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Due to decreasing birthrate and aging population in many developed countries, it is necessary to compensate
for the shortage of social workforce. Robotic systems are expected to provide such workforce. In particular, biped
robots can be suitable partners of human beings because of not only their appearance but also locomotion ability
in human living environment including stairs, steps and uneven terrains. However, current commercially
available biped robots are mainly used only for entertainment purpose, and they are seldom used to support
human physical activities such as industrial tasks, housework and nursing. The author considers two main reasons
for biped robots not to be used in the above area. One reason is that biped locomotion is intrinsically unstable,
and its safety in human living environment is difficult to be guaranteed. Another reason is that most biped robots
consist of many links and actuators, and hence several problems arise such as difficulty in control system design,
heavy weight and increase of production cost. This study presents design of two mechanisms for stable
locomotion and lower degrees of freedom.

First, the author presents a design of a foot mechanism with landing control for stable locomotion on rough
terrain. Many biped robots have feet whose soles are rigid and flat. Such a foot may not be suitable
for biped walking on rough terrain. Hence, a foot structure is required to adapt to an unknown ground
surface with unknown geometry and hardness. The proposed foot structure consists of four flat soles with springs
that can independently move in the vertical direction and reduce the impact force from the ground. The spring
displacement is used to measure the reaction force and torque from the ground. The designed landing controller
that feedbacks the measured reaction force and torque achieves stable landing on the ground. The effectiveness of
the proposed foot structure is verified by comparative experiments with the other type of foot mechanism on the
flat ground, soft ground, and protrusion existing ground.

Second, regarding to the lower degrees of freedom for a biped structure, the author presents a mechanism
design for supporting human lower limb motion, which aims at reducing physical burdens of human workers and
elderlies. Many wearable assist mechanisms for human motion have actuators with similar configuration of
human joints, so sophisticated structures and controllers are generally required. In addition, a larger number of
actuators increases the robot weight, which brings lower energy efficiency and higher cost. In order to solve these
concerns, this study considers a mechanism design to reduce the required number of actuators. This study
proposes a pantograph-based mechanism for supporting human’s lower limb motion, by which human
locomotion is divided into vertical and horizontal components. The proposed simple structure, which employs
only one actuator for each leg, supports only a vertical motion component that is highly affected by human
weight. The effectiveness of the proposed structure is verified by experiments with several human wearers by
measuring myoelectricity of their legs. Peak values, average values and variance of the measured
myoelectricity were compared with/without the proposed mechanism.

Finally, the author summarizes the design and experimental results of the proposed foot mechanism of a
walking robot for improving the uneven terrain adaptability and the human upper body weight compensation
mechanism with a single degree of freedom for each leg. Their effectiveness and future work for practical
implementation are also descried.
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(a) Wheel type (b) Crowler type (c) Leg type

Fig. 1.1 Classification of mobile robots
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HREIIAMORDAT293ke THZ A, NEFEMo Ry b~ H UK %
LTEY, EEAKODEEZIZHWLTHNIWVWEZD, ZO/MEMEE RSBV,

Fig. 2.1 Biped foot system capable of dealing with uneven terrain [22]

WS, HELDOMEI EEEDOHED DL ¥ iRl Rl 2 KD Kk
EERELZ[24). ZOAHERT7Faz—22AVSFHELEKRLUCER
DEMEMATEEST DI EWARTH L. GHEPFEST, OoEIHHE
EERLLDHMEIZNUTREIRNTH 20, EEEEMICX DMLY >
DA B —=27F5.5mm&ENZOMNDH L AEMADHEMIINETDH 5.

X, RHMEVPEME L IMEL D 5.

Garcia & & SEA(Series Erastic Actuator) 2 F W 72 il 2 B %6 U, # 47 K O ffy
BREMICOWTHRE U7z 25, ZFHMNGREE COSIT2EBT 2203 E
MR O EEEMN P T 3L F —DE 4 SEA O#YECHGARERMEEE 727 F 2
T-XICEBEEHEL, HEAKICH WS Z & TR E BB O E I
IGFIBETH D, 7, BMHERAKZHAWEATZX Y X—IZ LV SEAZH W
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:Unlocked, [ Locked

(b) On concave terrain

Fig. 2.2 Locking system [22]

Fig. 2.3 Anthropomorphic foot [24]

MBEHOT XV —IRE EICODWTHELEZ., X512, AWEMEEZED
BRWHABRDODERIFEIZODOVWTHMNOTWSE., Z< DO Eadry MdHimn»os
DEBEAZ T HRVES, BHENICHE L ODEEPNOICEL RD LIH5ED
ERETS. BBEECHAB»SOMK{REER2EZERB LGS, TO LD k4
BKOERETIEHBEPZL, FEYTHIGEREIZONS. TDD, K
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MM 2Rz, 772Faz -2k sHEEEAELEHERBININT S F
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Fig. 2.4 Leg with series elastic actuation and magneto-rheological damping

2.3 [ERHEIBE R A 7o RIEMEL RS

LROWEICHNL, WHSEANXZ2EFT 5 e & zh 2 A7z &M
WEEREL (37 Mime oFEMMBE2 4R L, ERABPY VY7o TR
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THEBMMPMHEBRIZAEDE CEHEIEZ2EL XS LT, &M EHERIL,
BHREBOLZEMEMB. £, RNXOELA 2 EHHIT 35 Z & TREIHE D
SZIEZRINP IV 2EETEZIENTE, ZhZ2HWTAMKD 2 HE
BRicH G T2 HE 27> 2T, HEORERDRY bORE#IZE XS
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DEZIZAToN, ZTNS220 M2 OET Z L THEkE L AT HRES
END. FI2HICBVWTAEMIZE T MEL LTIz [EREDR
LRV THEHERORE» X ) 1X, ThFho st d 3 (Fig
25). $4bb, RBEMIZEWT, FHIZXFHHTORLBEICE T 5 EHE
R e OBEMRBOALEETH O, XFMEOEFEZITE W TITH
HILIR DO R S EE 2 5.

<— Single support phase Double support phase —>

Hﬂ B
///] ) /%

Unstable contact states

Uncertain landing terrain

Fig. 2.5 Problems in walking on uncertain terrain [37]

(a) Even terrain (wide margin) (b) Uneven terrain (¢) Uneven terrain
(small margin) (wide margin)

Fig. 2.6 Contact states and stability margin [37]

FMZRIc s 2 BEMREOALZELRR, TDEXREAREHMRTE
mMWZ EIZEKNT S, Fig. 261, M R oEMREE XKL MHEOD
r—yFHIZBETDZ2EIZ2RLTWS. Fig. 26aDEHE ML ¥ S5 HE (A) 12
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X, Fig. 26bDFE S TEHAZVWEHA (A) TRIDEIWELSL-oTWwWbEZ
ERbLNE. BHETOLEIIOVWTEZNIE, Ry b 2RO ELAE D H
HMANDHE NP EZREZARNICOINIIME RO EHEM 2 MK TE 5.
DD, —HKIZ, TOELMBOERERAPREEOFLTH L AP ITHE
DR D EDCHIET S, Ry OB EREICHMETENIE, BEAkEE
2 Fig. 2.6a & Fig. 26bD ¥ 55 THh > TH R EHITHAAETHS. L L,
FERRIZIE, Fig. 2.6b D54 TR E T 2 gEtE 2 @ v, HAOALE O FFH R 2
PEEHAEORMEMMEREREICLY, MY EAOMNMEICERELRET 5720,
bbb Fig 26bTIRyHIOEHFTMIZALTEZIMP BTN B &, APy &Y
ENORIKNDE2R/RZILENTET, AP FHLOITE—AY MHBHKAE UM
LTLES>BXTN2HE. 2051, torXE2ARRENEZ VY
G, BHREVPLZEETHH LRI T L2EBEL0BIFARE L 22 5.
Lo T, WHSE T2 26T 2 EMERE] CIFIHFLVEREZ
REL, AEMIZBI 2+ 02 KEIOLELALOMK, THhbb, Bl
DL EAL % A A 7z (Fig. 2.6c). T RbLHENFOERKEZFHAL T, XHLME
ZILSHER T BAmTHE. toaiREAREREETE NI, Fig. 2.6ad
OB CTCOLTERMELZELREZHVWAEZEATYH, BOMEOK
MR ELERBEIBIIINDO D ENARETHD. D0, B2 JRITREZ
NTVWERKOPMEEREZFAL T, A TOREL-ELBT %2 E
HT&E2., L2ALAPS MEEMMETREEZS P VWHITI COMREIEZ S K
COMBER DY, KR TRRINE2RETLIES REEZBRE L 2.

Virtual plane

Fig. 2.7 Virtual plane [37]

LV EELZHATOGAETIE, BEOMEOPENDBRL D ARREE
TH, IMPOXFZAR B LN S DBREN RSB VEBATLIELZNDLH
5. LEPoT, RIZBRSZBET 2 EMGEIEEZICHL, BEY 2 ZEH%
POBRAEZERT 5.

REITLOIRMEICIOVHmME DLEEMPERH I N TVWEIREIZSWT,
Bh % B 9 5 KA SE I (Virtual plane) 2 % 2 % (Fig. 2.7). Z O KA
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rEMEE AR, MEPBRPIAELZRMEAOEMBEEIX, HE2HX
DAMEPZ S R EANDEMMENLEBESHMRALI N TEE. XEFH
B IZI, BELRERIZLI20FRy POEAZIEH LR TERS RV,
Fh, ¥XRBICE2LXE LA ERRIZT S, ROME & B2 EED
HEIZAR S S XS ITBETAIZ A kODoND. RET D [ A2 HHEIC
KN4 BEMEIEE] CTIX, BicoOSTOBOKNDE PV 2 HEME LT
AW, EHIFEFCZ0HBEK HE PV ZIZERT D &SI D& E &%
MEBLETS. Zhicky, MELRHFHIZEWTEDLY ZMP %2 B 1£ O X K
I SRD LR AN ZEMNIIBITIE, RORFMZEFHZEY RIRFET
BT 22N TEE. -0, GERE ST TR, XRBEYLE XK T
DELDODEHIDEAIPMEL 25720, MEXHPEPMIZIBEVWTELD S
TOHMMABARKFIZHEEL NS, il 21X, Fig. 28 12" T & 512, B ZIT R
LY LI EMOE N E2 LI EZFEFMOFMEXRHEHIIBITT S &,
BEODEIN2 DO 2 T8 T A2 CHNRLZENIIHEL RIFT. L
U, BHFIIE T3 EBMBEBEZZNEAKIARS ARk TDH 5. AW
ek, MEMEEEMHOTNICEHEOR» S DBFHRD A ZHWTH
ST 5. LD o T, HITHERRENEETHL L, T 51I20Ry bO
MECEIVELOGIEOKELZRKT LI T, XML& X%
TOZFDHEIBEBHTETS. LED20oOD0FHEOHAGDLEIZ LD, N
BB LZELSITEEB TS, LrL, SHiloMime ol L, MMMz &
HIEEFEWVWSHEN DD, #HS 2 \WHE T O, HmE ™ T o %R
ENFEEL S S.

