSE: 0.307
(e W il M —~— © \/"’A 0 v 0 \/
-2 -2 -2 -2
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
4 4 4 4 4
r: 0.993 r: 0.978 r: 0.962 r: 0.965 r: 0.9
2 RMSE: 0.025 2 RMSE: D.071 2 RMSE: 0.089 2 RMSE: 0.122 2 RMSE: 0.232
O S 0 f\h 0 /\J\‘ 0 M 0 M
=2 -2 -2 -2
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
4 4 4 4 4
r: 0.998 r: 0.992 r: 0.993 r: 0.979 r: 0.797
2 RMSE: 0.026 2 RMSE: 0.068 2 RMSE: 0.094 2 RMSE: 0.123 2 RMSE: 0.282
0 /L 0 /\—. 0 ‘/\—. 0 ./\_ 0 A_
- - -2 -2
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100

Gait cycle [%]

Figure 3.5 Individual true and predicted joint torques in the sagittal plane by JA model in
order of accuracy of estimation on the AIST dataset (Black = Real, Blue = Predicted)
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Figure 3.6 Individual true and predicted joint torque powers by JA model in order of
accuracy of estimation on the AIST dataset (Black = Real, Blue = Predicted)
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Figure 3.7 Real vs predicted joint torque for both models on the External 1 dataset
(Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)
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Table 3.3 Joint torque prediction error comparison between inverse dynamics model and joint angle model on

the External 1 dataset

External 1 Inverse dynamics model Joint angle model

Joints Plane r R? %RMSE r R? %RMSE
Sagittal 0.91+0.06*  0.83+0.10* 12.94+6.5*% 0.92+0.05 0.86+0.08 11.5+5.5
HIP Frontal 0.96+0.04 0.92+0.08 12.8+£5.4 0.95+0.04 0.91+0.07 15.8+14.7
Transverse  0.91+0.09 0.83+0.14 15.1+8.8 0.90+0.09 0.82+0.14 16.2+10.8
Sagittal 0.89+£0.11*  0.80+0.17*  17.5£10.4* 0.90+0.09 0.81+0.14 13.7+5.8
KNEE Frontal 0.84+0.20 0.75+0.23 26.9+£20.4 0.84+0.20 0.74+0.22 27.5+£23.6
Transverse  0.93+0.07*  0.87+0.12*  20.1£13.6* 0.93+0.06 0.87+0.10 16.3+11.6
Sagittal 0.98+0.03*  0.95+0.05* 7.8+£3.8% 0.98+0.01 0.97+0.03 8.1+7.8
ANKLE Frontal* 0.73+0.32 0.64+0.31 35.7+36.3* 0.72+0.32 0.62+0.32 45.2+45.4
Transverse  0.45+0.44 0.39+0.27 30.1+9.3* 0.33+0.32 0.21£0.19 30.948.7

r : correlation coefficient; R : determination coefficient; %RMSE : Normalized root mean square error, and
asterisk means significant difference with JA model (p<0.05)
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Figure 3.8 Real vs predicted joint torque power for both models on the External 1 dataset
(Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)

Table 3.4 Joint torque power prediction error comparison between inverse dynamics model and joint angle
model on the External 1 dataset

External 1 Inverse dynamics model Joint angle model
%RMSE %RMSE
Joints r R2 r R?
[%] [%]
HIP 0.80+0.11* 0.65+0.16* 17.6+6.9* 0.84+0.09 0.71+0.14 15.5£5.9
KNEE* 0.82+0.13 0.70+0.19 14.5+6.1* 0.8440.10 0.72+0.16 12.7+4.7
ANKLE 0.97+0.04* 0.93+0.07* 6.3+£3.2 0.96+0.05 0.92+0.08 6.9+£5.7

r : correlation coefficient; R? : determination coefficient; %RMSE : Normalized root mean square error, and
asterisk means significant difference with JA model (p<0.05)
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Figure 3.9 Individual true and predicted joint torques in the sagittal plane by ID model in
order of accuracy of estimation on the External 1 dataset (Black = Real, Red = Predicted)

