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Figure 1 Commercially available above-knee prosthetic leg.
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Figure 6 Sensors and electronic system, and their positions.
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ZAIUTHEAS S HIHZAT 9 .

WATIRREHEE TIEBATO 7 = — X W 7 = — XL ZFHH 7 = — X2 nE+ 5.
BATHIZHE D D ER T 2 72O ORI B> ERMO KK N TATL T ERA TS, B
IRIFIXEE S Bl BEAL, 1B CTOFEEDEEN D72, DF ORI DM ORI T1 &
DRZRICEDT D, ZhoZFMLT, DEELEDORKNEREZTICT = — X2 HET
. B ORI 5 U 72 BRICER 2 6 SZREHENC I 0 b b, S>FEEMO KK
FIR 3D U 7= BRI SR 20 & IC 80 0 B B L HIET 5.

BRI T, KREROBHEIC FRRAEE L CBRET 2 L9, MxIAEr 2165
HIVD RERAEE D O ERAMIBRE) hL sy Z2H I L, BEIE L. IREEICEIBRTE
Bilkd 5728, SeMBEMNZ2 BEAE L LMEREZIT 5. UTICHETHEF O b
7 OX%E, NP DK /NT A —H % Table 2 (12~ .

Tow= K;u'p . 9hip(t — T:,)
{ Khip = Ks1i : (Onip(t —T) > 0)
Khip = Kez : (th’p(t — 1:1) < 0)

=k -ek o+ kg0 + k,-[é?k_edt
(ak e — - ek)

(1)

Table 2 Parameters used in the equation for gait control

T, - XHEEAHED MLS
K, BRI 1>

K, RS

T, :EEKHE

T, CEHEEEANILY
ky, kg, k; > PIDHITE/ NS X —5
0, : BRBIEARE

0, , - BREBEEARE

14



B2 HEBREHEHKBELEY A "=y 7{b2=> |

223 A7V v FEBITHIE

FEE TIIAITRE LICEEDENFETLDH0RH L. ACUITHT X T 78 K& f#5#
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RSN B B THIE 21TV, EER R A KR S B 2Rl - R IT DR,
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ICR D BITRE EOBED RS L2 LR L D,
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OHE 2T 5. AREN T 2 IZBEBEE O JE th ] & H R O @A TS TREZ2, KERO
2HANTIE Y o, AREMNESFOBREDOEZNLBERLEZHET 5. EREBMNEFO
ZEVTR I AR VRFICIED$ L 72 D KO U TOXTHET 5. HhEfE L MBEEEZ 2
EFNT7z—RXELLTELZD.

S F5 R 4] el
frey < fowen ﬁw E E%‘J'ﬁﬂ

T=Tsw
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S 5B B 22
T = Ty BES < BES,, ,,
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*_

BES,; > BES, 4

Figure 8 Phase transition in hybrid control.
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Table 3 Parameters used in the figure for hybrid control

( for RKRA )
fwen : XISHIBBKRR D#S BIHE
Foen : BEHIBRER R D5 BIE

T HANLY

BES,;; : BESDHE & [ERID 2=
BES; . BES/EHEE
BES.. w: BES{H B RME
O : BHhREOAE (EX)
0, HEBRECAE (BX)

ex
. /
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2.2.4 FEEX RV 4

BEEES 0 BEIZIE VW E Z AL EWE ZACBETIEETHY, HFENZ XX —
OEMT2EETH S, BEEFHIE T, KRB EERBO 2 SO 7 =2 —X250107
THIBEZIT 5. FREDHEEICHEAL L TV XRIIZIX, XU —a2=y MNMZX VB ZE
RS, EHFEOHKREZML LT L6 21T 5. BAREEE BB TV 2N IX
PEBCIC RN LWL D ICT Dl 24T 5. &7 = — XDSTIREE &@Jbﬁ%cﬁﬁ#%
Figure 9 1278 7. Frper Freet!E 2 E M, BRI ORI, Theets Troe (LB TH 5.

( Start )

The Stance Phase

Figure 9 The flowchart of Control methods for stair ascent.
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WCix, B0 »LORBRANZESHTHEREO BFEESRE IS, TFICH
T B A oG R A R T
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P72 L, Ol i R A SIS 2 W 6 £ CIIWI B BAE A8, 2 0 DARR I3 o K Al
AL 72D, Opoldty T T HIEBIE A, ZTHLBIZ0 THD. 0,03t F TIEREK
JE A, Z AU DA IR R B R AR OIRBIFI AL & R D I3t E Ty, EHUARERITAK
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2 s B 5 4 & BRAE O R BAEG A 57 & PID il &2 - THEEHIE F Lo 235 L,
HAhvr &35,

BERIA AL D D, BB RN T D BRI, DTN L D T LT 5. &
> T, DELRMOKRKIBEEE LRl 728551, BRI G ZXFEFHMA~0 B2 5.
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2.2.5 REBX RV I

B H DR ZED 2RFOBRES ORI & by 7 DR AT % Figure 10 (2R
I FEBRE D B RO BRI (I BT A R S D I ISR 2 5. KR
NI BEEH ORI 2 72 DI RN E 2 D, DFE D MV ORAET DS
T MR ESCEE S MIC IO TRETHD. FoT1 207 = — X THEEED 5
IS FTRE T D, MEBE D I TiX, A — T 4 VTR A FFOBMF O L 5 il
R, XN ERZE57-012, AEOPDHIEZITS. M 71a L FTORITRT.

