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4.1

Physical parameters of the sample compass robot models used in Fig. 2.1;
The hip and foot weight does not change even the walker getting larger.

Physical parameters of the walker models in the experiment; In the begin-
ning, the walker is small. The adjustable parameter of the walker changes
while walking. These parameters should satisfy the given design goals.
The adjustable parameter is designed while walking. In this case, we

finally designed parameters shown in the right of the table. . . . . . ..

Initial parameters of the passive dynamic walker with the growth of leg
length; it only legs length changes. It is unchangeable that any other
physical parameters. . . . . . .. ..o L Lo
Designed leg lengths of the walker and error ratios of between leg angle
desired and designed; almost error rates are below 1.0 %. In the case of
0.8 and 0.85, the rates relatively large because the walker has two periodic
aItS. .. e
Parameters of the walker with changing the CoM by weights moving

Designed weight positions and error ratios . . . . . . ... ... ... ..

Physical parameters of the robot . . . . . .. ... ... ... ... ...

28

32

50
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1.2

1.3

1.4
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McGeer’s 2-dimensional passive walker; the walker has no actuators for
swinging legs. It has only actuators for shortening or lengthening legs. It
makes clearance between the slope and the robot’s foot to swing the legs.
(cite from [1]) . . . . . . ..
Bifurcation of the step period of the passive walker; The step period has
bifurcation as the slope angle increasing. (cite from [2]) . ... ... ..

Concept of proposed method; The parameters of a robot will change while

walking. If the change is small, the robot regulates its gait to keep walking.

Block diagram of the proposed method; When we want to control some-
thing, we usually design a controller such as C, in the figure, and the
system is controlled. That way often takes the system’s passivity away.
In the proposed method, the system has two types of parameters. One
is the physical parameters such as length or mass. Another one is the
variable parameters such as stride or walking velocity. In passive dynamic
walking, the variable parameters are dictated by the physical parameters.
Therefore, we can control the variable parameters by changing the physical

parameters. . . . ... L. oL e e e e

14

16

18
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1.5

2.1

2.2

2.3

24

Topics of the book; In chapter 2, we verified the feasibility of the pro-
posed method in dynamics simulation. In the verification, we use a feed-
forward approach; in other words, it is what removed a feedback signal
from Fig. 1.4. In chapter 3, we try to design or control the robot’s gait
using the method. To control the variable parameter, we calculate Ax
by the feedback signal and change its physical parameter. In chapter 4,
we design the robot in physical and to verify the proposed method via

walking experiments. . . . . . ... ..o Lo

The relation between the physical property and the basin of the attraction
of the passive walker; (a) has shown the walker has two legs, and they have
an arc shape foot. The foot has attached with an offset shown on the right
side. (b) has demonstrated that the basin of attraction is getting small
as the walker becomes large. It means the larger walker is challenging to
walk than the smaller walker. . . . . . ... ... ... ... .......
The conceptual diagram of the proposed legged robot designing and that
procedure; At the beginning, the robot has shorter legs. It grows up the
parameters converge to desired ones. If the robot falls over, it means that
growth trajectory does not exist. In other words, the walker cannot walk
with those physical parameters. In such a case, we should change the
trajectory. . . . . . . L
The conceptual diagram of the proposed designing procedure; it has shown
the behavior of the robot during the transition. The walker changes small
to large. After, it produces knee joints. . . . . .. ... ... ... ...
Quasi-passive walking phase; the slope angle is decreasing when the walker
growing up has done. The walker stride is decreasing as the slope angle

decreasing. Then the ankle torque is increased to keep the walker’s stride.

20
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2.6

2.7

3.1

3.2

3.3

3.4

Comparison between the two cases: with the torque and without. When
not applying torque, this robot falls over at around 0.025 rad. On the
other hand, by input ankle torque for putting back the stride, this robot
walking even at 0.0 rad flat surface. . . . . ... ... ... ..
The relation between ankle torque and slope angle; the torque increase
as the slope angle decreasing. It has shown the walker walked on a flat
surface in finally. . . . . . . . . ...
Leg angle trajectory two conditions; in the 1200th to 1210th step, the leg
angles show symmetry trajectory about both the outer and inner legs.
In the 1990th to 2000th step, when walking on the plane surface, the
trajectory is distorted. In this case, this result shows that the robot gait

has two strides. . . . . . . ...