HIP
Joint Torque Power [W/kgl

KNEE

Joint Torque Power [W/kg]

AMKLE
Joint Torque Power [W/kg]

i Best 75 25% o 50% io 75% io Worst
r: 0.948 r: 0.645 r: 0.738 r: 0.592 r: 0.651
5 RMSE: 0.087 5 RMSE: 0.224 5 RMSE: 0.307 5 RMSE: 0.469 5 RMSE: 0.833
0 Pr———— | —— T D™ PN~ 0 W‘o\’\/
~5 =5 ~5 ~5 -5
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
10 10 10 10 10
r: 0.857 r: 0.805 r: 0.871 r: 0.864 r: 0.523
5 RMSE: 0.076 5 RMSE: 0.195 5 RMSE: 0.265 5 RMSE: 0.391 5 RMSE: 1.263
0 p————e 0 L N 0 A’M 0 w 0
—5B = -5 -5 -5
0 50 100 0 50 100 0 50 100 0 50 100 0] 50 100
10 10 10 10 10
5 5] 5 5 5
I, SRS —-%/\—— 0 ~_j\—— 0 -§J\—— 0
-5t '0.99_8 -5t = 0.9?5 -5 0.99_5 -5t 0'85. -5t = 0.85]
0 50 100 0 50 100 0 50 100 0 50 100 50 100

Gait cycle [%]

Gait cycle [%]

Gait cycle [%]

Gait cycle [%]

0
Gait cycle [%]

Figure 3.10 Individual true and predicted joint torque powers by ID model in order of
accuracy of estimation on the External 1 dataset (Black = Real, Red = Predicted)
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Figure 3.11 Individual true and predicted joint torques in the sagittal plane by JA model in
order of accuracy of estimation on the External 1 dataset (Black = Real, Blue = Predicted)
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Figure 3.13 Real vs predicted joint torque for both models on the External 2 (Barefoot)
dataset (Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)

37



Table 3.5 Joint torque prediction error comparison between inverse dynamics model and joint angle model on
the External 2 barefoot dataset

External 2
Inverse dynamics model Joint angle model
(Barefoot)
Joints Plane r R? %RMSE r R? %RMSE

Sagittal 0.89+0.04 0.80+0.07 10.9+3.0 0.91+0.03 0.83+0.06 10.7+2.5
HIP Frontal 0.88+0.12 0.79+0.19 12.5+4.6* 0.89+0.09 0.80+0.15 11.6+£3.3
Transverse  0.82+0.11 0.69+0.17 23.54+8.4* 0.79+0.15 0.65+0.20 20.7+11.0
Sagittal 0.80+0.23 0.68+0.21 16.7+6.9* 0.87+0.15 0.78+0.21 15.3+5.5
KNEE Frontal 0.70+0.28 0.56+0.29 23.9+9.1% 0.61+0.29 0.46+0.28 27.7+£10.6
Transverse  0.93+0.08 0.87+0.13 14.1+4.7 0.91+0.09 0.84+0.15 15.2+6.0
Sagittal 0.97+0.03 0.93+0.06 8.3+£3.3 0.98+0.02 0.95+0.03 7.4+2.8
ANKLE Frontal 0.96+0.04 0.93+0.08 10.9+5.5% 0.96+0.04 0.92+0.08 11.2+6.5
Transverse  0.28+0.39*  (0.23+0.22%* 27.5+6.5 0.17£0.36  0.15+0.15%* 27.5+£5.7

r : correlation coefficient; R? : determination coefficient; %RMSE : Normalized root mean square error, and
asterisk means significant difference with JA model (p<0.05)
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Figure 3.14 Real vs predicted joint torque power for both models on the External 2 barefoot
dataset (Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)

Joint Torque Power[W/kg]

Table 3.6 Joint torque power prediction error comparison between inverse dynamics model and joint angle
model on the External 2 barefoot dataset