T=ky(0k —Oky ) + kg0 (4)

O IIEBIEI AL, O l3oe MR ATE, OIXMMEAEE CTH D, k& Okyld PD il
DTFA L ThHD.

B BB 0 BYE 1L @ WML E D SRV E A~ E BB T 5, HRONFEH T KX — DR
THEHETHY, WHHEELFEL 1E 1 BOFIETORER Y BHENRFO—HOFLE T
LRIEINATND.

Wz HA X Fr R HA
RRESET DR D =8, RRADIEBEHICTITT 278
BEABICNLIDRET S HREAMICNLIDRET S
l/ /’
N )4 By
El#5 7514 7@57&@

1
SRR A

Figure 10 Direction of the torque required during the stair descent movement.
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2.3 Bk

B 2 ACU O AR EZER T L7010, EHICLIRABEEERT S, &
BRI 2R A B 1 4 (173em, 83kg)lic L W Efs s b, £, A4 =v 7L
JETEEEFBROBITN TE D0MRT D70, FHSTRBRZIT Y. WIZ, A4 13=
Y ZLFBICEMERE BN KM ATRETH V, BIEE B2 M S Sl L0 ek e
TREEARFENTRETH D Z L 2HBT L0, BITHOBENE-IRBRE21TH. *
LT, HEiREHH ACUIC LV BEFOREZEEIMICEIERES L, RREINMEIEIC X
DIRERDOFR CINEERBENATREL 20D 2 L 2R T 5720, BB 0B, PEREEY
RBRAEITH. EEHRCIIREE DN RELZEET 5729, Figure 11 TR THEE KRR Y &
v MEMEHT S, ZAUTEEE S TROWEE AR T 2720, REER OB IC—
BHICHWONTWD D Th L. REROEOFTIZ, BRTO/NT A —F T4 EORER
W hFENEENCEBEL FERATREE 722 KO KT 5.

i
au

~\ ————

!

Figure 11 A bypass orthosis and prosthetic leg.
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2.3.1.1 RBRFE
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J1, KREROMME, by, BEESAE, 7x—XDYF 7% Figure 13 |Z/R7. ﬁ%
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REREN BEEEAACUELD 117 K
Figure 12 Walking test.
2313 %

Figure 13 705, R AWM EHMICEE L TWb 2 L, TR ERMBICT = — XY 0 &
Do TWDZ Lol Lz, WEHHNE, KEBAFEEIZESHWT ML REHE IR TWDS
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Figure 13 Data of each sensor during walking test with cybernic artificial leg.
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232 BEME R
2.3.2.1 R

BEEDE - ERBE2IT, EJENROERENEEFEELEE L HEEZIET
H5ZLT, PANRZw 7R EVPIEREZKMRATRETH Y, BEREORKMIZ L1t
KOFRECHERBENAIRETH D Z L OMREBEMN LT 5.

BEEDE ZERBRICITIA N=y 7 EEHWD. BITHREBRO S % Figure 14 12
AT BITORBEIXSm & LT, BBHAND 3m OMEICEEMEZRET H. KK
OBTTIEEFEYE THITL, MEWEEL-IEICLVERT S, EEDILE S 98
mm, B 185mm Th 2. REEZWMET DEORK T, HERENES, REBAEE,
7 FRAE, B A E 2 TS

5m

TR FEHE R

Figure 14 Obstacle straddling test conditions.
2.3.2.2 B R

Figure 15 [IZRBRH ORI ), AREAES, KEBAEE, bLvr, BREGAE, 7=
— R T. 7o — R BNIFREE, 2 SERE, 3 8EMEERICES R, 40
FERRICESSKMETH D, EREMESITRRHREERICHT 2 HELZRT. *
72, EOFmMMPEHOFINTH D, JKREDO~ A7 HIXE/EE B2 Kb U= 21772 -
TWOXMTH L. R E2FEh LR, BEVLZELOTRELERT 5 &2k
Too VBT ECHITRBREFBROKRK S & REBAEEOEBRL LN, HITRFO 7 = —
ANRELLGY FEboTWS. BEERLKRL L7 & SITITBITR & LR S K &
CHHEHLTWD Z ENfHERTE .
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Time [s]