A model of the passive dynamic walker; the walker has 2 D.O.F. and has
arc foot. . . . .. L
Leg length and leg angle of the walker in a design example; the leg length
of the walker is changed while walking to achieve the desired leg angle.
The leg angle converged to the desired ones. We got a walker that walks
with the desired leg angle. In this case, Kp is 0.7. . . . ... ... ...
Result of a plant changing control applying the passive dynamic walker; in
this design experiment, we design the leg angle while walking via changing
leg length. When trying the first two desired values, the gait of the walker
had shown bifurcation. About the last three desired leg angles, the leg
angle converged without bifurcation. In this case, Kp =0.7. . . . . . ..
One of the verification of the result of designing; the desired leg angle is

0.6 deg. It has shown the walker walking with an almost desired leg angle.
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3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

Weights loaded walker; the weight attaches to each leg. The weights can
adjust its position by motors and ball-screws. Therefore, the CoM of the
walker moves as weights moving. Each foot has the shape of part of a
sphere. . . . ..
Strides and weight position of the Passive Dynamic Walker applying CoM
position control; the first desired stride is 0.09 m, when over 500 sec, the
desire has changed to 0.05 m. (Kp =1.0) . ... ... ... .......
Stride and weight position of the walker that is applying weights position
control; the first desired stride is 0.10 m, and when over 500 sec, it has
changed to 0.0b m. (Kp =05, K; =0.2) . . ... ... ... ......
Result of an experiment for verifying designed walker; in this experiment,
weight position was fixed. The error ratio that is between the desired one

and output is 13.6 %. . . . . ...

Appearance of the robot; the black-colored boxes that were attached the
leg can move by ball-screw actuated by DC-motor. The weight is put
in those boxes. Therefore, position of the center of mass as a physical
parameter will change. The walker has 2 D.o.F. . . . . . ... ... ...
System block diagrams of the developed robot; it has two processors. One
is the Raspberry Pi 3B+ that calculates how the weights move. Another
one is A micro-controller Genuinol01 that attached to each leg. It receives
the command and controls their weight position. It communicates between
Raspberry Pi and Genuinol01 via ROS. . . . ... ... ... ... ...
Stride and weight position during the walking experiment; the stride shows
two periodic walkings. It has changed the weight position while walking.
Experimental results of stride and angular velocity; it distinguished the
right leg and left leg. It seems bifurcated due to parameter different from

the right and left. . . . . . . . ... ...
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5.1

More detailed proposed method; the passive dynamic walking has an im-
plicit control system that produced due to synergy between the body
dynamics and the environment. The walker walks well because of the
implicit control system. The parameters of the implicit control system
consist of the walker’s physical parameters. Therefore, to change the phys-
ical parameters is equal to adjust the implicit controller’s parameters. In
contrast, controllers that change physical parameters and traditional con-
trollers look like explicit controllers. If you want to achieve more challeng-
ing matters, such as to walk a flat plane, you should use some actuators.
So, it is necessary to consider designing an explicit controller taking into

account the implicit controller. . . . . . . . . ... ... ... .. ....
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IAATIZIZEH S O BT L TV ABRE L DMHEAEHDO AL > THET 55 DIFEE
U, ZNEZENESTEIENS. b Y Y TNV RZEHNEISTRIE, T7FaTz -2k
VY, B Wb 0 —UFHLAVWDDOT, BELORY FEHBDOX A F I T AL DM
HAERZMHLUTERPP R T ORESTTEI N TES [1]. HIZ 2 DO % FEEEc B’
Fr=r00EDTH->TH, HYRAELZRE>ZHELHORVIKEDEDZ ) 75V ADHE
ff, = U CHEYRYIHGEMEEZ 5 2 2 AT RBLT 5.