External 2
Inverse dynamics model Joint angle model
(Barefoot)
%RMSE %RMSE
Joints r R? r R?
[70] [70]

HIP 0.57+0.17 0.35+0.18 23.1+£5.8 0.57+0.19 0.36+0.19 21.2+4.7
KNEE 0.80+0.12 0.66+0.16 12.7+4.4%* 0.80+0.14 0.67+0.19 12.4+4.2
ANKLE 0.98+0.02 0.95+0.05 6.5+4.3 0.98+0.02 0.96+0.03 5.7+£3.5

r : correlation coefficient; R? : determination coefficient; %RMSE : Normalized root mean square error, and
asterisk means significant difference with JA model (p<0.05)
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Figure 3.15 Individual true and predicted joint torques in the sagittal plane by ID model in
order of accuracy of estimation on the External 2 barefoot dataset (Black = Real, Red =
Predicted)
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Figure 3.16 Individual true and predicted joint torque powers by ID model in order of
accuracy of estimation on the External 2 barefoot dataset (Black = Real, Red = Predicted)
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order of accuracy of estimation on the External 2 barefoot dataset
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Figure 3.18 Individual true and predicted joint torque powers by JA model in order of
accuracy of estimation on the External 2 barefoot dataset (Black = Real, Blue = Predicted)
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Figure 3.19 Real vs predicted joint torque for both models on the External 2 Shoed dataset
(Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)
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Table 3.7 Joint torque prediction error comparison between inverse dynamics model and joint angle model on the

External 2 shoed dataset

External 2
Inverse dynamics model Joint angle model
(Shoes)

Joints Plane r R? %RMSE r R? %RMSE
Sagittal 0.91+0.04 0.82+0.07 12.1£2.5 0.90+0.04 0.81+0.07 12.1£2.7
HIP Frontal 0.86+0.12 0.75+0.18 14.2+3.9 0.87+0.10  0.763+0.16 13.7+3.4
Transverse  0.82+0.13 0.69+0.17 19.6+10.2 0.84+0.10 0.72+0.16 19.1+10.6
Sagittal 0.66+0.19*  0.48+0.23* 21.0+5.7% 0.77+0.17 0.63+0.20 18.5+4.4
KNEE Frontal 0.72+0.25 0.57+0.27 21.1+5.0% 0.68+0.23 0.51+£0.24 24.3+£7.9
Transverse  0.90+0.11 0.82+0.17 15.6+5.7* 0.85+0.12 0.74+0.18 18.2+6.0
Sagittal 0.93+0.08 0.86+0.13 11.0£5.2% 0.92+0.09 0.85+0.14 11.8+£5.2
ANKLE Frontal 0.90+0.09 0.82+0.15 19.7+10.7 0.89+0.11 0.80+0.17 20.4+11.3
Transverse  0.35£0.29*%  0.20+0.17* 23.4+5.4 0.12+0.45 0.21+0.25 24.3+£7.0

r : correlation coefficient; R® : determination coefficient; %RMSE : Normalized root mean square error, and * : p

<0.05
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Figure 3.20 Real vs predicted joint torque power for both models on the External 2 shoed
dataset (Black = Real, Red = Inverse dynamics model, and Blue = Joint angle model)

Table 3.8 Joint torque power prediction error comparison between inverse dynamics model and joint angle

model on the External 2 shoed dataset

External 2
Inverse dynamics model Joint angle model
(Shoes)
%RMSE %RMSE
Joints r R? r R?
[70] [70]
HIP* 0.46+0.21* 0.26+0.16* 22.44+4.7* 0.55+0.17 0.33+0.16 20.6+3.6
KNEE 0.77+0.10 0.60+0.14 14.2+4.5 0.77+0.10 0.61+£0.14 14.6£5.0
ANKLE 0.90+0.09 0.82+0.15 9.8+5.7 0.90+0.09 0.82+0.16 10.3+£5.9