Center of gravity

Fig. 2.8 Movement of center of gravity [37]
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I FTCRREBEME CIREINZEBBIZOWT Table2.1 12 F 2 5.

Table 2.1 Comparison of foot structures

Adaptation to Shape of Impact force
uneven terrain contact parts reduction
Hashimoto [22] Yes Point Yes (By control)
Yamaguchi [24] Yes (Stroke is short (5mm)) Point Yes
Garcia [25] - - Yes
Yamada [37]  Yes Point Yes

ABEGE T, M & o8 MURE D 2 E LB & U Ik o 1 B8R O hE
b, o, Hil& ORIz L oaELPOMEZ BRI 5 LM ORSE
2175 .

24 BIFEOTREFXERE

2HB IO THBELEEECOWTIE, 1S O THAL [39), 7 2
F4 TV oD A7 —10—X—35 4 PLL-04 &% | [41] ® ReWalk # ®
[ReWalk] [42] 72 & b T W 5.

W S &, AMRORMHEANAE S % H W72 %EE PAS THALL = #I/E L,
ANOEELXES KO TFTHMEERIEZ 17T > 72 [39. ZOEEITAKDEEL
MEffifEicabdz) v IoMEEZFEEDL, SBEMICT7Fa—X %2R 5
20, TAXANVXF—WEOMENDH L. 72, 2HOT7FaT—%, 2V
O—9%2fAB5ZhomaIANERD.

Wi SIZPASOBEEMEEIZEHL, V2 %2 KEHOWNMICHEEL /-
KEMSITHB o Ry b TWPAL] 2B % LU, H738 > X7 4 2 6/ L
7240l Vv 7 OKRBEE B X O FEEBAORE I ZHELR L O FE 2L
7%, Ho o (TR IEE E RN D78 Bk 2 3l /E L, ZBRIZK 0 L7 00
BAlkcToAEEEZRL .

HHIEPAS EFHIBRIZANAT =D A4 LY ATOMERD L2 TRY FD
M ICE T3 LR EIC K 2B & KT O/ E % B0 72 3 5 4 E %R
FHRHOVWTHRET S HEZ2ELELTVWS. 28Ry b OB ICEKIZH %
HWEHEMEBEZINOND, BEMEBFORENVI Z2RETEE I L
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AR LEAT. MEHROBEELRNLZOBE LY, SU—v ALY
DM EICEBENRANDZ L, TOMPREKL L TEHIMEBEELE
MThHhdZ a7z, UL, HEBZHE N 22X EI N, —HBEE
TOAMEY RFHENPTETH D Z L OEMBFICHE NS T ANV DBHKET
2L WVWHMEERPEZEINTWVS.
ZTOMOEIFHEOHE L LT, BROIWIBEITOUBLEGIRHTART
VY7 W TR S ST OB A MR AR B E KRR bV 2 (R R R
ZLTW5 [48].

o, WHSWEKEY ) X2 H W2 REL, #E DO I
NI AE R E I MEREZ RE L 72 [49].

BEOSRIEHS OFEIIMEBBIZX2HE NV NOREORMEX, 2
DWNAT ANV OMEZBIRLUTWSED, 3IRTEANT VLY V7 B
EDORKBLEDEH VT VWS, BEIHATLIEMPREVWHELD 5.
TSI, PASEAKICEELCTHHAINSG ZOEMEKLHHNKE W
N, A\MEXEENRYOXZFEOZOFHEICH L TRERBTIVERINS.
CZEFTHRREZPASBLIUVEIMEKED S B, A LI IFATEVELE
DHEFERY PO FTHEHIZHWSZOICIREINZE DIZDWT, Table 2.2
WE e Db,

AWETIE, ANO FTEMEE2MBT 22X TCTRIZEETCHIEEFZAOLND
HEOMMEBIZKEEZREL, 2, BEO-ODOEIELZ T2 W2 X
T52¢7T, L oMEOMRPEZRAS.

Table 2.2 Comparison of weight compensation mechanisms

Number of actuators Remarks

Sankai [39] 4 (lower limb)

Muraoka [40] 6 Mobility aid required
Reverse bias torque

Shirata [47] 0 occurs in swing phase

Yamada [49] 0 Occupy a relatively larger space
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B &

AREBEMBZESITD=HD BRI
= Hh 1%

3.1 #E#

AR EEZ2TbE 272D, ANHOEFREICHEHLZHEEZ D2
Ao Ry b2 INLTWE. 2Ry bDOERIZIE, S 2 WHILE P
M2 AT E2HEREDORLZRABEMADHEIENHLETHE., £ D21
Ay PMZREPELSESREPHOWLONTEDLY, AEMSTFICEVTRE
HMFEFOEHRS LB RLZEMLRIEE 5.

bRy NSRBI AT 2T D G A, i e & oMK AR O R 2 MY [ E
b, BEORYy PIZKOEEHAD R Y PO XS ITHIEHIZEE XN T
E57,288 Ky bOGAEICEREZIROVEBITBRICAFETERBZMEL R
NIERSBRVHEVPGFEET S, RemOEMREZFTMT 21 D>DHHEL
LT, XFZAEIIHVONDE. —BIZEXFHEMBLEIREVIFEEELL,
TR RELIOLFELAEEMBRTERVWES, LIEUIXEMCRED M
filt AR 2 W o 2 AL ERREBIC AR, M AR RA R ORENE
Hema., 5T, T2 MmBERO EMAGHIARETCHE I D
Ry bOARBEHMSITICEWTHBEE RS, EFE, 7XATPHMEL S OE M
REAL, [EMEAEDREATWE D, REMOIRTIEREZ Y TV R A LI, H
DIEMEIZFH T I LIEIRZNHETHS. £/, i, S sArDHI LY
OYHMWRE2FNT 2 IRETH 5.

IS OREEMMIT 57720, (HH S IEIX % M2 e oAz
TRUZEZEBLUTENZH W SMEEELZREL, BME2Z R L 7% [37.
UL, EMilgolime 0@y, SEMIZL2mEEPFLVWSHERD D,
oMW TOMpE, MEMHT TORBELREPREET S, AWMETIEIN
SOMBEIZIEL S 2R EER, BiExito7z. 72, HEHGIHEEZ @
AU, REEMADEZEMFERIZEL > THIMEZMKRIEL 72.

19
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32 MRS
321 NxzBYIREMBEKE

Z<<D2RBERY bTREH—HBIZEPELSESRETABME ST LEZEA
CEHMKOESE, BHoALEMOMEEZAETS. ZOLZDIIHSE NN X %
B9 5 AR (PCFS) 22K U 72 [37]. PCFS I MimE & o £ il %
42 L, EEVV v Il koTROEF L ERINEZHMEZRED. VYD
ODEMIHIZMA ONZIERICE s THREMBLMEERIZAEDLDETEI %
BRBHILT, SHMEOEHBREL2RINT 2L & 51T, R4 2 BIROHE T
LZHMREDOZEMANITAD. £/, KT VY a XA —XE2HOTENLTDE
fMzEHET LI CEEMBPBHE»PSZIIRNEZHET LI ENTE,
ZTNOoPORERVPHHN ORI IR NV I ZHETHI LN TES.
Figs. 3.1, 32 I AKEOMBX S L O EBICEEINZHKBEOTEE 2 R T.

Contact pointe

Obstacles /

—

Fig. 3.1 Structure of Point contact foot [37]

AHREE2 o Ry PABMEREZ M LI E22DICENTHDE I N
WEDOHATRINTWVWEH 37, BB T H5HIBORRKRTRIT LS
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Potentiometer

Contact point Rotary spring

Fig. 3.2 Point contact foot [37]

UTFTORRTIEIEFEIHRELAZVWI EAHERINT W S.

1. AEE#H 2T 5B THE2-OEMBIZHTEE OMIZT R BFKET
20, ZOB/OMBLG T O N L AKENIEL HEL R W (Fig. 3.3)

2. B THh DD, H, REFLBRLEDFED EIFS5N WA R/NI 0
FATICEE L2 A, il icEE» »EZ 5 (Fig 3.4)

BHEDOMBMIZAVIAL, oo WHIHE CIRMKEIEZ S (Fig. 3.5)
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Fig. 3.3 Slipping of contact points
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Fig. 3.5 Sinking to gournd
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322 IRV IREHEE

321 THBRZMEIZHINT 5720, TILWEBHMOEZRE -l 21T - 7-.
A EPCFSEDHERIZUTD2HTH 5.

1 RO BIRDY, kL < D2k eRYy hTHLWSNTWDS LS AF
HTHD. 1220, REXDEINTEY, Thr2rET2HEMEIZE-
THEEMBORIEERDLIILNTE S,

2. ¥REETHUEKNEZEES, Sl OBE SRl HOEMRGITH S.

L.O XS icHim e OFEMBERLPECTH 5720, MEY LITFEY BT
LoD EEIEIDIZSWZI VG TE S, /-, B OE LD
PCFSIZHARTEVHFEADE TS0 s 0WHITHICB W THRERIEZZ Y
WKW, BHEAMEOMBAAD AL HEEN NI VE VWS ZREYH
L. X512, 2.0 &K HEMIEA, HOEFGAAWEEE 2475720, B
HMoOB/FEIZBRLU CHime OMIZTI NP ELST, Hime OEBEBPEEY
Lo THBOEERIG TN Z 0w F/HT 5.