SENEFIAITE R Y b E2ERR DT TR ZHBD7ZDE McGeer TH 5 [1]. ZTDOXHETIE,
MR D K % - = ZBNEISfTR Ry N2 ETV V7L, TOHREREIT>TWVW5.
7z, Fig. 1.1 D &5 REBZEEL THITERDITo TV 5.
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Fig. 1.1 McGeer’s 2-dimensional passive walker; the walker has no actuators for
swinging legs. It has only actuators for shortening or lengthening legs. It makes
clearance between the slope and the robot’s foot to swing the legs. (cite from [1])

ZENNENIITIEZ DN T A =R BB ITEE T L TRHRABBEPEEFND Z RS NTWV
5. Goswami & ld 2] IZBWT, ZEWEHTORY b2 2EIRD FLLTETI VL, £
DAMEPPCEMEZ NI 2T ONTHEML, U THE, IS5 ANRIZEFVER
BEILamRU. ZOLDITHENRRIETH I 1%, EBTBVWTHHERICHKET S LA
MRINTVWS [3]. BRI, NITA—XPREOHEIKFLTHONE Z LBHISN
TW53 [4, 5, 6]. 4 HOZBNEHTETIBVOSTTROND T+ —2rP Ay b, <=
A7 EDHBEDBITEREER /NI A — ZITMAFZ U THIEZR UICRET 5 Z L BRI TE D,
HEMIOFTDA N = X LEHO T Ta—F & LTHfEI N2 (7).

72, IURABOZENSTARY bRV AV AKRI—ILVELTETY V7 U 217>
TWAIEE %< H5B. McGeer[l] BV L L AKRA —)UIZDWT, A7 HEAGE ARG
TEH5IERULTWVWS. Asano & ] IZHBWT, HED KA =)%Y ALV AKRA —IVIZE S
ZEESDBRETIVIZENT, BEEMIZAS —ILEREXEIDTIEARL, HAERRZEHESE
ERiE, ThEEYNCHET S I e THITAY—RE2MESETWS., X512, ToEEE
R E > TR ZEZI T HBIRINTWS.
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DUEDST-L ZATIRMEHAED SEt s 7 = — XDMFAET 2 Z8HEFICET 2058
ToNTwad., ZHNIFEBFEBRICB VTR TS Z LAMRINTWS [9, 10]. [10] TIE, &
RERD T 72) LV AKRA =W ZEETHICBE U TEBRERB IOBEY I 2 L —
YavEToTWA., ZITIEHAT—TDRRELRDEHITNOETITERL, ZOETHV
DPBEAFY TDEIIICEEESZLERLTVS. IHICZDAFY TEMFIZDOWTLESR
17w, SEESAIERICLERERE W L 2R e UTBRRTWA, &I UM & XN
% 1 KOO ATHERS NEZEETHRTIE, TOVMESOMTETONTE D IEAEINK
ELMBLEVREICETTEDZEMNRINT WS [11].

T, HWAFIZE o TRIERRBELDA VXTIV avEHIA VR =T 14 AR5
b, ZOBRIFBHITIZOVWTIFICEERBERZFFD. ZTNIEZHNE DT THLHHM TR
<, BRALRIERIRPRE - MGt Twa. FRIK [12, 13] Y AV AKRA —)b - a8
AETIVD &S itk (14, 15] IZHMBRIBRTH B 7-0Ed K< AZIToNhE. £7/2, AM
EWREIRE U TR [16, 17, 18, 19] X 2 s FHIK [20] R EBIREINT WS,

EAETIE, B o PZENEIST 2R LUZST7 A MEWEZBIR L [21]. ZhiE, &
B 5 DR AT - - ZENEIS TS L D RREICHITIRE-00, B oE3 & %2510
THED LB ZICHUTESNTZEH DT, BE—TFRIZEEL, NRZX > THIZRTIZIRD B
TIETHITE2MT 2D TH L. ZENEDITOMEIILITIHIZS WifsEE LTHR LN
MHEZD, ZO XD ITHEALICHIZRII L 72615 5 5.