r : correlation coefficient; R? : determination coefficient; %RMSE : Normalized root mean square error, and
asterisk means significant difference with JA model (p<0.05)
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Figure 3.22 Individual true and predicted joint torque powers by ID model in order of
accuracy of estimation on the External 2 shoes dataset (Black = Real, Red = Predicted)
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Figure 3.23 Individual true and predicted joint torques in the sagittal plane by JA model in
order of accuracy of estimation on the External 2 shoes dataset
(Black = Real, Blue = Predicted)
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Figure 3.24 Individual true and predicted joint torque powers by JA model in order of
accuracy of estimation on the External 2 shoes dataset (Black = Real, Blue = Predicted)
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4. %

b

4.1  SEATHFIE & DL

AMFGE & FATHIFENS K DHEERG L & LLige 9~ % (Table 4.1). AMTENME ST TReICEZ &
SNDHAIRENCI T D BAET b2 0%, Bk, RBIEICITATHIZE K 0 SRS CHEE X
NTHY, BBIHICIXEATHIE K W IRWRE CPRIS LTz, LavL, ABFJEIE Oh
H(2013)D#) 6 i, Lim H(2019)DK) 43 5 DHERE 2 FH Tz, E72, Oh et al(2013)i% 20
A% D B2z, Lim 5(2019)1% 20 fRD BMED H a4kl LU THY, RIS, YR
JELTWAEITE 27\, — 5T AIST 7 —# By NI, 20 D 78 D B Lz fiia L LT
FAWTWA, LIZ3>TC, ARBFZED ID, JA W7 VTR I RSP B O 9 BR B (26 LT
FATHFELIR SRV UITZ L EOREE CRIREICIS T2 T IRORI ML 22 #HEE TEDHE
WRD. ZOTEDD, RMFFE TR ST T IS TR SEE IR L TR S D R WH DT

HHLEBEZBND.

Table 4.1 Comparison of prediction error (%RMSE) for joint torque in the sagittal plane

between this research and previous ones

Subjects 48 7 AIST:300
Joint Ohetal. (2013) Lim et al. (2019) ID model JA model
Hip 9.7+2.0 10.7+1.3 7.7+3.3 7.3+£3.3
Knee 81+1.8 9.6+ 1.4 11.7+£6.7 11.1+6.8
Ankle 10.5+4.8 92+1.9 72 £33 6.6+3.1
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42 AIST 7 —& LANER T — 2 DL

AWFFETHWIZ AIST 7 A hTF—%, SNT—# 1, SNT —% 2 (BUERE, HRE)
DFF 4 BER CHEEREE (FRBIFREL, %RMSE) DO E1T-72. £ REOM R
& %RMSE DZEDEICIE— i E B 2 vy, BRCEBERFDRN A LT85
1% Bonferroni D FEIC L 5 2 EILI 21T > 7-. Figure 4.1-4.6 (X DOFERZ R LT
HLDOTHD.

ZORER, FHBIREL, %RMSE & &I HIZ 51 5 B by 2 ZBR& AIST 7 &
N —2ICBITAHEERE LKL T, 2 TCONET —F 73— H N7 —F T
ITHEE R E DN BB EN o7z, ZiUE, AL TIER L7727 /LiX AIST
T2 DHEHNTEY, AT —Z T BRIRECHMSNTZT—#ThobH Z
EWFRE L TERADLND. £z, RIREIZHRT DB M7 ITmET LV E HITK,
JEBEETCHERAMRERAY 0.90 2 (ID:0.89~0.98, JA:0.90~0.98) TH Y, 10%Hi%
(ID:7.8~12.9%, JA:7.4~12.1%) D%RMSE OF5E CHEE S iz, — 5T, M7 —%
2 OHLEECITERIET CHRBIMREL (ID:0.66, JA:0.77) , %RMSE (ID:21.0%, JA:18.5%)