Potentio-

Fig. 3.6 Proposed flat surface contact foot

AL PCFS L FAIRIZIERDENZRT VY a A —=—XTEHHEIL, ZDE
WO B HMEBRZ BIKKEN fi, for f3 frERD, REBI)~B3) 2HWT
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RAVAHBE 2 SZ T DEEN f & MIVY Trou, Tpiteh EHET DI ENTE 5.
AEHEOBECTIX1IDoEMmEm 2, HEHEEMLTCVWEI2r2RET LI L
ETERWEO, ML 2REH T L, SEMMEADZ I 5 KK I D H L
NOEFRHELLTHS> T2, §2bbEHILAZREN & ML O
JIHZHMBE LT WA 72, MERGFHIEZEHMNE LTwiawn., EEICE, &
AEFHE COEENDODEAMERNZ LD HUEENH 5 H, mRy bARKIZ
WWNRZNUTCHPEDLEITZOARARNETHZYTHS. L, wrzZThhTN1DDE
fit /i @ Roll, Pitchfi AmE I ThHhsd &35 L&,

f=fH+fotfa+fa (3.1)

w
Troll = 5(—f1 — fo+ f3+ fa) (3.2)
Tpitch = é(f1—f2+f3—f4) (3.3)

ARBEEHEORFFITBEWTIE, PCFSE DB EE %2 1T S 728, Hilm o 4o E

BiF4e L, IRTOHEMEIP LT ERZARPRALCRES I LREEL51CL

oo F7z, MR B EMEBO &SGR OBE R IZRERKY20mm & L, Z

@ﬁd@%wﬁmﬁlo%kb®£mﬁﬁi%%?%ﬂNt@%%@%%
, METLH2REEBIIOVWTE, RRXDIXNRAXKITWPCFS L 25 % D H
SIEREZEEL, IINEZRE2HD%2H W/,

3.3 FMHIEDE & REMMENT

23 THBRNRZZE ST, MET L RMEIC K OME & OLEEMAFEE
NTVWLIREIZEWT, MR 286G 5 (8 (Virtual plane) 2 & 2 %
(Fig. 2.7). Z OARA T 2 & M & A2, Hm R 8 A H» 2 im0
AWM ET, MEEEIPAEIr DR ELoREHADEMBEAN L E S
52ZeMNTES. 22T, REBBIIBI2BEMNEIEEROFLMTD
L. XRMWUIBRICIE, #BELRERBIZLS20ER Y bOEEEEIEH LA TR
Bo\W, £, XRRIZELGIFEZAREZRRNIZTLSZLD, RONME L E
BEEBEOMMBMIZROS XSITBETDII A kdDoNd. RET S5 [ i
DRI X T 2 F MG L] T, BMicosfToBOKDE NV 2 H
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FiEeUTHY, SHKICZOHBERDE PVZIZERKT E2 LI ICRDE
WAL E e ZRAZBET S.

3.3.1 MHfEEEERE

Predicted ground /777

Fig. 3.7 Landing motion

AEIT, WREALHEIZHE A EMEIEIECODOVWTHERS., 2D LD
mHIFEADOEFERMTIE, BRKARERKTE VT E2IHILDDFEEEOHHE AN DL
ERBEMATOLENRD L. IoT, TOEMEEIZIZE, ZE LKA LT
FLVIZBENDOBEREREEG I B LITLHADEBENKD 5N D, KlHIEIL,
RETA2EBEHEOIXREMNLPOHMELEZKNE MV E2HVTREONMNE L
BHE)TNVRA LG, GHLMHERADZE LU EME2EHT 5.
Fig. 3.7 "R T &5 4, MELCWaHim (AT, Maethm) & EZE o
(EHME) THILHEESOREPFEAETLIERHIIOVWTERAS. EOKEMHIZ
Fig. 3.6 ® X 512 ¥ ¥ X ) (Roll-Yaw) ¥, 7 v ¥ X)L (Pitch-Yaw) ¥ [H IZ
MoTADIZNEINT VWD, RETDHHMEIETITBERBRIKK %2 RIS %
EOICREOEIBLIOHEEHMT L. 20k, K (3.4), (3.5) 12 ETPI
ez AWz, 2720, EOEI B LOREOHEEZOZHMEMT 5272008
HHoE WY —FREHBEIrAEIN TS L, 205 %l A
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hred 5.

T =Tref — Kpa(fref — f) — le/o (frep — f)dt (3.4)

t
6= bros — Kpo(trey — 1) — Kig / (Trey — 7)dt (3.5)
0

27T, Kpy, Kioy Kpg B KO Kpp ISR 1 >, xrefBJ:U‘QTef AR E
HWHIZNTLROESELCMEOHEENE, f, 7, frep B & P 7y IFEER
DRKIBLCERKBICEZ M7 (R(3.2), (3.3) D Trous Tpiten), KK T
OHEBEHE, PV OHBEHETH D, HEHGE Ter, Orefr frep B & O Trey
FREMTE ST T2 EOROEIBLIOMEL, ThIZHTIKRKN
ERVIZERELL. TNODOHRERICOVWTEHILHETRAET 5.

ARHEIBROME L U TIE, BAMIZIENE, ZBROHBEMETD 5 2rep, Orey
ERBEIREDONEr L EBOEZHE/BTEHD, KRIDE MVIREEIZIGU
TENOSPNNILKBREEIOMETEZHDOTHS. ZHITXD RO EMME
PHIBIZIR D BEL A RE & D ARG DA R M2 R E AR TR T 5.

332 EMOBFHEETIV

Fig. 3.8 Landing model
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B TR RZGHBOESIM 2 R T 2OICHEMOETHZ2RTHAET T L
DRBETHY, KECTEE TS, hb, YUKV, 7Y R I)VEIZMIY LT
fRfTcE5HDE L, 2RLETIVEMI T 5. Fig. 3.8 T A/NFHTHW S
EMEREETV (BMETIV) 2R 7. £72, KET IV L334Tk 2B
EMEBRCTHAT 2 EHEME (Fig. 3.6) ORI ODWVWT, KX IX, 20
SN hThoEMEoRLMIZERATZ2EDE L THDS (Fig. 3.11). Z
ITC, mBERBEZFESY V7 O0RERE, widREDMHE, C, 8 XU K, I
Mm e ROM O LRSS X OMMERE, Ky IREEEIEIT 400
EROMMERBOBRH, cB X P x KB FHOP R (REDODRIENE) &
RONR B OBmEME, o/ BLXO) FEMEICEER FHOME, 0§ &
o I EMEICTTE2RBEEHEHE RDONL LHOHETH 5.

Fig. 3812 R T ET VO EEH HFRAN IR 5.

miy = fo + fo —mgcos (3.6)

101 = (fo — fp)wcos(f; — @) (3.7)

ZIT, fbBEUOfIEMATREINS.

K
fa ZTg{ll — 2y +h +wsin(¢ — 61)}

—%%?Q—%Pmm@—eﬂ} (3.8)

Ky

_ 7{12 —z' + 2] —wsin(¢ — 61) + wsin(¢ — )}

K
Iv :79{11 — ) +h —wsin(¢p — 01)}

_ %{xl + % [win(s —0,)] } (3.9)

— 7{12 —a' + 2} —wsin(¢ — 61) —wsin(¢p — 0)}

LWhBiUOLEzhrnthme e DMEMFEHEZ LRI ITRRD K, & RIZHLY
MHITonTWEIERK, ODEBRETHD, TRREY VI OBEMEE—X Vb,
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h'=h/cosp TH 5.
XBIYBLUVBIYZEXRBO)BLIUTBN)ANRAL, ¢o—0,=0, p—0=~0
LHBRLUTHMIEALRAZE5.

miy + Cyih + (Ky + Kyp)zh = Kp(a' — o) + Ky(ly — h') —mgcos¢  (3.10)

10, + Cyw?6 + (K, + kw0 = Kyw?6 + Kyuw’e (3.11)

WMEOHEBEOCHEAEELEZLOTHELE (h=0hDd=0), &
(3.10), 31 M SKOEH HRAMSE SN B,

miref + CoZirer + (Kg + Kf)x1ref = K¢(Trer — l2) + Kg(ly — h') — mg
(3.12)

Iélref + ng2é1ref + (Kg + kf)w291ref = wa29ref (3.13)

ZIZT, T BE GOy WZNZNa 3L, OFMEMETHS. R (3.10),
(312) &, R(3.11), 313) D EH SLROBEEFRANB LN S .

h
mAZ + CyAdy + (Kg + Kf)Azy = KAz + Kgm —mg(l —cos¢) (3.14)

[Ab) + Cqu? Aby + (K, + kp)w? A8y = Kjw? A0 — K w?e, (3.15)

ZIZT, Az, Az, AOB LV A FIRATRINZBREDMTH 5.
Az =y — 2,
Axl = Tiref — xllv
(3.16)
AO = 0Orer — 0,

Ael = glref - 01-

3.3.3 HIERORERN

AREiTHE, BIHICHEB U AZERET VERET 2HMEAHZ S LIt ZEW%
fEthr 4 % .
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%
Fig. 3.8@:57“‘}1/613:3”5%&73]"?34:@ l\ﬂ/ﬁT(Troll/Tpitch) LT
XIND.

K K
f:Tf(lg—a:’—kx'l—d1+d2)+7f(lg—x’—l—x'1+d1—dg)

= Kf(lz — l’l +$/1),

K K 3.17
T:w{%(l2—$/+$/1—d1+d2)—7f(l2—$/+l'll+d1—d2)} (3.17)

= wa(—dl —+ dg)
~ wa2(91 - 9),

272U, dy =wsin(¢p—6,), dy=wsin(¢—0) ThHd. KKIBLITF LI D
HEHERZIRATERIND.

fref = Kf(l2 +xlref - xref)»

(3.18)
Tref = wa2(91ref - eref)-
R (3.17), (3.18) & R (34), 35) ~AMALKA %G 5.
Ap Kp, K¢ Az + Ky f(f Afdt — (1 — cos @) Tyes
T cosd+ Kpy Ky ’
(3.19)
Af — Kpgwa2A€1 + Kig fot ATrdt
- 1+Kp9wa2 '
KK B LT MLV DEEASf, ATIILFTRINS.
Af = frer — 1, (3.20)
AT = Tref — T. (3.21)
R (3.19) % 3 (3.14), (3.15) ~ & A L B\ F O MR EZ I KBl % 4 5 .
d
—x=Ax+ D (3.22)

dt
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77U,
t T
x = [Ajsl Az, / A fdt} ,
0
_& _(Kg-i-Kf)COSd)-i-szKgKf K[me
m m(cos p+Kpo Ky) m(cos p+Kpo Ky)
A= 1 0 0
0 Kf COS(,‘b - K]IKf
cos p+Kp Ky cos p+Kpo Ky
Ky (1—cos ¢) Ky h
" m(cos ¢+prKf)xref B Fgcosqﬁ - g(l — COs (z))
D= 0
K¢ (1—cos ¢)
cosf¢+Kpm Ky Lref
d 0=FE0+C
dt~
=7 U,

T

t
0= [Aél A6, / ATdt} ,
0

_Cyw? W (K +Ky+Kpo Ky Krw?) KoK yw?
I I(l—l—KpgKf’w2) [(1+Kp9Kf’LU2)
E = 1 0 0
0 Kyw? K Kjyw?
1+Kp9wa2 1—|—Kp9wa2
_ng2¢>
I
G = 0
0

RB2)ICEIRE OB ARREUAT E 425,

83+a152+a23+a320

(3.23)

(3.24)
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=72 U,
C K. K
a1 = _g+ ! ! 9
m  cosp+ Kp, Ky
o — (Kg—l—Kf)COS(]ﬁ—I—prKgKf—i—Kmeng
> m(cos ¢ + Kpy Ky) ’
K. K Ky
a3 = :
s m(cos ¢ + Kpy Ky)

X(323) 1L LB ROME OB AR KRBT L% 5.
s3 + 5182 4+ Bos+ B3 =0 (325)

=L,

61 _ ng2 4 K]@waQ
I 1+ KpgwaQ ’

By = w2{Kg + Kf + wz(KpgKgKf + KpgKng)}
I(l —+ KpgKfUJQ)

Y

KoK K pw?
I(1+ KpoKpw?)