—EIDHIA NN EH D S THITVRET 2 L VWHIHRIIOWTIE, ZEWESTRY
b EBATERE L OMABAEHFIZT 4 — RN ZREEDRNIEL, ZTD 7 1 — RNy ZHEED AT
ELEMATHHEEROBEZ L TVWEZEABASIZL > TRENT WS 4, 22].
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Step period (T, sec)

0.815

0783 -

0.751

0719 |

0.687 -

0.655 - ——— 77777
020 092 163 235 307 379 450 522
Slope ( ¢, deg)

Fig. 1.2 Bifurcation of the step period of the passive walker; The step period has

bifurcation as the slope angle increasing. (cite from [2])

IC, ZENEISTFIZIEAIDPIELE LW, TOHRRIIHBITa Ry N EBREONS
A—RIZE o TREZIND [2,23]. D1, TXRY MBEDRTA—REEZXBEITT
Z DHIERHITEEIZLAT S, ZOMWE» S, ZENEAITHATE S 721 TIIRERDOHI
Ry hOXSRAMERSITRITIZ L, ZNE2WIRT 5720 22BN E) 417
N—2ZHIIRT 7 Fax—y a v EMAZESZHNE TRy hOEKLLRINnTNWS
24, 25, 26]. Z D & 5 RZEWEATHEO DR Y MZBVWTI<HSENTWARHE LT,
SO TRV FFENR N EXHFTEEDRD SN TH B Z & BTSN3 [27, 28].

T, ZENEBTORORETRERHME LT, EENRSIZEVWLETONE. Zh
&, BITHICREDOZMAVEL TH, ZTNDR/NI A0S D THNITHREZZAL X B THIT 2
THEVWS7535FVWTHSE. ZOHBHRIDEFWVIZOVWTIEY I ab—Y a U REMER
ZBWTEDFEPHRI N T WS [29, 30, 31].

U ED &Sz, ZEBNETICIEEBTERY hON—RFRT 27 & ULTOIRHE®, EYo
A N = XL DA EBRA/INT WS, L LAadrs, THXELEICZENEIHTT S
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OARY MN=RU 7 2&GdTHILDHL L, TOHFHEIZERLTWVEXHRIEZ < 4
W D ELBLIN= R o TOBFETERTNIEENE S KT 2 EIESERGT L
e Ew., NS &> TLERBITEFEIT L2 FEICODVTVLDOPREINTVEHDD
32, 14, 33|, THITLXTWA—RFRY 7] & UTZENEISHTEAZEE, 5205
ATHEIN— R TEHOBPHIT LR TVHEDIZR>TWEZ EAEE L. ZEINE 5T 0
Ry MOFFHEZV LS DOPREINT VWD HDOD [34, 35], ZHHEIZRS L#FHZET 55
FUIAD RN DI RIZITRITHEAN — A0 5 Z 2%\,

&AM, ZENEISTORBIFEIKIZEEEIABIME N D2 THNI L RBZ DR LN
THY, FREMTOBICIEETHTCEUMKME2REBET L IA0HBES. ZOHRET
S L 72 ZENESITE R Y b 2bR2 RIGEMETEPE RV HERT VWL IAZHL T
WL Z 2250, ARG Z B HEBT 20 ENH D, ZIFIEEIZIKEE A 00
DIEEL 72D, FHTEMBHERRIZR 5 & R RO B0 2 ORI, SoERORER X F T
RENTA=RIFRIZHRD., 2O LI, BURTIEZEINEIDITAARERN— R = 7 (1ZH
UTCHAERKEIDBHRETH 5 LIXE VA2 0.

72, MMEOHABTHITIELZVWEE, RASI»DHIETHIZITS BENDH L. LR
Mo, LHIZEERIZ NV ZMAS LD ICEE T V7 Fax—R%2iET 5L, E— XDk
P & D RAKDORETH 2 ZEN R MEE R Kbk,

T TR TIE, ZENESTOESNRS5EVWERAWEZESITORY b= 7
DR%Er - flEERRET 5.
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1.2 &RET %5 - ®EFE

D.O.F.n=4

D.O.F.n=2

Fig. 1.3 Concept of proposed method; The parameters of a robot will change while
walking. If the change is small, the robot regulates its gait to keep walking.