Figure 15 Data of each sensor during obstacle straddling test with cybernic artificial leg.
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L, ZRIZECT M7 HEREREL, BEENASITREY b REEIHLTND Z
ENFERTCE S, U EXVEEERZRKM I E-EEIC L EEY E - LEENATEET
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A S SE T HIIC K0 RO RE CIREEARBENFRETH D Z L R T X 7.
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2.3.3.1 REBRFE
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FIVEMBHLRNEIIZEDLZ L, 1 21BEOFETHDLIELITRED 522 L 2R
T 5. 1 BOMATIE RS, EHH oA 7B 20147 vEEND. AFF10 4
A NERBET L0, SERITZITY. BT OE VO TF — X ITMIAAL T AT A
I2X D 100Hz TR SND. BUETIEZOT —% %27 =2— X b D W ITHEAKK SO
ER U2 E Y, B4 270200, SATEBIC L0 EE/ L, 1000 ¥ 70~
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Figure 16 Conditions for the stair ascent and descent test.
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2.3.3.2 RBRER

BEER AV - BEVRBRICE T, BEFLFELCIE1BEOHIETOREDORY - F0H)
ERFAIRECTH D Z L fisd Lo, BEBeA 0 3B & BB » 3 BR Dk % Figure 17,
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Nm/kg, JEHi G mOREK MV 27130417 Nm/kg TH - 7-.

PEBCRE 0 BB ORE R, 1A 7 VOB EMIE 1.28 s, EHERZIL0.13s Th o7z,
IR BEER A FE DB KT 39.6 B, B/NAFEIX 23 ETh o7z, HEFMORK VI
0.321 Nm/kg, JEHi 5 DK b2 1% 0.031 Nm/kg TH - 7-.

Figure 18 Stair decent test. (left and right sides inverted)
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Figure 19 Knee angle, torque and ground reaction force during stair ascent tests.
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Figure 20 Knee angle, torque and ground reaction force during stair descent tests.
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AL L7 48 Y > 7 i OBE& X % Figure 21 12”7,

Joint
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Joint

Figure 21 A four-bar link structure capable of coping with changes in the rotation center.
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Figure 22 The posture in which change point occurs.

Figure 23, Figure 24 [ZERHEEHO R Z~d. BEFERENTERMEMOKRETT 7
Faxz—FNEh S5 FMIC My BFE S H D (Figure 23, Figure 24 N(1)) &, KR
A E 58 0> B B (Figure 23, Figure 24 NQ)IC XKV, 7 7 Fax—2OH P EIT
% (Figure 23, Figure 24 N (1)). 3 % & T IRAAIE & FBIC A B 22235 4 L (Figure 23, Figure 24
WN@A)), BEAEEEO ML 27I8 0 KEBY 7y b & IEEE ORI L% A O T R
THBRFEAET D, O L0 BEAFFRE 2 7 % (Figure 23, Figure 24 N(4)). Lo
T, VY7 ORRAZERATREL 72 5.

~——Socket
«—Thigh holder l@)
Power unit—_
Q)
—(Behind)
Knee joint

«——Crus clamp ——(©), 3
with an origin

regression torque mechanism

Figure 23 A conceptual diagram of the system with a dead point prevention mechanism
and a thigh-fixing part with freedom of movement.
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Figure 24 Mechanism and steps of dead point avoidance by dead point avoidance
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Figure 25 Correspondence between the designed device and a 4-bar linkage mechanism
with a dead point prevention mechanism.
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Figure 26 Front and side views of ACU.

Figure 27 The ACU attached to an existing prosthetic leg flexes.
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WA Z G LoD, BERT NA AZEBT L0, BEET LT A4 2ADOHKEEE
M3 R F ke 7" A F > 7 (Carbon Fiber Reinforced plastic: CFRP)D f /XA 77
NI=ULAEEOMMERH Lz, CFRP IZECT VI =0 A L ik U CHBREE D & <
[30], BETHMBE LT NA ZAOHEIZHNTWND., ZHE CARMEECHE SN Y
AT DL ZHBEHA STV H[31-34]. TR, REEZNENDOY v 7 OfFEHM & LT
CFRP B D434 F[35]1% M 9 5. Figure 28 12T /31 ADEIEEF %, Table 4 (25 N
AADEFLDOERERDE LD ERT.

Figure 28 The structural members of the ACU are made of CFRP and aluminum alloy to
achieve both strength and lightness.

Table 4 Weight breakdown of the ACU

Part Mass [kg]
Thigh socket supporter 0.40
Thigh side link 0.10
Cover and control unit 0.30
Power unit and crus side link 0.95

Crus holder with origin

. . 0.40
regression torque mechanism
Battery and holder 0.80
Total 2.95
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REIEE AT 13 =k 5 CAD SOLIDWORKS2017(Dassault systems S.E., Paris, France)lZ X %
AN L IREMMT 2TV, NU—a=y MRRRKHIERELIEETYH, ZREN 3L
LB X HDREF L2, Figure 29 ICHEE T OFE RO — & <.