Bs =

CHLORMAERRIE, TVA- TNy VORELRML D RAATEE X
NIERETH 5 (6]

a1 >0, ag >0, ag >0, ajas —az > 0, (326)

B1>0, B2 >0, B3>0, 3182 — B3> 0. (3.27)

koT, K, BEUOC, 3 BIZETH B0, 2TOHBEEY 1V HETH
NEEYAFLRBEETH B

3.3.4 HUEIERE DERAT

WM CAMBENRE L A5 MERLE. ANTREDS S B L0
O A AE 12 D\ TR B .
M OB, SRBRONKEKEL, R (322) DEBEOLT 2 EUF
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DAZE/FS.

t
allel + a12/ Afdt = algwref + a4, (328)
0

(Kg -+ Kf) COSgb —+ KmegKf
m(cos ¢+ Kp, Ky) ’

ailr = —

K. Ky
m(cosd + Kp, Ky)’

a2 =

Ky cos¢
m(cos ¢ + Kpy Ky)’

a13

Ky, h
a1y = —=
U cos ¢

—g(1 = cos ¢),

t
a1 Az + a22/ Afdt = A23Tref, (329)
0

Ky cos¢
cos¢+ Kp, Ky’

a21 =

K. Ky
cos¢+ Kp, Ky’

a22 =

K¢(1 —cos¢)
cos¢+ Kp, Ky

a23 = —

X (3.28) & & ¢ (3.29) % Predicted ground #* & Virtual ground £ T O & &
T (=Tipef — A1) ITDOWTHEE, A2/ 5.

Ty = Tirep + h+ %(1 — COS @) €Os ¢. (3.30)
g

bp—0 0 REL, RAEMS.

@(1 — COS @) €OS ¢. (3.31)

Z'l:xlref'i'h‘i'K
g

K (33) BEMBE s N EMEO B S hBEOHEE QI lIET 22 2 RLT



34

03 H AEHLEST OO R & 5 Mk

W5, R(B)PLUTFOREGS.

t — j—
/ Afdt — cos pAxq + (1 — cos gb)x,«ef‘ (3.32)
0 le

22T, RN(B22) &0 Aiy =0, Zpeg WEBTH Y, ¢l +H/NTWVEREL
TWbDTIA%E”_5.

Af(oo) = 0. (3.33)

Rz, XB2W)DALEOEL LU TORNERE 5.

t
b11A91 —+ b12/ Ardt = b13, (334)
0

w2(Kg + Kf + KpgKgwaQ)
I(1+ KpoK puw?) ’

b11:_

K[@waz
I(l + Kpgwa2)’

612 =

Kyw?¢
I )

biz =

t
bglAgl + a22/ Ardt = 0, (335)
0

_ Ky
1+ KpgKpw?’

b21

K[gwa2
1+ KpgwaQ ’

b22 —

X (3.34), (3.35) % O1(=O1ep —AO) DO VWTIRE, WK% 5.
01 = O1rep + 0. (3.36)
XEB3B)POUTOREES.

Ab,

t
Ardt = ——. 3.37
/O = (3.37)
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R(323) &V A =0LDTRA%2E 5.
At (00) = 0. (3.38)

ER &Y, ROZRHPMEME & EHMEOMESHAELZIEBEEI N ZMEI
WRTBZEDBDNE. 2O, KRro6D L2 HIEMALINET
2. 0E&h, EHMEOSIBITHELNALHELRMEICHLTH, HimD
BEE RN A =R 12k 567, EOMESLIUORHAZBELDDREIZMD %K
HEe v VI BRHBEMANENRT 22 LV HERTEZ.

3.4 =B

Figs. 3.1, 3.2 12 /R $HEK D R M (BLFE Type 1) & & FFigs. 3.6, 3.11 2R
TH LU WREKEN (DL Type2), Tz H WS #EOE M2 RIET 5
o, 2 udRy PIHEHEzERLL, MrxOoME~NDEMERZ 1T -
ZZ. BARY MZXoTRY EJ - 28BoimicEHMI 2L EDORK
HEBEXOC MV I 2L, HATICRIETHED TN LR Z2 1T > 72.

3.4.1 EEREE

FEEREBO AN, BHK LT X -2 X UOKERHRK 2 % F 0 Fig.
3.9, 3.10, Table 3.1 & ' Fig. 3.12 12 & T .

FEREEIIRESICIEHE, SEHIC3HBEZHEOMZ E46 12 A, &
SHHE2AET L. KEFHIZK, A1 VO —FRE—XTARETE MLV %
WET 220, ME—ZANRAIVIRLVINTERERINLTWS., KEHIC
AW Y —RE—XDixt% Table. 32125873 . Y —KRE—XDOEEHICIX,
Fig. 3. 13 IC R T EEBRLHBEKAZE—Z R IANLELTHWE., MFboD
ARTUTIZED, RB3NDEIICANBELEZ2HMIERK, CTHIEST 5.

Vs = Ko(Vi — V) (3.39)

ANBEF~OEHL 20 A% L, & (340), (3.41) %133 .

‘/in_‘/1212:vl_vm

Iin -
Ry Ry

(3.40)
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Vin
Lpwi =TI+ I3 = —2 (3.41)
R3

R B3NIEBVWT Ky B FHRED, £/, o=08F3L V] < Vin, Vi < Vou
THZDT

Vi~ 0 (3.42)

Y ARE D, R (340)-(3.42) £ D KA DRI T B

_R2 + R3

I =
3 RiRs3

Vin (3.43)
XNEBA) o, Vip ko TE—XANOHNEBERLEHIMTE S22 bn
5. 88y hOBEBIZHWE T 2727F a2 —R2DOEKIZELET v 7 1F Texas
Instruments £ # OPA541AP & & O LM675T % A \» 7= . [a] i dh o #K P11 il &
D B4 Ry = 1.0[kQ], Ro =200, Rs=0.51[Q], %% 0% & 13 R = 1.0[k,
Ro = 100[Q2], Ry =0.47[Q] & U 7. Fig. 3.13 O[5 ¥ X 1% OPABAIAP % i \» 7=
BETH B.

Table 3.1 D E2HEBMIZEY V7 O0EEmI,m2,m38 L CEAREOHEE
ODMTHB. Typel T Type2 X D BEETH 50, BEHEORMPEHREIZ &
SZMEOUMKEZTSO-OHMBHOEENEFLIRSE K5 TypeliZEd 0 %
fFhu 7z.

HEHPCEE—XRNIAN, Ry bEDOAHHIZTHVWAEN—FDY =7
% Table 3.3 1Z /R 9.
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1 DOF
1 DOF
Yaw T~
;)A\ %
Roll Pitch
3 DOFs
%@9» 3DOFs |H
L
Foot —

(a) Overall dimensions

/ \
/Pelvis link /

__~Leg link ~_

2

(b) Link length

Fig. 3.9 Dimenstions of Experimental system

Table 3.1 Experimental parameters

Unit

Mechanical parameter Value
Width W 240
Height H 505
Total mass M 7.90
Length of pelvis linkl; 240
Mass of pelvis linkm;  4.00
Length of leg linkls 370
Mass of leg linkms 0.52

Length of foot linklg 145
Mass of foot linkmg 1.36
Spring constant Ky 0.422

[mm]
[mm]
ke]
[mm]
ke]
[mm]
ke]
[mm]
ke]
[N/mm]

Foot link @’
A

A

\
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Fig. 3.11 Proposed mechanism
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/ PC \ /" Robot -\
( Joint \
D/A Motor Motor
converter driver
:'-"""-T- ------- H Rotary
L______E:_F:L_J_______I encoder
7 —
A/D Counter Foot structure
converter Potentioneter|
\§ J

\_ 1

/

-

Fig. 3.12 Configuration of experimental system

+30V

E-N
+
IS
m

n

V1

©
4=

—_

77
R2200Q

kb,

Ri 1k Q@

Vin

~38

E——

Iin

Is

R4 0.22Q
7

01uF
Il

11
47TuF

-30V

N

777

Vs

_) Rs 0.51Q lout
Vm

=

Fig. 3.13 Motor driver circuit
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Table 3.2 Actuator spec

Hip joint

Vender

Model Number
Rating output

Rating torque

Maximum torque

Max. rotational speed

Hermonic Drive Systems
RH-14D-3002-E100D0

18.5
5.9
20
50

Hip joint (support)

Vender

Model Number
Rating output

Rating torque

Maximum torque

Max. rotational speed

Maxon moter

60
7.9
94.2
61

Ankle joint
(Roll and Pitch axis)

Vender

Model Number
Rating output

Rating torque

Maximum torque

Max. rotational speed

Hermonic Drive Systems

RH-8D-6006-E100DO0
8.6
1.4
2.7
100

Ankle joint (Yaw axis)

Vender

Model Number
Rating output

Rating torque

Maximum torque

Maxon motor

RE-max 24 + GP22C

11
0.5
2.9

Max. rotational speed 111
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Table 3.3 1/0O hardware

Item Value Unit
Vender CONTEC Co., Ltd.
Counter

Model number CNT-3208M-PE
Response speed 10 [MHz]

A /D converter

Model number AD12-16(PCI)
Resolution 12 [bit]
Sampling Rate 20 [usec/ch] (Max.)