RET R TIEOMESM % Fig. 1.3 1ZR U7, £73, HBWET 0T W & HEEA
ThHBDNI AV N ABOZHNEHTHRE AR UST 2B E, HTHICmEoNn— R
DT ANERLZININT A =R BT ETWL. ZDONT A= RZAEAVNS T IEZ B R E) 4

FFEIEIGN 72 35 VOB THITE2MGETE 5. BRWICATEORGFME 2335
A—=REHTHEN—RY o TIZRETNERGF R T2 05, ZOHETIE, & LAEZN—F
U TN E ST R TH D Z MRS N, I SICERFHTIISfTREIT o TWEEED
EORAIVIDOIREEY D U THABTHBARE RS20 5 5.
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Ug
—>» C,
Ax
> C, {
¢ System /f
po T Physical Parameters
- i / i Dictate
Y
Variable Parameters [—y-1+—=>

Fig. 1.4 Block diagram of the proposed method; When we want to control some-
thing, we usually design a controller such as Cj in the figure, and the system is con-
trolled. That way often takes the system’s passivity away. In the proposed method,
the system has two types of parameters. One is the physical parameters such as
length or mass. Another one is the variable parameters such as stride or walking
velocity. In passive dynamic walking, the variable parameters are dictated by the
physical parameters. Therefore, we can control the variable parameters by changing

the physical parameters.

Fig. 1.4 IZRET L HEO 70y 7EER Uz, VAT LANAHABL 2> TW5S —FDE
GV AT LEUTHEEINTWS Z L3005 [36). —MKkIZ, Mo AT AZHIFEL 0
X ERDESIZ, 2 b= ZBUTHIINSRIZANZEZ, 77F a1 —X%2H)
EXE 5 Z & CHIEBRZEKT 5. ZOHETIEHIERRIZIET 7 F 22— XPWEF]RE
KRB EEN, #RE U TZEHNESTHROBMIIE b ZORKORMTH 5 %ZH)
MixkbhndZ 2icib.
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ZIT, $TARMCRZENHSHT AT LR 2FEDNATIA—ZE2RFOVATLELT
EHTD. —DIFHMEPHER L o7 TYHEATA—=X], 5 —DFHTOMEL LT
"BoNnd LD RBEPCHITEE L Wolz THEBNTA—R] THD. BEIINT A —RIZH
LT, BBIZIZZNIZENTH B85 A =X TRV, KL\ D HlD S YELR S S
A—REAFIZHS T2DFEE ENTA =R U TATWS. HlHZEZ 72 W Z B EI AT I
BWT, BN T A —ZIZPHIN T A —ZDAIZE > THEHANRESI NS, DX 0, YK
NI A—=R B HEYNIET 5 Z L THIEOERN I A —RE2/Fonsd, DX 0ilfids I L
MTE3., ZULT, ZOMTD Az DIEEN 0127425 & 51295 L YRS A — 2 D24
FEIET 5. ZhIFE X ICHRFOERERID.

’—----------------------~

N\
28, RENEHITOEIGKRISEWEMBLT

BZTORY b ORREHE

1
I
I
I
I
= i o
I
I
I
|

N
3%, XBMEHITOENNRIZEWEFALE

il ) 14 BE D A Y SR IR

Vs |
I

/

BIS1TOR Y b I OSREIREE

N e e

’-----

]
I
I
I
I
I
4B BRWBSTOSFIVRENBLE |
I
I
4

Fig. 1.5 Topics of the book; In chapter 2, we verified the feasibility of the proposed
method in dynamics simulation. In the verification, we use a feedforward approach;
in other words, it is what removed a feedback signal from Fig. 1.4. In chapter 3, we
try to design or control the robot’s gait using the method. To control the variable
parameter, we calculate Ax by the feedback signal and change its physical parameter.
In chapter 4, we design the robot in physical and to verify the proposed method via

walking experiments.

Fig. 1.5 IR X OB Z KR U7z, FRETHOLNZH SR I ab—ra v EHVEZR
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R, HRETHDLNZEANRY I a b —Y a VIZTHWE FEIZODOWTEEFE 2T\, FHE
WCHITEBRAITWRGEL 7280 & WD 35 2N TE S, 2 ZTIXZENE ST
IR 7252 W ERA LU 72 ZENE TR ORG HEOREL Y I ab—Ya vEAWEZH
%175, ZZ T Fig. 1.4 D7+ — NNy 7528 L2RE, $2bb 71— N7 x