(At 3 BE & R LR o 7. BFBRIEIZ 3810 2 B bV 7 13AEBIER ) 0.60~0.90 2
& (ID:0.70~0.98, JA:0.61~0.98) T&H Y, %RMSE |FM%BIHIT 10%A11%

(ID:11.2~12.8%, JA:11.0~15.8%) , FRBIHITIE 20%Ai7#% (ID:13.9~26.9%, JA:
15.3~27.5%) , /EBIHITIX 20~40%F2ME (ID:10.5~35.7%, JA: 11.1~452%) OFEEETHE
TSIz, Fio, BRI T D8, BT M v 2 I3RS 0.79 DL E
(ID:0.82~0.95, JA:0.79~0.94) TH Y, 20%FEED%RMSE (ID:11.1~23.5%, JA:
13.4~20.7%) OFFE THEE S 7z,

B LD, FKIREOBE NV 72O TIINE T — 12kt LT3 T RE T

bHEEZLND (Figure 4.1-2,4.4-5) .
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—J7, BN bV ST — 3T — 2 2BV TR, 2 BIETIC IV T%RMSE 23
10%0i#% TH o T-DIZx L, EBIFIZI WV T%RMSE 28 20% %8 2 TR Y, HEEHE
DMEDN > 7= (Figure 4.3,4.6) .
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Figure 4.1 Comparison of correlation coefficient for joint torque predictions by ID
model
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Figure 4.4 Comparison of %RMSE of predicted joint torques by ID model
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4.3 AEHEHER] T o L

ST — 5 1134500 52 B ORIEWERE O B LG Enizr—2t v b Th
L. ®TAT—H L LTHEEICHWE AIST 57— 4% & v MIIE 19 5% 2L T O#ERE 23
BELTW WD, RETNVEHWTHEEIX AT 0 7 22 HE LI5S, 19T
(2t U CIEHEERS EE MR b LAL7R 0,

AL TR BAVZET VDY 19 kL FIZHE A fIRE G a2 e 0 2728, A B K
WRENZ 3T DB R L2 OHEERZE (RMSE, %RMSE) % 20 iAimift & 20 mLL ERE
TtRREIC L D REM L 21T o 7=(Figure 4.7-8). € DOfEH, ME7 /L& HI2 20 Lk
FEORRAET ML 7 TIIAEIZRMSE B K E D o7, — T, %RMSE (2D TIEm#E
ICH BRI A BN h o Tz,

20 FEATHEE L 10 R OBBRE B EENTEBY, b OBERE DA O R
F L U CRET D8 ML B hNENWZ LR ERBE X HND. ZDTH, RMSE
TIEMBCAEEN DN b DD, B M V7 ORE S 2N L 7Z%RMSE T
HOENLLNIRNSTZEEBEZBND.

ZDOTEND, AL TIER S T-E T V1T 20 s O#ERE 1%k LT &3 F AT RE
ThbHI ENTRBInT.
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Figure 4.7 Relationship between the RMSE of predicted joint torques in the sagittal plane
by ID model for different age groups
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Figure 4.8 Relationship between the RMSE of predicted joint torques in the sagittal plane
by JA model for different age groups
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4.4 AT C oLk

ST — 2 1IE 3 R, AT — & 21X 4 HEOBITREZFHEI L TV 5. ARHF5E
TROLNIZET M K DHEERRPHITIREIC L > TREBI NI DEPERTTT 572
0, FREICIT 5B bV s ORETERRZE 2 BT T Lo, &AMTHEICE
B RAR IS By OHEEREZE (RMSE, %RMSE) D # % — JtllE /o dric £ v
BEL, SMTHEEICHBERTENENA N4, Bonferroni D JFIEIC K 5 % BH KR
TE % {T - 7= (Figure 4.9-4.14, SW : f&x, NW : #5417, FW : 45, MW : fcifizds &
L720).