D/A converter

DA12-8(PCI)
Model number DA12-4(PCI)

Resolution 12 [bit]
Update rate 10 [usec] (Max.)

3.42 EEREZH

A AR M OME X, B, MaroRorwWliEs KNG RED
fEHEY BT 2 HmE 2 BE L 2. FEEBRICH WMo FEM % Figs. 3.14,
315 B K U Table 3412 R d. £HCITHEVWTIEEZMAEADOME Lo 1 &HAric
INFEEEL 2 EY 2B E LU 7z, Figs. 3.15b, 3.15¢ @ & 5 IZEEFEY O TH &
MWREDMEEMBOLTZARONRICE I IS L>EEYZREL .
HHEMEZERT2-DRETIRIECODVTEFZETINOERZIT> /2.

343 HITNG—TEK

oKy b OFEMEEIXZMP ¥ REGE E2 W TAER L 72 [68,62]. A4T D LRE
fHHE & LU T, Zero-Moment-Point (ZMP) [18,19] A2 & v R v MiZB W TIA <
HwohnTwad., ZMPIZESSEHLBEZ AR 5 Hike U T, #IEMELL
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Fig. 3.14 EPDM sponge (Condition B)

Table 3.4 Ground surface conditions

Condition Material

A MDF board (flat surface)

EPDM sponge

(20mm thick, spring constant 13.1 N/mm)
Dome-shaped obstacle

(80mm diameter, 13mm height)

B

C

RTFETNVERHOCTHEZ MTAIZRD, T o OE % RO REIC
BT DA 2 HEMIBEINTWS [53,54. LaL, EEILE25Z ¢k
DTEDIBEREMEND R WD, 20O HETIEHTHHBRERK TR, HiEH
MR IO EGEEZ2 R R BEDE IR TRV BEL D, RIFFETI,
BWICEEREEELMMLEEZERT S AELE LT, TREMEZ AW THZ
IMP # %2 FEB T 2EBELMEEZEKT 5 HEBSH7 2R ALK, 20 HE
T, 28Ry hOELEEHVFig 316D L 52T -7V -BHEHETILVT
KRINDEMEL, HEZMP #iE %2 5 2 5 721 THMANIZ BB HO#E %
BT DI eNTED. Lo T, XM ERESHTHBRICEERL
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(a) Dome-shaped obstacle (Condition C)

[Top view]
OMQ?e

(3on1act’/,04444474133\ =N

point \\ iy

L —1 / N

T Roll Left foot Contact

axis . area

(b) Point contact foot (c) Proposed flat surface contact

foot

Fig. 3.15 Relative position of foot to dome-shaped obstacle

TEWEH 202 EHRTI2HEIT R, BB ICHGEN 2 ELHE %2 &
T AHIENTES. AKFEEZHVWTERKL ZEHOE % Fig. 3171217 .
AEBREE I LW AT ORI & > CTEMZFNICHIRDY 723728, Pitch fill /5
MOBELHEDADNITR V. EBREED AT XX — 2 % Fig. 3.18 1T/ 7.
STEMES XOCEMEIHOY > T VI EBIE10 [ms] & Lz, I 10N
FDOEMNZHETZRT VY a A —XOHEEMHIE, aXRy b2 HimE» ST
PEHZREDME L., BF vy aA—XOBBFEEFERI12[V] &L, 7 v
VaA—XROEPMEEEBELEMIZERL, PCIZED 1772 AD A— K% AW
TEMNZIWNEBLE. 22T, KT vya it —XRIZEHEEENRERINE T
O, BEPOSEMANOEBMBBIEFMERICEIOMAMBEER L2, £72, &
M EIZBEWTIE, RF v ya Xt —X20oMEAES XU0RAL D NNEDN
FER, RF vy a A —REEEH»SFEHBETOY V7 ED» S KB
BB BRNfi~fLazEL, REB1)~B3) D &5 I EAMEH S %3
KRB LML 2 2EE L. Fig 3.17, Fig. 3.8 D #HfF /8% — 2 &2 H W
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Single support | Double | Single support
phase support phase
phase

» : Horizontal position of

center of gravity (COG)

o - Initial horizontal position of COG
: Vertical position of COG

M : Total mass of robot

Vv
Fig. 3.16 Table-cart model

<@
=
w

Position [m]
S o
=} o> @
i [==) n —

S
et

@
—
w

Time [s]

Fig. 3.17 COG trajectory

THMXF» 61 HH20BT 5. REMCOEMHHEICHWSHEKRK
IBEEIC MLV 27T, BHABZHLUZHICEBBECL s CHB S EZRK
NI M VI 2RV, FMGIEERICHWZHERKRKK DS & TRol,
Pitch#i )/l b @ v 27 O #ii#E %& Figs. 3.19~321 12" 9. HERE X 2 135
ROBEMBOFRAIZB T 5280mmE2HEmmM e LERETETNT S &5 #%
U, RAE G BHIZ0CLHRELE., £/, EHHEROE T 1 Vi
Table. 3.5 D X S5 IZ&EEL 7=.

FHOZ2EMAIZL2a Ry ORENIEDZO, oakRy N EARS
D—7E2EERLTVWS. B—TE+0REI2FZETCEY, Ry FOFH)
ENDHEILDIZNIVWEEZOLNS.
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Move the COG >

0 0.4 1.0 2.0 3.0 36 40s]

Fig. 3.18 Generated walking pattern

25

10 |

Reaction force [N]
[a—
wn

Time [s]

Fig. 3.19 Refference of reaction force
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0.04

0.02 r

Roll torque [N-m]
o

S S
[=] [=]
= 3]

-0.06 1 I 1
0 0.5 1 1.5

Time [s]

25

o

Fig. 3.20 Refference of roll torque

0.08

m
< <
o =)
= X

T T

<

=

[N
T

Pitch torque [N

-0.02 '
0 0.5 1 1.5

Time [s]

o

25

Fig. 3.21 Refference of pitch torque

Table 3.5 Experimental parameters

Controller gain Value Unit

Kpy 2.0 x 107* [m/N]
Ki, 1.0 x 1073 [m/Ns]
Kpg 2.0 x 1072 [rad/Nm]
K[g 3.0 [rad/Nms]

Figs. 3.22~330 L EBER 2 RT. RO I 7IFRZ LT T VWD & &0
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SEBLULTWE. KR AB X MV 2%, Yaw il 518 /5 &k 4o % & & 5
fi(i=1,2,3,4) 2 L, 328D FKIZ k> THHE L 7. Figs. 3.22~3.24 13 &
ACER) BT HEMGlIMzEHE T ST 272 ETH 5. Fig. 320
Type 1 DG DK K S (Fig. 3.22) WEMFTICHEFT LR > TWVWEN, Thik
BEOENRIZLEDIEROEMLG AT 7y hENTWEZDTHB. +40/N0
IRMETHDITZDODARERIIBITIZ2HE TN, BHTE22DL L. K
BB E2FERIZE-T, REITZ2EBEHELZHVZEMIZIE -0 EE
MRd s 2MHRL. Figs. 3.23, 3.24 £ b, Fig. 3.6 ® Type 2 % {# i L
7=5%6, Typel ZfHAHA UL EICHREKKIITESE MV IZ2RFBALTWS.

Figs. 3.26~327 x Mo 2 Wil 2 E L 72K MHEB (AKX V) LB WTH
a1 ETHB. Table 31T RT L ST, B Ry b OEEILT79kg T
HDHD, HEHBORKNBRKRK TIEHE R D7D 3.95kef (38.7N) 1ZINH T
5. UDLU, TypelIZB I 2R TIIEBRBEBHZ2[s| O TEILOG S
DADTEEDRK U TETEST, TOHE EARDEIICIEL &
Mmoo, Tk, BB IEAR A, BHEOBEIELE T S B 72O EHER K
KADMHEZFHTETCVWRERWEZDEEIONS. TDD, KEMETIE
Type LIZX U CikEMGIE ZEHL 2d o7z, —J, Type2 TIE&KRMEA (F
W) OEG&EITHEVWHERPEONZ. 2O &6, Type2d Type 112 AR
HITICBVWTHS P VWHEOFELZZTIZSWEEZIOLND.

Figs. 3.28~330 X EY VA ET A2 HHE 2 E L 72564 C (K- 2o REE
M) B WTHITE2T o2 RTHE. REMLIZBEWVWTIETypel, 20T
NEMFEHLULZGEORKITBET MV DEIZREREZRND - 72. Type
LIZEMGIEZERL o258, RROBXIT MV ICABRREAI?R
LN, TNEFROEMSAPEEY EroBELEZEZOEFEZDL. T
LU, Type2 2L GG E3EOEBRTOVITNERKNIBEIF LY
DEXNITET MR LR - 7.

EdD XS5z, EHMBEOERBKNLIRK IR H 72D 3.95kef (38.7N) 12X
KL, 2z, BHMBORBZzLZEIEDI O, BRIZMA oI
TORXRDPHEAY sz E0RIFRARDIFT Ry hOEE LD /NI K FE
U7z. ZD7=®, Figs. 3.22, 3.252 8 1F % 5l T N 72 K X J1 D & 4% 4l 1 52 BR
DK ITED/NZT Lo T W3, Figs. 3.26, 3.27T12/R"F £ 512, Type2 % A
WEMGIHZEHE L2548, HAPRKS P WIRETH->THIRRIIZED
FMILZ X0 R L T WA, Figs. 3.29, 330 DEEYNFAT 2 HImEIZH W
T, BEY EAOEBERIZBEWT, KX, Rollfii ¥ & O Pitch #ili & v
DMVIWENTNR0%, TI% B L UVO8% WAL TWB., £72, KK HIZ &
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BRIV EZBMIZPWELTVWEDIE, HEIZRD LT REZHEBTET
B, 2V TWEEZDTHS. LD XSz, EEEOIERKNIEH
Ay POHEIZHUTHAILKBEINTWVWE 2O, HIESI NS MEIXFEERX
DEHENILKmo>TWDS.,

Figs. 3.31~333 ICEBRHT D EHE% /RT. Typel A L 7244, Fig 3.31
(MEA) ITBWTREFRSITHIT XN, Fig. 3.32 (&4 B) TIXE#ER
EFIZEEL Z2h - 26 RiEH U, Fig 333 (£4C) TREHEY» S DIE
ERFEELTWS.