FEEF(FOS)
10.000
9.417
8.833

. 8.250
L7667
L 7.083
L 6.500
L5917
. 5.333
. 4.750

. 4.167

l 3.583
3.000

Figure 29 A structural analysis using Solidworks was performed, and it was confirmed
that the safety factor was greater than 3.
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T NA A D KRR E E 5B O S & Figure 30 (273, KERY 7w b OE &I E
OB RELF T THERT 2720, B ACU LFLU, KBV 7y 72 v
. KREEY 7y b ZIERIEY 7ry PERFFTLSZEICEY, ACUDKERMY > 27 &
WEfFFe e O RBRM & 2 8fe 3 2. K-V 7> B 7 OMLEIZRERMY 7 E TS5
ILENTED.

.

Urethane Sheet

Thigh side
rotation axis

Belt
Socket support

Thigh side link

Socket

Figure 30 Thigh fixing part allowing freedom of movement.
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T NA A D T BRJ E E R O AL & Figure 31 1289, FERE E S IIRE TR E O T BRA
DA Tk, W ERIL M X > THARAALTHEHET . EE%»%EIEIEE&L%%@@%%M;P
R, TN EZBEBLTA R, TRMY o7 gk —>, TREHR S—Y, ZAX—H%—|
FXoTHEBRINTWD. FIRICHKTONTIEREREFELO S D, BiFiZiEags, BHIEA
R=P—ZWMOFTFTDZLICLVEHSEIROLMAEENEEL, MEZEIESY
5. FREOBEEICHWDEFRLO FREO /A 71 30mm & 34mm DL ONT 7 7 7
NAZ L HE—=RERo>TNAHZYD, 30mm Zx i Lzb D E, 3dmm i3 Lizb DD
2 FREH OO TRRIE E & 2w ah, BAEL 2.

Prosthetic crus’s tube
Crus side link connect part

Spring guide
Spring

Spacer

Crus side rotation axis

Crus connect part

Crus holding position

Figure 31 Dead point prevention mechanism at the crus connection part.
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313 Y e aba—)L AT A

ACU &R OHIfIT ACU I stV av bu— v AT AL > TiThh
5. v earvite— AT AFariie— =y N, EEREMNEEECY, B
Bt ¥, ACU-BEFEREMMAE L, RIBMAEE Y, KRk DE P, U
—2=y PRy T —THERINTWS. BHIh syt arrn—nv
AT K EEDONE % Figure 32 12”77, SRS OME L UL TIZEET.

Thigh socket supporter

Thigh angle sensor
on the prosthetic leg

Power unit

Knee angle sensor

Unit-prosthetic leg
angle sensor

Controller
BES sensor

Crus connector

Ground reaction force
sensor

Figure 32 Sensors and electronic system installed in the ACU, and their positions.

avbtp—a=y MNIZEEVIT—F 2L EITMB I EZFEL, NU—2=v |
FHEISE 2=y FTHDH. ario—la=y MNIEkUT— 2 OER, FHE,
N —a2=y h~ODHNEATOI DD~ A 2 U BRFEHINTWD. £72, Bluetooth (2 K
LIEMBEHELRD, aVa— Rl EEARTHD. a2 fPr—la=y FZ
EoohlctrPO7 =2 3EREFELZELC Tarta—ZIZEFESh, arEa—X
WES CREkd 2. Bl 11X 100Hz & L7z,

EIRENL[E 5 (Bio-Electrical signal: BES) [I##% « iiiEE 2z KM L7-fE 5D —>THh
5. NHoOEEEERIZ, ﬁ%ﬁ%lh‘ﬂ Y EI U CHARAR R R D DB ICHRE S & L
TIRESN, BESNEEFICL > THEKRPEMET S, IMEEE M RZEINLDER,
17"&55@%%%?%52%%@@EY)ﬁ:ﬁ‘ﬂﬂjﬁ“. IhEANRENES LS. EREMESE
Y E LT, EEREICEXEMREZAMAITS. ZoEBMICLY, EEREMESEZIGT
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5. KEBGIWrE OWris (27T 2 R O EREBAE S ZFHT 5 2 & T, UIk#E Ok
BAEBRE B A HEET 5.

KEBFEE I Ko T, Hit & RERO 72 A EZFRIT 5. RERA K& IXBEFE
EORFMANZEIR Y T 6T Y, MEE, AEREOHERLIEGT 5. AEIIHM 7 «
LBk THIENS., £7-, BHEXREROREIZERE T 5 EOMAED LA
%.