ZORER, ST — 2 1IZBW T, FW O L ORI ~v2 ¢ RMSE 13t o
QLI L CTAHRICKE ot £, ST —F 2 ORISR K OMRE Tk s
FJ ORI RMSE X FW, MW OFE 3o 2 3 & g L CTHEICRE o 7.
—5C, ANET —H 1T, SW OB F v 2 D%RMSE Xt 2 W E & ki LT
BICRE otz T, ST —4 2 OBRRHZIB W TR ID £ 7 /0 Tid SW DB
D%RMSE 73D 3 3 EE & el L THEICRE <, BB D%RMSE (3 FW B LU
MW L L CTHEICKRE hoTe. 51T, JA TV CIREBE O%RMSE X FW 35
FOMW &g L THEICKRE - T

—RRICHATIREEDS 232 Z &I K0 T ORI 288 b7 id k&< 25 L
FEZ2HND. DO, FW MW L SW o NW &l L, %, BB b2 iz
TRMSE KEL ol Bz bnlz. —hHT, B M7 OREIEMBE LI, B
BIEG ~ V7 DY%RMSE TiZ SW 231 333 & i L RE <7D &0 D T L3pgino
7o F7o, BB ML TIMET L E IR TOT —F THERAETA O

THERBERLZELTND Z ENanoT.

56



lbEDZ Lins, BATEEIC L OB by OHEEREITLE L TRY, W@H
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TLEI LEZDBNT.
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Figure 4.9 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by ID model and gait speed on External 1.
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Figure 4.10 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by JA model and gait speed on External 1.
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Figure 4.11 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by ID model and gait speed on External 2 barefoot.
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Figure 4.12 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by JA model and gait speed on External 2 barefoot.
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Figure 4.13 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by ID model and gait speed on External 2 shoed.
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Figure 4.14 Relationship between the RMSE and %RMSE of predicted joint torques in the

sagittal plane by JA model and gait speed on External 2 shoed.
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4.5 HtOFWIZ L 5 RS

ABFFETITHRRIC LV FHII SN2 AIST T — 2y W TETLVOFEE 21T -
Tl HORBEITFEHICH O TWARY., LER-T, AFETHELNZET
JVIREE R OBITIZEM TE 20 B0 EEET D720, ot Ltz g M Lo
BOHERREZLR LT, 27 — XM TITo 72 v B8 L OB E by s 80 —o
HWEREDOSEILKZ S L IHNTT — & 2 OB RRERS JOMEEZ b L7-(4.2 LV 58
EHERT — H 2 DI L Table 4.2-5, Figure 4.10-15 (|2 F & 0 77).

FT, MHBEREIZ OV TAH TN, WET VBV THRIRE OB ML r O],
B, RBAEIOMBREICITAEERETA DN T2, UL, IDET /LTI T
D BEBIET OB BN E BITIN T35 2 L 23372 (Table 4.2, Figure 4.15,
4.16) .

F7-, RIREIZET 22 TORE bV O%RMSE I3RS ORE L Mo <4
BRERRIS Mol —FHT, RO 30T 2 BET by 7 13 o <
ERGEICAH BZNA DAL, FrICHTEEREIZIS T 2 2B by 7 1 3MERE CHEE R EE 3 K
EIETFLE. UL, AEEDD D ZDMORBITHE DR O 7 BHEE R L 1K
> 7= (Table 4.4, Figure 18,19) .

7720, RIREIZEBIT DT _XTORIE bV 2 D%RMSE 1342 O & Mo i
THERZEN e, BRORBEICL > TEH SN ET VA AN THIoREITR L
T EREORE CHf bV ZHEERRETH D Z EWRE S .