25 w
—Type 1
—Type 2 (trial 1)
20+ — Type 2 (trial 2) i
_ —Type 2 (trial 3)
Z
55, il
&
g
£ 10} Foot lands i
<
[}
m @
5 L _
Foot lifts
0 . . |
0 0.5 1 1.5 2
Time [s]

Fig. 3.22 Experimental results (Reaction force) under condition A

3.5 iEEm

2Ry POAREHMAD@ESMEZM ESYE, TELSTZ2HEEHTL I L
ZHHE L, BT ofmz Sk,

LM & OEMAREDO AL EM, RAMEA~DEIZ X2 KRKIDEAR
ROMBBIZHIET 72002267 5 REMICOWT, RERBIZE
WHRAETHREL S 2MEEZ X, 2@l S &R A O HER I
VAT EB 2T OMEEZREL 2.
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0.1 :
O R T e
01 Foot lifs ﬁ
__ 0.2 i
g Foot lands
Z.-03" -
2
& -0.4r _
S
-0.5¢ .
—T 1
06 opel ]
—Type 2 (trial 1)
-0.7+ — Type 2 (trial 2) .
—Type 2 (trial 3)
_08 | | |
0 0.5 1 1.5 2

Time [s]

Fig. 3.23 Experimental results (Roll torque) under condition A

0 WMWW\%
Foot lifts ﬁ

Foot lands A

Torque [Nm]
S
wn

—Type 1
-1- —Type 2 (trial 1) 1
—Type 2 (trial 2)

— Type 2 (Frial 3) | |
0 0.5 1 1.5 2
Time [s]

Fig. 3.24 Experimental results (Pitch torque) under condition A
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25 T T
— Type 1 without land. cntl.
— Type 2 without land. cntl.
20+ — Type 2 with land. cntl. (trial 1)
_ — Type 2 with land. cntl. (trial 2)
Z | - Type 2 with land. cntl. (trial 3)
& 15¢
—
&
E Falling down starts in type 1
5 10
jast
Qq%
Foot lands
5 L
Foot lifts
O L n
0 0.5 1 1.5 2

Time [s]

Fig. 3.25 Experimental results (Reaction force) under condition B

0.1
0 MWWWWV—WMMM\ At:;;;
Foot lifts
-0.1- ]
_ 0.2 i
= Foot lands
203} |
2
S -04r ]
S
-0.5r —Type 1 without land. cntl. ]
0.6- — Type 2 without land. cntl. |
Y —Type 2 with land. cntl. (trial 1).
-0.7- — Type 2 with land. cntl. (trial 2) .
----- Type 2 with land. cntl. (trial 3)
_0‘8 | | |
0 0.5 1 1.5 2

Time [s]

Fig. 3.26 Experimental results (Roll torque) under condition B
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0.5¢ |
| A
= Foot lifts
=
@ Foot lands
g -0.5+ |
H

— Type 1 without land. cntl.

— Type 2 without land. cntl.

-1" —Type 2 with land. cntl. (trial 1) 1
— Type 2 with land. cntl. (trial 2)

----- Type 2 with land. cntl. (trial 3)

0 0.5 1 1.5 2
Time [s]

Fig. 3.27 Experimental results (Pitch torque) under condition B

25 T T
— Type 1 without land. cntl.
—Type 1 with land. cntl. SlipDACE OCCUTS
20F — Type 2 without land. cntl. in %l?peg 1 s |
— Type 2 with land. cntl. (trial 1)
Z — Type 2 with land. cntl. (trial 2)
8 15f Type 2 with land. entl. (trial 3)
—
&
=
g
§ 1of Foot lands
(a7
5 I O A 4
Foot lifts
0 <
0 0.5 1 1.5 2

Time [s]

Fig. 3.28 Experimental results (Reaction force) under condition C
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0.1 w

-0.1+ Foot lifts

__-0.2r ﬁ

=

£ 03" Foot lands

]

S04 _

S — Type 1 without land. entl.

-0.5r —Type 1 with land. entl.

— Type 2 without land. cntl.
0.6/ —Type 2 with land. cntl. (trial 1)
07 —Typel with land. entl. (trial 2)
----- Type 2 with land. cntl. (trial 3)

-0.8 ‘
0 0.5 1 1.5 2

Time [s]

Fig. 3.29 Experimental results (Roll torque) under condition C

____________
= e

Foot lifts

ﬁFoot lands

-0.5¢ ]
— Type 1 without land. cntl.

— Type 1 with land. cntl.
— Type 2 without land. cntl.
-1- ——Type 2 with land. cntl. (trial 1)

— Type 2 with land. cntl. (trial 2)

----- Type 2 vyith land. cntl‘. (trial 3) |

0 0.5 1 1.5 2
Time [s]

Torque [Nm]

Fig. 3.30 Experimental results (Pitch torque) under condition C
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(a) Type 1

(b) Type 2

Fig. 3.31 Landing control experiments under condition A
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(b) Type 2

Fig. 3.32 Landing control experiments under condition B
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(a) Type 1

(b) Type 2

Fig. 3.33 Landing control experiments under condition C

0.0s
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2. WEL -z 2 o Ry MIcHEREL, B x OME I U THEMZE
Baeirv», Mo BRI, EthogEl, KXKIOBXITFMV IO
WENWETH DI E2MA L. 72, 220Ky b Iz HHl £ %
ZEAL, BMEY EAOEBBRIZBWT, KK IHM80%, L2 D
BEHINTI%~80% WA LIl s, TOEMMEZMHEHEL .

3. N2 AT L HEMMEEELZHVTRBEOERZITV, KEORIES
FORETIREBEELILEZTV, RO LB ERE ICEHFEL R -
EODPVWHIHIZEWTHEEANRETH -7z, 72, MEY LIZEM
LBzl EPIRISLrol, WS XD ICHREm E2MRL .

PE»rs, RETHIEEBES LSO TN 2 AW EMEIHEE RS »WHH
PEEVPFETLIHEADEMIZEWT, ko mEMBE IO
Ay P OBEBLENN EIZHFSG LI N hot. EL, HEVOK
RO R EHHORBIZE > TREZIFRPBOND I LARFA SN,
AEMEICE ORI I L VAT AR RFEORE, ERAPABETH S.
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EE

B - KEEMEDODBEICL B2AE
B TREFXERE

LEHL

4.1 iR

AMFEDOHKIE2RBFRY hOEESHDOEZOOKELZIEE T HI L TH
50, TOOICEBELRHEBHE U CABMZESAITEBKBHEMIZERL
TW3. ABETIHEKAHEADZDOD FTEL, T FHEELEEBEANDG
HIZoOWTihRRS,

BEm 0B RIZAECEEBAOVPBKRNLUSBRELLEE, NEIAL
NBRINTWVWE., ZOMBEOMPEERD 1 D2 LT, FHEEEOETLZE
MmEOAVAHAITLXECNELZOREKNABRMKBEEZEWNE LT -7 YR
M 2 — (PAS: Power Assist Suit) " EHI N TWad. KRETIE, DED LS
BRASICE DK PASOREEEZRET L. E2HVWAEZERBH IS VWT, #E
HZOHBE2 X2 NRNEETH D0, il A & KESEOBHEZ D
BEL, SMEAMOBFEOALFETL AN Z2RET LS. Zhicky, hEAM
BT AEE T 7 F a2 —RXRDAERHVTOMERIATREL b, Eik%
L TcEs., £/, XEHBCIEVWTOAEELZMMHEL, BHEICIZT 2
Far—REWEBLULVHBANTHS LHEAXOSHEPTREIZARS. hE
HEEAKEHRMOMEZ DT D202, KFETREIANV RIS 7EED
I ZRET L. KBEZHAEL, EMRIEZIT R RICODVWTHRRS.

4.2 HEREERE

AWMETRRET 5, N X7 T 7 KM [63] 2 1\ 72 {HE B0 M E 0 AR F

UCaVwHEMEKEOM©EKZ AL, EOMEOFEIEZHH T 5. Fig. 4112
RENY R T THBEIANDEMERIMIEO2HEHEFHEMTH 5.
FIRERZAKMER RS ORETSE. "V 277 7TKRBOSRMER,
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Hel - KFEED D HEIC K D28 HHEL FREEREE
Applied part
////iI\¥|®\
~

@) BO ™ Linear

//\ actuator
F  Slider
C(

/< Pantograph

O'D mechanism

IITTTrTrTTrrT ) s

Fig. 4.1 Vertical weight compensation mechanism

AABF ~ AFDE ~ AACE (4.1)

ThH5. EHEIIRIZAB, k(=BC/AB), k(= AC/CE) B & U8 ZABC(= 180°)
WWEoTEES. JABC=180° & L, iiFZEELTCRAZEL LGS,

WADEMD b FFICHER(FZBHMEN ENTREDEM E 25, HIZHA
ZEELURFZ2EH 2 LEEA, REQOEMBIAFOLAD

Rr=1+k (42)

s, NEDOEH G ADMEERIZN LU TLBAC(=0°) w7 )5
e b, R (A1), (42) &0 HA FOREEIZNT 2 4AE O HEBGIE

—kq 0
0 14k

J =

(4.3)
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T
a@%.:®a%,ﬁEuﬁm?5ﬁpgzﬂ XY BRI D (KA F
e 5 ) I

B H{; 1 1f kl} Eﬂ (4.4)

b, MALHRFA2BEELCHEL —~EDOREIDOMEZMAZHE, X
AL BHFIZEZENENZDOMEDLk, RpffE iz —EOMENMND S.
EEMEMERE L, EFE, Vo 2R EH, 2Efo3oroEliansg.
EEHBIXIER LU Z2D0EENME (Fig. 4.1 1 @ Linear actuator & Slider) %
32.2200EHSMIY I EOAN (KA F)ITERINLTED,
IHhoDEBEFV AV XTI 7TKELZAEL TRENE/FINTHE NI N
5. 8RR T 7KBIE, ANNEMNOE - ERPARREREE2/KBo7-0,
CORMEEZMAURETZIZMEZ NV XTI TEMBTKES KUHE
AW MT AN TESE., ZOILMERDS TR LTTZ2Fax—4X
CEOMENZREIEL I THERTKRKELRVWHEMMEZEHT .
DY VBRIV R T I TEBE2ODFT) V2 IilkoTHEKRINT
WBD, HHMPICMEDE EEMENL DDAV, Fig. 420 & 5 2 HHE O
Oy ZREEINE., v IR0 VYIEEDODTDDDEVWEEZEZ B L&,
Fig. 43 RT LS CHENfAEHEMGEDDES LZIIRNVET T T
HixZowy 23, AF, FEREEREL 2 VKRB LEH N A > TWVWDSE & AR
S, 2ITC, m3EELHSLIOVOKEEEDSI bHMBENfLDOVAEIERI
MY T 28THS. BELPoy 7 ULIREHIVEEINLZREBIZRS L, 2D
DATAXMPEEINZHTORLINZHAT A XEHE AT s L5
RO, ARZHFLIZE—A Y NMDPEETSE. E—A Y M MIFEXRAD K
RO ONS.