NU—za=y NORFEFHAEE YL ACU-BEFEREMAE L I k- THEHO
AEEAEREZHET D, ZRETNOEEREICERY T bR T v a A—ZI2kY
FHEAT O . O FmEIEDF M E L, ERMBEMN L EEL R AE LT 5. RER
B L XU —a =y FOMEIT B LW, %R A HEE T D MLER
HbH. ACUDLARITIRBICAHAE L YZMOAMHITLZENEL L, RSP LAE(IT
DI ORE RGN L, Ko TRU—a =y MIERY T 2 BBEEAE B X
WNACU EEfFEEMAEE 205 Figure 33 1I2/R- 3K 918, 2=y FEBEEZNEN
ORERM & TR O Y > 7 ERFE—EMHE LT, LFORITESWTERE ORI A
rHEET D .

Qr— gk) + 9m + 29d =2rn (5)

0, =6, — 20, (6)

Power Unit \

Lp Prosthetic
knee

Figure 33 Assumptions for estimating the knee angle of the prosthetic leg.
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WEAF35 2 1T @2 5 & LT CYBERDYNE ! HAL #&4LfH FZ A4 7o oo a2 —
R Hnd. ¥y a—X0E, PR O KRB /1 (Ground Reaction Force: GRF) & o ¥
DI NTWD, RN IE oM E Ao 2 DEricdh v, EE &Aoo
NuERRITE L TEHMTHZERARETHD.

NRT—a2=y MNIT 7 Faz—%L LTRHBEMHZEEEIES MV 7 2 RBAESES.

NyF)—iFtr-arbeg— LI 27 AIERPEGETA.
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3.1.4 ZE&XIR

ACUIZIFZEXMKE LT, "—FRu=T UVIvHLY T o7 VI v ¥ RFEEX
NTWo. EERBITHBI e Ry hOREFRIIAREN 2 LZE2TK, MK 2Re)
K, HAICIDLEFRICHDETEDH29]. ~— Ko7 U v X IHEAIC o] B
ZHIRT 56 O TRENREZRFTRIT/HF IS, Figure 34 & Figure 35 1T/3V —=2 =
> O EEL,  KERE D —> L FEREI OB S oS A2 R, ACU TIE H Syl E o
IN= LR DO NS—=Y DENENDMINERIZL Y, NTU—a=y FOR[ERS BRI
FIREND X HICRE - fESNTWSD., Y7 b7 VI v FEVAT AL TH
B ZGIRT 20T, BEICLI2LL2FRICHEINDS. ACU TEANATY —2=y
MZERY T oNT=AEE L FOBERICESE, ML EFASIERVAEOHEIRL,
WAETDH M OFMERFGICRESESAEOEER ENFESNTND.

Figure 34 Parts on the output shaft side where the hardware limiter is installed.
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Figure 35 Crus side components with hardware limiters.
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&
t

3.2 HEFE

Loy - Bl xS ACUICB W T H BB EHH ACU L RERIZ 7 = — X —F7 v AT
FESWTHIE A 1T 5 .

3.2.1 FEEX RV 4

BEBC A 0 B CUX, SCRPEEN &OEMIIC 0 TR 2T 5. Bl ACU & R
v, XEHEIZ1 o072 —X, WHBNI2 >0 7 = — X TR SN D, BEEH » EfE
FENE ZADLEWE ZANEBET 720, HFEHNT X LX — 28NS E58ET
D, FEDPFEBICEAL TV D FEINICIE, EHFEOEREML BT 5HIEEZ1T 5.
RN HEEN TV 2ERENCIE, BEICENEM L2 NE I T 2B 1 7 = —
R HEHERO T DI TRAMEICT DEMFE 2 7 = — XOHEAEZITS. HF7=2— XD
ATIRRE L U 0 R 2 §:1F % Figure 36 (2R T, Froe, FreetlX 2 F M, HEIOKRK T, Fuy

IR ST DEFE, Fents Fengs Fenz, Fenal XBIE, 0, 1 X RERA L, Oppp 13 RERAA FE O BIE T &
5.

~
\ \ ho)
» I
/ b /
Prosthesis L

Sn S S

Stance phase — Swing phase 1 — Swing phase 2
F heel < Fi O, > Oy, F toe > > Fim
Fopy < th3 Foy > th4

Figure 36 Phases of stair ascent control and their transition conditions.
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KRNI, BEEORBEESAE L by BOBRE O CTHIEZIT5[10]. L-
T, MY EBESOAEDOHIESHN TR IND. RUFIE TIESFFMBI O M E- b
NI REEREOXTIERIL, L. AR THWAE- NV RED T T T %
Figure 37 |Z/R 7.

0.8
0.6
0.4

k)L 2 [Nm/kg]

0.2

0 30 60 90
i E'r‘f[deg]

Figure 37 A graph of the equation for the relationship between angle and knee joint
torque used in this study, based on the angle and knee joint torque of able-bodied people.