F7o, B L7 RT— oW TEEE TV & b HEE I OB OB & bk
LCHEBICHEHEENMET 5 2 &3 mnoiz. Frc, RS L2 80— 3%
#, %RMSE & HIZIE N L THY, RBFECIER ST 7 V138 o8 A
T o850, HWHEHEMETLTULE D ATetEndH 2 2 & AR S 417z (Table 4.3,4.5,
Figure 17,20) .
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Table 4.2

Comparison of correlation coefficient for joint torque between barefoot and

shoed
ID JA

Joint Plane Barefoot Shoes Plane Barefoot Shoes
Sagittal 0.89+0.04 0.91+0.04 Sagittal 0.91+0.03 0.90+0.04
Hip Frontal 0.88+£0.12 0.86+0.12 Frontal 0.89+0.09 0.87+0.10
Transverse | 0.82+0.11 0.82+0.13 | Transverse | 0.79+0.15 0.84+0.10
Sagittal* | 0.80+0.23 0.66+0.19 Sagittal 0.87+0.15 0.77+0.17
Knee Frontal 0.70+£0.28 0.72+0.25 Frontal 0.61£0.29 0.68+0.23
Transverse | 0.93£0.08 0.90+0.11 | Transverse | 0.91+£0.09 0.85%0.12
Sagittal 0.97+0.03  0.93+0.08 Sagittal 0.98+0.02 0.92+0.09
Ankle Frontal 0.96+£0.04 0.90+0.09 Frontal 0.96+0.04 0.89+0.11
Transverse | 0.28+£0.39 0.35+£0.29 | Transverse | 0.17£0.36 0.12+0.45
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Figure 4.15 Comparison of correlation coefficient for joint torque predictions by ID model
between barefoot and shoed
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Figure 4.16 Comparison of correlation coefficient for joint torque predictions by JA model
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Table 4.3 Comparison of correlation coefficient for joint torque power between
barefoot and shoed

ID JA
Joint Barefoot Shoed Joint Barefoot Shoed
Hip* 0.57+0.17 0.46+0.21 Hip 0.57+0.19 0.55+0.17
Knee 0.80+0.12 0.77+£0.10 | Knee 0.80+0.14 0.77+0.10
Ankle* 0.98+0.02 0.90+£0.09 | Ankle* 0.98+0.02 0.90+0.09
*:p<0.05
Baretoot
Shoes

0.8

0.4

Correlation Coefficient

Hip

H

Knee
ID model

Ankle

Hip

Knee
JA model

Ankle

*:p<0.05

Figure 4.17 Comparison of correlation coefficient for joint torque power predictions
between barefoot and shoed
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Table 4.4 Comparison of %RMSE of predicted joint torques between barefoot and
shoes
ID model JA model
Joint Plane Barefoot Shoed Plane Barefoot Shoed
Sagittal 10.9+£3.0  12.142.5 Sagittal 10.7£2.5  12.1+£2.7
Hip Frontal 12.5+4.6  14.2+3.9 Frontal 11.6£3.3  13.7434
Transverse* | 23.5+8.4 19.6£10.2 | Transverse | 20.7+11.0 19.1£10.6
Sagittal 16.746.9  21.0£5.7 Sagittal 15.3£5.5 18.5+4.4
Knee Frontal* 23.949.1 21.1£5.0 | Frontal* |27.7+10.6 24.3+7.9
Transverse | 14.144.7  15.6+5.7 | Transverse 15.2+6.0 18.2+6.0
Sagittal 8.3+3.3 11.0£5.2 Sagittal 7428 11.845.2
Ankle Frontal 10.9+£5.5 19.7£10.7 Frontal 11.2+£6.5 20.4+11.3
Transverse | 27.5+6.5 23.4+5.4 | Transverse 27.5+£5.7  24.3£7.0
*:p<0.05
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Figure 4.18 Comparison of %RMSE of predicted joint torques by ID model between
barefoot and shoed

@ Barefoot

o1Shoes

40

35

30

25

i
i
i
i
i
i
i
i
i
i
i
i
i
i
e
i
i
i
i
i
i
i
i

G

<

%RMSE [%]
(%)
o

GAESEE

s

s

A
5 b e
| L - L L
YA | Foad 28 Faad A poaen
o b I b e o
i | e feid el By

Sagittal Frontal Transverse Sagittal Frontal Transverse Sagittal Frontal Transverse
Hip Knee Ankle
*:p<0.05
Figure 4.19 Comparison of %RMSE of predicted joint torques by JA model between
barefoot and shoed
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Table 4.5 Comparison of %RMSE of predicted joint torque powers
between barefoot and shoed