M = fAF cosf (4.5)

fle LT, wWifE f % 10kef], AFOE X 202[m], 0 %260° )32 &FKEET
52— AV bMM=1kgt me& 2y, BEHIZEMAHENRESITHS. T0D
E—AVMEAHT O REHEEEHBE EITY V7 TERL, M
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CHitkz KFIZHR/RODZ L2 RET L. REMIZ, AMEORIZESTE 5
2HT 5.

Y Virtual Link FE

E
AN AN VVAVAN AN VANV NN

Fig. 4.2 Locked pantograph mechanism when load and compensation force are

balanced

-
Virtual Link AF

Fig. 4.3 Moment generated in locked mechanism
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4.3 SEER

REBEOAMNBBY R ZERT 2720, BET - ZIEESERECOEE
BT ARDOFEAMDE A EREL LK EZ T > 72, 20~30 &N O FB
MHANzZHEEE L, KESS XCKREHOBMIEIZHV NS LM O KEEE
fhiE EOREIZHEME YT EZIOANT, MECHEHFELZIT> L ETDOHE
MEHELUZ., EME YT ICIEHERAT NS 2 X450 IWS940 % A U 72.
VB HAICEANL T 4 V&R (60Hz) B & ONANAT 1 b & (Gl W & 3
40Hz) WA I NTE D, HEBMD AR ML, HIEEELR Y 2ES LUHER
Y UTHAENG Bl AEBRTIEERMEC BT 20RO KNG
ZHME LU, MEBEMEHKRORRINFER 2 I BETRVWEZOARE VY %
AUz, S5, BRI N2HEREIHREO L UV EELOIREIZKE
MEBEINDZD, WET — X2 o FILRFOMEZ2 I L 72 %2 LLBIZH W72,
WERE O BKER S K OHEN & > Y Ok % Table 4.1, Table 4.2 12787 .

Table 4.1 Subject profiles

Subject Height [m] Weight [kg]

A 1.78 79
B 1.75 70
C 1.59 52
D 1.65 52

Table 4.2 Myoelectric sensor specifications [51]

Specification Value  Unit

Band 20-250  [Hz]
Resolution  about 20  [uV]
Range 5.375 [mVp-p]

FEEKES LK O O % Fig. 4.5, Fig. 4.4 8 & ¢ Table 44 12 /73 . Fig.
41D &SI EZ K- E G2 #E g DB EE & RO 2 &I X,
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LEHITLERLZELR (Fig. 4.1 1 @ Arrlied part) O 312 &% < BEH T 72 8%
BTH, BXU0L2EEICHEHET 5.

PASOFEHIZEWTIE, BEHOFEHOWIT LR oWk S, BT IEIR
INEWZ EDREFLWEEZSNS. Fig. 41 A OB 2 B IcE£L
ZHbDTHEHHN, ERCTHBELULEZGEIABTENRRELS RS, Z0dE
BRAEEIZE WT I Fig 4.1 L HEREMRIICHE TH 25, & E %2 i oE b U A
2N UEEEZEH VWA, 772 F 22— AKIINT S a3V
T4 7 VAR RE, ZMiTHEIEFELIT VY VX EH V.
TYANMEEKE, SR 7TEEORMICLVEZEHEDRBIZK S TH
EHEARAN—EDT YA NIPEHESEELEOENMEZITS. £7-, KAEHE
TRHEEEDODKEAHNDOROEFELZLTTHBRICH 2T Z LN TE 5.
IS ORMHIZEY, B ON/OFF Rl 2 AW CAMDO K ERE L %25
DELZEHEDFIHRADOHEL2BRP T LI N TEL. BEENTIIH -7
Ay FrREM, BERBERCOHEICELDE CHEEREET LI TCEAM
FNEFNDOT VA MNIOEEEZEZIZYVBERALZZI LN TES. BLTF43.1
INET DR - BREEEEBRCIREELZTDLT T YA MNP ERMNAZ S TW
ZRREE L, 432/NH OB ABEERTIX, EROETITHES HERITRL
FEHCTHMEZIT- .

Linear
actuator

Med paljddy

Slider

Fig. 4.4 Mechanism of experimental equipment
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Probing
position

Fig. 4.5 Experimental equipment

431 BWFHIOLDRIL - FEFEFERR

ADPHERIZITOEHIEDO —DTh Bk T 5 DR -5 JFEEETOFA%
fTolz, HREIIEE T IIHEERBIIBVT, 6REBTHRET Z -
TEERHEMBOAKE L THF2 SO - SFREEZL404T > 72, 72
B, ZHOMEHL6MTHD, TN S ITEIERDKRDFEND IR OB FIZHE
EHZBVWEOICH R E U TREBRIICHIE L 72, EIEITHERE 2
FTNOHARREETIT >/, PASOT VA MNDBHEKEDORARTH DR
H1-00kgfIZHZEL, ERBPEITVAMNDOEMEZITDLI, B, EF P
FOENSDOHFMEBHDOIRTORBIZBVWTHEILTYANDEEZ 2.
DL EHEBEBORT VADNNIZAkgf TH Y, BEOERIZ X D EEE A
LDEIMELEEHDODEREBOMID /NI V., 5T, TVAMNIET VAN
ROBEBREMHERT A2, HBREDIZODVWTT Y ANNEFRED 720 10kef
A EAKOERZIT 72, EREEDOHK % Fig. 4.6, EROK T %
Fig. 4.7 2R 7.
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Table 4.3 Mechanical Components

Solenoid bulb

Vender SMC Corporation

Model Number SY5220-C6-F2

Working temperature range -10 to 50 [°C]

Working pressure range 0.1 to 0.7 [MPa]
Maximum flow rate 500.5 [l/min (normal)]

Air cylinder (Left)

Vender SMC Corporation

Model Number CM2E32-200

Tube inner diameter 32 [mm)]
Rod diameter 10 [mm)]
Stroke 200 [mm)]
Maximum working pressure 1.0 [MPa]
Air cylinder (Right)

Vender SMC Corporation

Model Number CG1BN32-200Z

Tube inner diameter 32 [mm)]
Rod diameter 10 [mm)]
Stroke 200 [mm)]
Maximum working pressure 1.0 [MPa]

Table 4.4 Mechanical parameters

Parameter Value Unit

Overall height 1.78 (Max) [m]

Sagital length 0.64 (Max) [m]
Frontal width 0.64 [m]
Weight 12.5 [kg]
Seat height 0.4-0.98 [m)]
Step size 0.7 (Max) [m]




4.3 EBR

65

Compressor
Compressed air
i i Solenoid |,
Air cylinder e “Signal cPU
board
Myoelectric Compressed
sensor air
USB S
PC

Fig. 4.6 Equipment configuration for rising and sitting down experiment

Fig. 4.7 Photo of rising and sitting down experiment

WBREBOHBM A Fig 481077 . 72, SMBREOKE DL E LAY
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MIEICBE T SMEMDORRKMED N (LN — 7 fH), FEHOHEAMLD N

Yl B & O 8 % Figs. 4.9a-4.9¢ 12 R 7. AR EIIEHEIZL S AMOBR
3 ‘ :
—— Without PAS
fffff With PAS
2.5¢ i

W]
T
!

Myoelectric strength [-]
p— n

0.5

20
Time [s]

Fig. 4.8 Example of results in rising and sitting down experiment

WrEBEHBELTWS., RV X275 THERIZK D KERHOME)EICTHT
52, BEHEOMBEAMEMFEIZLE T 7FaL—R0a vy T34 7T YV
ZRMHIZ X ORI EITOTERATETHE. TT VIV VYRIETVANAE%
MABZBWIZZ A VX —2HEL, TOREMKELTT YA MNE2FTFoTHE T
FNVF—ZHBLREWVL., ZO0Zeho, HRHPEEHBEO ANEE DL O
CDAT 7 Faz—ROBELZGOIHEAAEZBAELTVWS. RERIZSE
WTHIZTY YA MNODDRBBELRDZDIE, AP RKEVWEZHBESZES L O
ERBEHNTHIH, METHHEHLGEICHLZ{FMZ24T S 720, Biffo 2K
Mz UCcmz2mMRAL~EZ., —fle L ThsdHHEONEN2 Fig. 4.812R
T.EERIZBEIT S -2 (Fig. 49a) Z2WT, #HEBHEAZRL & IEH
ERED S 2% ~51% WAL TWBE I s, PASIZE DS EXDICHER
MR BEBmInzeEIZONS. b, HBREADEEIZ15%BTH Y,
FEIEE LR SN2 Ww. FHEE (Fig. 4.9b) WP W TIX&EEBRE & b5 -
FEEEE KT 10% B~65% W & 7> TH v, £7z, Fig. 48DHEX D & 5 12,
PASEERIZE VW TIHEERIZHRNGHEMPEMU ZKBE»H 0, & - &
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- + Without PAS
<4 [ EWith PAS
B
5
53
i . .
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(a) Peak values of results
1
o + Without PAS
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(b) Averages of results
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Subject

(c) Variances of results

Fig. 4.9 Experimental results in rising and sitting down experiment

FEEIEIZ B WTEMAER/NI WXL T O PAS 33512 & 2 & g sl 5% w2

it

TEARW. A8 (Fig. 4.9¢) R 6T%~51% WA LT W5 Z &1, fBiH o E#HH
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D ny, BRNAHBKI W ZZI22RLTWVWEREEZIONE. ¥ —72
AR U7 HEBREFEIZOWT, FHEIZRREREAL L7l & 1F, &
B ARDATEIR IR IE U7z s DTk <, BERE Y555 12 B 1
ZHIRE NS (AN, BfFRIREIER) ZHeE2 65, ZhITBEEL
T, HBEACSVWVTIRMEEHAORZIZEREIBFBLONEZZ 2ITDOVT,
Table 412 RT LI ICHERBEL B ICHRD KEL, KBEIPIEBEBIZHEEGL T
WwWiaWwWeEIZIoNB.
WBMEDIZODWT, 7YA M NEZAIETZEROKE % Fig. 4108 &
U'Fig. 41112R 7. 7Y A N2 20kef D5 A, 10kgf ODHEITHARYE — 2
i, FHMEB LT HOVWTNOMED 42,29, 65% HA L TWB A, 55
il 1 BB 2 AL A3 /N & W . Figs. 4.9a~4.9c D PAS % & O A £ T O i & A &
LI T AR THEII e, KVEBWT YA M hzEMASZ 8T, —
Jg DB HREEBAEFTE S,