KEE & I TR A ZE 2 272012, 72— A0 FDLY 2T OLENDH
5. 7x2—AOEYEDY OREICIBKRR I ZHEAT 5. RS ENEENDBRICIE
BEASERLVEATLTCHEND. Ko T, BEMOKRK ) ORNREHE & 720 Db &) B
E% THEl>72iFR (AOBEXLY &S HIT/hS < oo lfR) TIFFIEIA & 5 5~
WOEZL. L, BRI K > TTEMAPEBRICEME T, HOMEOE(A /NS W
BAabEALND. Lo T, BEOMEN —EOBIEL FEl - 7256 b KRS 5 1
A~ L BT T 5.
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M 1 7 = — X TIEHERIE 21T 5. @ HFOREH VKD X 5 e~ LB o 2 i
(DFEHE) BuBEZEKT 5. BUEIE, BB E, BALA, BERERETO~—T
LAEEF ORI E, THRE, JUEEBRFH L EH T2 HWTEHRE SN D.
WIEEFORXERODHICHTY, ETHEDOEREIT O . Figure 38 [T KRG, &g
BAEi A, OB L OEE L T LD RMEIC L ER DO EIDOPIED A A — T %, Table
SICHXBIE MBS OAEDOERE T,

el 2
« BEARS
B DELEC e
DEREE

Figure 38 Body parts and definition of angles and the trajectory of the toes required to
avoid steps.

Table 5 Definition of hip and knee angles

0), : RRAEIH TS
SHETEE ST ZREROAE
(BT I KBEN 3 % & S IF)

0, - ceHRUEEEL UL
BRBSER D fE A
Gf:::barana)
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Wiz, WEEBFERTZDDONRT A —ZEEHRT H. Figure 39 IZFK/XT A — & L JEE
F%&, Table 6 I/ /NNT A —ZOHMzZRT. £7, FEz KRB REER.0ICE <.
EHELEORI M EZx, SRE TME 2yl B, HERHE | 72— X CTIRBAZRET L Z &
FHIELELTWSDD, 2EROMEEZ(xy)EELS. RBOREZL L, THROES
TIERL, BeoFhzAllmnoksxl tB<.

00 x

>

FERIARR

A

2] b
el L’\ B A AR 85
C

(x,y)

Figure 39 Definition of coordinates and parameters for forward and inverse kinematics.

Table 6 Defining Parameters for Inverse Kinematics

X I EEEOFOAEEXEET S
y HRETHREOAEEYEETS
(x,y): DEFXDEEE
0, : mHEMOAHE
B MAeZBALBORT A
(B#hA A E)
L : xBoEs
L, : gsragnh S Mo
(BRTR—EEHBED)
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ZORE, DEIOERCFUTORTRST Z LB TE L.

x =L, sin(6,) + L] sin(6, — 6,)

(7)
y =L, cos(6,) + L. cos(6, — 6,) !

KBICHEEFEOXERD D, WEBFZOXEZRKD D72 OMHE % Figure 40 (271
7.
X

Lt
BERIAR

DORE

VX2 +y?

N B & MAEZBA TR

Y 1x,)

Figure 40 Computes the inverse kinematics equation by using the cosine formula.

RILEHZHND &

x2+y?—12—L7
2 LI,

a = cos™ 1

(8)

x2+y?—12-L2
—_ -1 c
0y = m — cos TLLL (9)
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X+ YPHLE-LE
2/x2 +y? L,

p = cos™

1x2+yZ—L%—L’C2
2 L1,

X
0, = tan™! ; + cos™

(10)

(11)

LB, ZORICE S TOEEDOAED OB & RBHIOAE LR TE 5.
b B WAOEENAOHRRBE O L5 2B 2 < X5, SR o ZEHLEX0B

Ty EZUTFTORXTEMT S, KNP D/F 2 —% % Table 7 125737,

+H

xtar = H m

stair

Yiar = Dstair

D,
x(t) = \/ (L, +L)* - (%)2 — X, [6(t/T)°> — 15(t/T)* + 10(¢/T)*]

D tair 5 4 3
() = — 2 + ¥, 16@/T) — 15@/T)* + 10(¢/T)°]
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Table 7 Definition of the parameters used for stair ascent control

H,. - BEROBRE @)

Hm BmEtov—yY

Dstair %&@%ﬂ@ (%?‘TT)

T BB ER R

(RIS T Ich H B E5RS)
ky kg k; @ PIDEIMEI/SS X —%
O, : BEAEAE

6., : BEREHAE

M, :@TRUTOEE

8 EHMEE

Mcop : hSELE TOESE
6, — 6)) : MH TR EE

WLEER R IIRTOWERE 1| 7 = — XX o 2R O 0.8 fFICRET 5. FE DL
BRI AT A -2 L LTRET D, LTI BEREEAEOFREAZRT.

L x(O2+y () —Lf — L'

16
2L.L, (16)

Ok (t) = m —cos

B R R BE A & BL7E o B E A FE 2~ & PID il 2 FH W CA BRI S v 2 EHR T

2.