ID model JA model
Joint Barefoot Shoed Joint Barefoot Shoed
Hip 23.1£5.8 22.444.7 Hip 21.2+4.7 20.6+3.6
Knee 12.7+4 .4 14.244.5 Knee 12.4+4.2 14.6+5.0
Ankle* 6.5+4.3 9.8+5.7 | Ankle* 5.7£3.5 10.3£5.9
*:p<0.05
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Figure 4.20 Comparison of %RMSE of predicted joint torque powers between barefoot and

shoed
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4.6 wEH#FFHIZHOWT

AWFFETIE, EICOINET —# 11CBT 2EmE O, (2) SMET—4 1,2 12817
BT O LEE, (3) FMIT — & 2 ICBI 2O JIZ X 5 ik &7 o 7.
(DIZDWTIE, 43 KV ET AT —ZITE N/ 20 mATNAE 6 L C b Al RE
THDHZEWNRESNEZ. QIZOWTIE, 44 L0 dEREAITORE, @ik
17, BB L THEICRMSE RREL D Z Lol Leio T, BTl
FEDS R E WG E ORI U CIIHEERE MR T3 5 et & 5 72 DIEE DL EE T
HDHTEDREBEENT. QITOWNTIE, 45 LV, Kkmizk i 288 hv o iiE
EHERLTESE, BESOMBREOME T2 2 L3 nhotz. 61, 2R by
NT — IO TS DR & B LA BICHEERE MR T 525 Z &30 o Tz,
XY, ABFRICEVIEREN-ET VORI E L TRICEERTEE, (D)
AATHE O R\WIRENC BT 2%, O My, Q)Mo &I & 2 KB v

7, B, BB ML ST —OHEEREDIR T TH D Z L3 minoT.
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4.7 FFI)LRED i

FARTE OB v 7 OHEEREE TIX AIST 7 A F T — X 2B 59X CTOH, 4+
T —2 LB 2%, BB, 47— 2 (M) 2B 2 M oE kv s T
JAET/VD%RMSE 28 ID €7V X0  FEIC/NS7o72 (Table3.1,3,5,7) . L
L, W H%RMSE O DOZENKE Do =D T — % 1128 2 BEE D 3.8%T
HY, TNLIHNZONWTIL 1%ATEDETH 722 b, WET VOHERKEILES
ZHZ DBRENR DO TIERNEB Z b,

Fio, HEE SN W2 L2 DTN G, JATT AT A ARPFFIZRND T,
ID BTV TITHEERBIIZEAE ) A AR Enydo7- (Figure 3.7,13,19) .
ZOJKE LTI, IDETIVITIANER 2 BHAREIZ LD R b ZTToTnH 2k
TRELIEET N ERS>TNDHDIZX L, JAET /L TIEFCNN W T 5720 AT)
EEDOIZOHDEEEZDEERMLTCLEI ET NV ERSTEAIREENRE X DILD.

INSORERND, JAET /MIANESE U CBEEIAE DR BB b v ORI
NIRRT —5HFETED L WHIRREFFO T, #EHBICHITD /A ANRFEL
RTLLRDHEVI RICHERETLO2MERH D EVR D, T2, DETVITEIZ A RO
JERET — 2 BT b L7 BT RV NT —EHEETE, A XX L TR B

ThdENzD.
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Figure supplement 1  The three projection angles of y in the ZX, ZY, and XY planes.
(BARTEBY D /A 4 A Ty =2 ZWFFELE, 2008 &0 51H)
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Figure supplement 2 The Order of rotation of Cardan angles.

(a) around x-axis, (b) around y-axis, (c) around z-axis

(FIRIEB DA A A B =7 ARFFEHE, 2008 L0 51H)
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