— Assist power: 10kgf
***** Assist power; 20kgf

o
W
I

W}
T
I

Myoelectric strength [-]
-

0.5

Fig. 4.10 Effect of assist power on myoelectric strength in rising and sitting down

experiment
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5 1 0.5
54 - 0.8 04
=10
5
£3 1 0.6 | 03 |
2 L 2
B2 | 04 02 t
3 . n .
(0]
21 02 - 0.1 |
= m

0 0 0

(a) (b) (c)

¢ Assist power: 10 kgf ®Assist power: 20 kgf

Fig. 4.11 Comparison of the effect of assist force in rising and sitting down

experiment ((a): Maximum values, (b): Averages, (c): Variances)

432 PERFMREEER

ADPHEWIZITSHEO -2 THLBEROABIHIETOFHMEZIT > . H
BRI Z 200 OB ICHRESI NS BB L FARE 64 O & X 180mm
DEEABEHVTREZEBEL, ThiZAbEZAROF IO EZHEEL 2.
WEEHIIEE LT IHEERBIIBVWISRMBTRET I Y- THILA
bﬁf?aﬂ%ﬁf’ﬁ%@»%éﬂﬁlﬁok. RN IZEERFIZITS T YA MO #

ETH 5.

1. 57 ¥ AN % Off 3. H7 ¥ A M N1 % Off
GRE2BEABIZNIT S GREEAG» S BEAT
H7 YA MH%EOn H7 YA MH%EOn

2. ET VA NN EOff 4. FE7 ¥ A N % Off
GrRE2EVEAEZ EAX 5D BABPORED B
7 YA MNH%ZOn 7 ¥ A NN %EOn

mE, st ERSEER, ERFECAMNEZTLIREZRELIY
DIHEZ2 2 TIT > 7. HEEOMEE X, B FER QKD IR O E)EIZ
BrHEARWEOIZ TR UTHRBRIICIRE L., £k, FT0RI%
EDLORELZHBDTHY, FEIMECETLIM I OMMBICIEENLU A
WESIZ U, HEOTY YA MR RD 2D 10kgf IZHEE L 2. HERE X
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Rfrim»ro#isT e sZMOT A M EEL (Off) & U, £l DEKIE
5Z22%H®D (On) LK. 7TVAMHOBEDY OV BFEXIXEEENTILH -
ALy FEHWTIT 7. B8, KYATLTEHAAS y FHEE» S KIS E
T2ms, BEFAOEMLEIIN2ms TH O, BMABABREHERP LKL T+
DIEWEEZONSE., 51T, TYVAMHET VAN ROBEIR % HER

5720, HBMEDIZODWTTYAMNDZFRED 72D 20kel T E/L S HHBRD
FEERE AT o772, EBREEDOHKZ Fig. 4.12, EEBR O T % Fig. 41312757,
7P, Fig. 413 OEFBST X ERDOFEREIEIZHIEL TV 5.

dgmpressor Hand switch

l

Compresse

air /
Solenoid

Air cylinder Valve Signal| CPU
board
Myoelectric
sensor UsB >
PC

Stair

Fig. 4.12 Equipment configuration for stair stepping experiment
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(c) Step 3

Fig. 4.13

(d) Step 4

Photo of stair stepping experiment
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Fig 4.146:%?- iy—:, §*§‘%ﬁ%®§lﬂo)ﬁ£§§b{/ﬁc:Bcj%ﬁ%‘%,fjo)Eo_
Buzzer op[ | [[[ 11T LU LTI
AssistL 8’&—U “ u H U H
Assist R 8‘& H H_H_” H U ” ”

25 , | | | | |
— Without PAS
—--With PAS
__— |
5 |
5 1.5¢
ERRT
S - | |
OQ‘WMWWVMWW
0 20 40 60

Time [s]

Fig. 4.14 Example of results in rising and sitting down experiment

7 fE, TR OfEA O E B & U3 8% Figs. 4.15a~4.15¢ 1277 . Fig.
41412 BWVWT, 45070 THEBEZCLIVEAEMOT7 VA MREL B> TW
5. 20D, ORUVEFEDOS LIRBEVPREELZHOHREZRVWTERE
BEoOBRMET>7. E, EBRERIZ431/NH & RO L Z 4T W EHEKIC
AW, #HEBEAOBEIIMOWRE L KEL BRZHEAEZRLTED, T
VAMROFEMIZIEIHOEWZI L., ZAIZOVWTRERT S, B
AL DY — 27 fl (Fig. 4.15a) 122 WT, & - JFEERH O LRV HWERE I
o TEBRDMEREL D, BEROHWERERIINTEIE/LLKITVWT N
H 12% §~2.2% B & /INX W, Fig. 414 DHEBER D & 512, PASZHEL - Z
CCIHEERICHANHEMPEMUZKERD 20, EBRED > 524 I13F
YA 0E 13 2 G R K 45% A L T\ B (Fig. 4.15b @ Subject C, D). Z @ 2%
IZDOWT, ¥— 71l (Fig. 4.15a) DD S Nz o 7208, AN K E
KWALTHEY, AMARBINTWEAEERXD S, £72, K (Fig
4.15¢) 1X 28% I ~18% 1 & 3.1 Hi DAL - & B AE E BRI LR ZEL DN E 0.
INO6DIENOMEBABEFIIE VT ARSI RAMEL D S B D PAS &
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(c) Variances of results

Fig. 4.15 Experimental results in stair stepping experiment

AL AHBRERDRIMERCE 2 VWY, YFEHFEOBREEME LB 4E,
SGHRMNEHBRRICFS T2 FZA0N5. A NOHBREIZE TSR RNEDOE
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Bz —RDMEENRRE ST, EHHEIZE W TIIWERE AW MgikE e K&
CEZHZMEMRMZRLTWVWS. ZT05 1%, 431 /N8O E & [H 2 PAS O %
HEENOEHERMBIZ L0, KOEMLREEDZDPASNDHEE D £ M
FBllholmeEFEIXZONS.

o, MIRWIZEBTEZ2 7Yt LTT YA NDOBEESEICEKD
HEZITOI-H, TNEFNPTRELRXA I VT TiIrbvT WA WA MWD
HDH. REBRIZBEVTWE, 7V—F 2BV T YA N Z2HBIELEET
HE5BEMEBATVWS O, LLOFEINIWEEZZONS., 12721,
Blm U 7= B E D354 13 Fig. 4.14 D PAS 35 (KA oA B %2 LA
ZEME B21/NHOEHIE2) 2B WT, 1, 2BHICE A B %2 LD 5K (Fig.
414 D9, 453 ), Buzzer B On il 78 5 72, Assist LA Off iz 5 L h B
W S HEBEMD EAEPRONE., 2O o T YA NHERET S
DRI S 8EZBABLTWD Z b0 b, 72, ko k5 I122EHD45
BAECREBEOBRIIEEINSE. ZOHKE, ¥—2HOOEARE L K
BHBBMPEVWVHBIEEL TCWS., Zhizx L, 3, 48 H Tl Assist L A%
Of iZ o - BIZHEMBP ERLTED, TVANNHOBERIZEAR %2 L
MEEENTONZI ETE— 27 HADEP /NI K KERHEN DT EM
MIZE< RoTWS., 22206, TVANNTOEEZYOFER S X1 3

TJWEVEEZEDAMIIEENILI LEZOND.

WBREDIZODWT, TYAMN2EAIEERBROMRE % Fig. 4.16 B &
O'Fig. 4171255 . 7 ¥ A b 53 20kgf D&, 10kgf D 15 & 12 o RS E A3
R WHALTWEDN, U—ZlBLUOHOELIEZN TN 1L.7% W, 10% 5
E/NET . Figs. 4.15a~4.15c D PASEE O F M T R KEIZH Z2rH -
Zehs, BEABREBEISPOWCIIEIMEOT VA N2 H DL
izt 2T U-AaHBRBI RAGoN L VA RBEYH 5.

4.4 FEE

NURT I 7HWEMERITKFLULRVEDMERBHEORES L UE
EHEDOAHHEBRBEIROERMMRIAZ T\, A TOMMZ2REL.

. ¥ HEBHFETHIHMIPODORBLBITERBFEOEBRTIIESES
D BEMORKMES KPS L, FHMEIXFARBETSH - 72. &
RKEDWDBEMEIIBELEREZHAPPEALTVWBE I LZ2RLTW
5. HEOBADADONTIX, B - EFEETITEFHEIREZVEZD
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3 T T T
— Assist power: 10kgf
***** Assist power: 20kgf
250 ,
2 L _

Myoelectric strength [-]
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Fig. 4.16 Effect of assist power on myoelectric strength in stair stepping experi-

ment

5 1 0.5
54— 08 - 04 F
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k7] ] *
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§2 - 04 - o 02 |
e

21 02 - 01 @
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(a) (b) (c)

+ Assist power: 10 kgf ®Assist power: 20 kgt

Fig. 4.17 Comparison of the effect of assist force in stair stepping experiment

((a): Maximum values, (b): Averages, (c): Variances)

AT DOEEFHS REWVWDY, ZOZHPEBINTVWDILEEZLONS.
2. B R BEEDEBRTIRMEMDOEHMENREA L, DHRIZFARE T
Hot. £, BRRBEIZODVWTIEHBMEZ L ICRRBMHEM & 2o 7.
B R DMEE DB N IZHREREDOEBEBANDOEEDORENRELHE
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LTEY, FHEDOHEADDWTIX, BEABEETIIN & ZRHO X
RHEOBAEEIREL, TV RBEIALTVWIEEXAOND.

3.1, 200, MEKMZHWAEPASIZL 2 HEMMBEIZESEE O TRIE
CELAMOBERIZAI THLILEIXOND.

T, BETHELEHEBRERKEOBEBIZOWVWT, NV A T T TEBEDO AT L H
S OBRITEGR LIEA ) Y OMNAEIZL SRV, EREEIZSWT
FIHREBOMMEXEBRIZIIVE DI EEAONS. LHBEKROFEICY
ToTl, REXKFIOBEZEZEDIEZRADPLETDH .
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