9k_e = gk_r — O, (17)

Tpid = kp'ek_e + kd.ék_e + kiJQk_edt (18)
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FAERIE SV 222 <, EAME MV ZFEL, Gita AN TS B
fE RV I TIRICDNDENTE D PV 7 ZfET D v Th Y, TEROXHHA R
& TIROE &, WD OELOEMNSEHEIND . EAOMME PV g 0it R E K
LUz,

ngMc'g'LCoP'Sin(eh_ellc) (19)

Lo THERE 1 72— X TORKHZRHET MV I 1, 3L FO X 5127 %.

Tout = Tpid + Ty (20)

Bl 72— ADPLE2 72— A~OU 0 EZ X, KEBAEZHWS. RaEhEEd 572
DI KR 2 W EB P2 HWCEEL, BMEE LTUW B %2175, IFICK
R B D B D H R Z w7,

1 Dstair
Hstair + Hm

-1 Dsztair + (Hstair + Hm)z - L% - L,g
2L,L,

Qh_th = tan™
(21)

+ cos

M 2 7 = — XA TIE TR ZSREICT DM 21T 5. KRERAEE &2 HO T IRR
i &R ELIC e DRI A A R, BB AE L T 5. EHE 2 7 = — X TH
M2 B 89 L% % Figure 41 (277,
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Figure 41 The second phase of the swing phase implements a control that keeps the
lower leg in a vertical downward position.

HARMNZIZLL T O &= & TIRNSHE IR D.
0'x = 6y (22)

Ko THIEME O, =0, LTHIEZAT . BEME 2 7 =—XHhOM) b2,
WS 1 7 = — XL RIS A ERIE b Ly EEOME NV 265 5.

WA KD 0, BEBRICE DM T DB, DEENE L VT L TEMT 5. &
2T, DEBMORKAPEEZ LE > 7235612, BRSO ZEMH A~ &2 5.
Flo, BROMEN —EOBEL LRI 7255126, WO SR~ 0 & 2

5.
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322 Z A7 41 BAFIE

BEBESH 0 EABITORIEFIEITIR R D720, THAEROX A7 MO0 K2 PN L7
L. AATGNEZ O FIEOER % Figure 42 (2R T . ¥4 A7 G0 B 2 AT AEREAL
ErzHWEBETEHEEEZHVD. BEAVEZITO LS, BEOIBRAEZRRENLH
LG ERMNNOHLZGEDO2BONEZLNLD, B LNIIRIGTENEREDF
AIC—HEYLIEELDZ LICK YV MEZRIRL THBEZA VMDD Z LN TED.

1B A 20572550, KEMEORE D BB O 4D I12 ) THEREM O BB
fizEhEEs., ZOEKREMESEZRINL, IV KEZ2ITS. £72, HiTd & oKXl
DIz, KEEME, KT, REDOMNENOLREZFZMNEET D, LoT, RKERERAS
flzd v, M L RO 5 T L TWD & &I, AERENESICL > TERESO
R OEZNEMTH L Z L2 mH LSRG, RO OB  Hl#E~8) v & x
L. DFEVY, EARENAIZ S DZEYBESyirr = BESp — BESey WNEMEBES,, L W R&E L 720,
INOKBRAEG, <0, 7DD F MK Froe BB Froe on £ 0 KE L, DE MK

HH Frae = — BB Frqeen & VNS WEE 7T 7 %T, ZOROEEMHIC 72>

toe+Fheel
oA A IV T THEAD IR T ~LHVEZD.

BEEER U BT ~DE D B 22D\ T, AR TIER B ORI 0%, [R5
THEICH Y EZ 260 L T5. RERDL, BEROBRT THITHEICOI) Fbol L L
ThH, 1BEAZ@EUNG R/ 256 L AEOREN RO, BEAVHIE~EREL1NHT
HDH. THITEY, REBEIZICEENER L CH 2855 1 I3RTHIE A~ &1 5 0 2y)
DRBRZDBARETH 5. BMEBUCHICEMAHEH L CH 2561%, —ERBRE B 281(E
BTV, TORTHEEZZAZDULERD DD, REITITSITHIE A~ L B0 B 2 i
Thb.

- HITUSND
')ﬁ/
SITT AT e i BERADYRY
BESdiff > BESIh & 9/1 < 9/1_1}1 & Fmv > qu_rh & == < Rrh ‘: ck % 7 5 7\
BT £ —X WEIEA1 7 £ —X
ERD[EB5E T
mrow( )RR ) &
WepiEf2 7 £ —X
f%ﬂﬁ]gﬂ7 I_X\ )Hifij]i%

‘@/ TEHE 7 = —X

Figure 42 A method for switching between the walking and stair ascent tasks.
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3.3 FRAM AR ER

il - LW IS E R ACU O REARMREZ fER T 5 720, R I2 X 2 #F M akER
HEMT D, AR 2R AB M 1 A (173em, 70kg) I LY Efish b, £9, £
il - B XS ACU I K W BEfFORE A EBIICEIERRESL L, REEIMENEIC L 0 1
KOFETCHERBIENATREL 70D 2 L 2R T 272, BEBEHVRREZITH. KRIZ,
2l - BB S ACUIC KV EMEEEZRKIEE T, A7 DU EZNARETH D
L ERRT LD, XAV EZRBRAEIT.

MR CITEFERRELESET D700, BHRAMY 7y 2T 5. fiH L7c 2
FE, HEhFE EMHEERBR Y 7~ b % Figure 43 & Figure 44 |Z/R 9. ZHUIEFEEHE N T
BOIWi & & BT 2720, BEZER OB IC—KICHWLNLTNDE D TH D.
RO EROFINZ, RTO/NT A — 2 345 [EORBR /175 53 8812 & B 4 T 7T RE &
%5 EIOWETD.

Figure 43 Multi-axial prostheses and simulated sockets used in the evaluation tests.
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Figure 44 Single-axial prostheses and simulated sockets used in the evaluation tests.
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3.3.1 BEH VRBR
3.3.1.1 RBr

BEEL A 0 ABR D HEUlX, BB VEMELZE/mL, 9fFhoRer HELZRET D Z L
T, A=y 7EEREDPBIICEE R TH L Z & &, ERERETHEEZ, 121
BeCOWBAVEVMENR AR CTHD Z L 2R THILTHD. BEA VEBROEKMEE
Figure 45 (27”7 . ARBR CIIRKEZBRWIEZEBEICEL L0 RO L T D 2
ExE 1 TETOMBRYEIERTETHLZ L EER L. BER VRBRICBWT,
BRI I 18 em, B 26 cm D 12 BrDPEBE A, FT O AEEMAHALTLZ ]
BeDFETH L. RRBRTHEM L7z, EEFEOH K/ NT A — 4 % Table 8 [Z" 7. R
IXHH T 1C ACU 22525 L TT ) Bl 2Bk & 27 2 12 ACU #2575 L T1T H £ b
BERBRO2EERT S, REBEF OBV T —FITMAAL T AT AT LY 100Hz THAS
SNb. BUHETIEIZIOT— 4% 7 =Xk, £V A 70050, HITEYIZ
EEHEAL L, 1000 B> TNA~E VH 7Y T EETSH. 0K, RLZIZOWTERE
AR AL, BREESAKE, KK W TOE M, ElzhZho VBl EiHET 5.

Figure 45 Stair ascent test conditions.

Table 8 Physical parameter of participant
KIgE L, [mm] 420
-2 FSEMEEEE L', [mm] 490
- O EEEE Leop [mm] 200
THEE & M, [kg] 3
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3.3.1.2 BB R

HBROFER, HRE L ZMBRED HICEE LBEICH 12 1 BB COREH Y A
BThHhHZ MR L. HMBREAMAEHL TUToBROBEEARE, Mo, KK
J13 X OMat i #F o R BA /4 B & Figure 46 12, BRDOKE T % Figure 47 I~ 7. L2
ZHEH L CITo R BROBBIAE, by, IR J)E L OMEF & OB A K %«
Figure 48 |2, #BR DT % Figure 49 (2773, Figure 46 35 L O Figure 48 DJK D~ A 7
XX FH OXE, X7 OB SIZEROXETH 5.

Hilh g 2wl T o 1 HHNTOPEE 2.6 s KFFH 0BG 13 36%, Z#REABRTO 1/H
HNETFEY) 2.1 s IR OB 1L 35% Th - 72
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— Cybernic leg
— — Able-bodied
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Figure 46 Knee angle, torque and GRF during a stair ascent test with a single axis

prosthesis.

Figure 47 Stair ascent test with a single axis prosthesis.
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A O
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)
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Figure 48 Knee angle, torque and GRF during a stair ascent test with a multi axis
prosthesis.

Figure 49 Stair ascent test with a multi axis prosthesis.

60



H3E Zlh - B ISR R A N =y =y b

3.3.1.3 &

VAT LAE I O A R e R A BT A OBE 10 ERE TH SO L THA A
=y 7 {bERTIIEEMBMETHEL TS, ZOBRKIZEEREOREE NI E A
CEH L2272 TH Y, REEIFE I CHWMICRAT H[10]. 7o, WEEIH OB A
BB X, ¥ A7 LA AR & @5 o IR B & A L E & RER IS~ VT O uE 2 fii o T
5. R A L, BEHEOREBSAE L TRELELTVARY. XoT, if
FEAIC BEE: & o 2 @Y izmhE L Tnb B2 b5,

ARBRCITHah R E R, S eBRic/EELRC 1 E 1 BETOMRESR Y 2
RETHLZLENERINT. IEROBRTHELALIHEIZ2E 1 BEOHET I EAHNG
TEDE141s ThD [36]. BEEE2 BBV TIX282s &7, ANy V{bFREE
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Figure 51 Task switching test.
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