T—RIZEBHFHETD. SHICTDN=RYTIZLBEFEHTOY Iy b A ZVEBFOE
BUZOoWTkR35, 3ETIKFig. 1.4 D7 1 —NNXNv I E52EKEL, rEOHEE2FEHT
% & D EEr - HIHAEEMGET 5. 4 ETIE 3 ETHRRSG Jtﬂ@ LT, EBizm
Ay NEREMEL, BITEREZELCRIEZITS. bETIHET 5.
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SENHENSITOEIN R 35 X W 7%
FAL-BSHTORY NORETHE

21 ELC®IC

REK DI TRy MMZBET 20148 Tl, Zero Moment Point (ZMP) % #1851k D728
DORBAGIHOMHE L UTHHAL, EEMAORyY b EEBOZRGFECHEINZHSITERY

XU CREBIIC BIERIE 247 5 £ D 5% < BT 503 [37][38][39][40].

o DA TE R Y b TR OE)E % & B O A EHIEIC X 2 A EZSFEHTERL TW
5. ZTOHMBEIZEK, Ihoou Ry MABEEATRY OBEHMi 2z EZBIZLTWS I &X,
Ry b ORBAHIEHBNEBRTH S ZMP 2 BE & LT W5 2@ filE st U T BRIt
DEWI LR ENEITONE. ZOLIIZLTHEINZORY b OSTEIEX, BERY > 2
HE DR RSO 72 DIZEDONEE —EDE S IZHRT H2HELRH D, Thrury NF
DEZLRVHITEHEO—RE R > TV,

FOVoEEEDOE I bR I 2 MIRT 2 720DMIEE A S5ND A [41, 42, 43], T4 5 I1EH
iR EOMENEWN— R 72 H WS Z L TEBT S [HEGE] (ICET5500
2\,

DX BHHITE Ry FOFIEITIE, HELBEEEKE NV S 25570l mOWEELE A
T A AL, BESAEREOMRER EDDIZET A VT 4 — RNy ZHIR %



24 2% SZHNEISTOMEIGHN LS5 FWEFHULHBTE ARy b OiKEHGIE

KT B LItk [44]. 20, WHTORY hOBEHAESELHORY hOE s S HKE
UCEBRE2EZEZD L HRBRILTED DN, HITEERO T XL F - ROEX DA &
RO TWA7d, MRRTREMERDVOEDTH S [27].

&ZAT, HIENROMER (22 TIEEICHEHERZRT) LHERORKKEHIBET 50
FOGERTL DITDNT WD [45]. ZHIEIN— R Y =7 & 2 HIfT 2 B OB AN % KAl
SEMUTCEREFHZIT O L VWHIIL R o EZ 2 EKMET 2D THE. ZDEXH%
ZEVZLUTHASITERY NORGFE2EFZ 24501, BIEOEEM TRy bOFE HIEZ B
Ul#at iz Wb oTlkal, THSfma Ry bofifH e oM 28U 7-H5iTo
Ry MN=RU 27O HEZEHT 2 eRERTHI EE2 NS, HlZIE, EdRLE
ZMP BE R OHIME G1E%E FRE UTHE 2 7% 51X, S47EIER O BT O #uiE 8# 5H A3 8 8 54
THATRET, D OEHEHOMEROBEENEVREZFEF DB RY b= R 27 23ET5 2
2B THAS.

UL S, Bi72175 2 LD RiROMBSfTun Ry b 25T 28546, EBROHES Ll
HRDFRKE O R Z BT 574 61X, MEREIEL BT Ry hN—RY =27 28
2D TIEAR L THIBITITE U 72MiE - FE 2> TV AHIEfTORY hAN—RFRD 2T %
HHTHADVEARTH S, T UTHBITIZELZN— R o7 &%, MR X CHlEZ D Ry
TERBSHITVARER DD THEHeEZONS. ZDL5RSIfTORY bN—RT =7 TH
BRI NBH1707 ZENENHIT” TH 5.

ZEINEIATIX, BEOATHITRHRETH S Z LITA, HEFROT I NF RO
PEEDH S LI PRREE LTEIF SN 27, B TS TICM U 72/ - ke - Tw
LB R Y "= RT 27| OB O6ND. T OZENE AT AN LB AT RE AR AT
oRy b EERMIZERGT 2 HikE, &EFUZBIEAT Ry b OBERIEIE U 7 HIE 57 %
HENL T E 7272 61, MEER L HIHR O RIREL G OB o 7T e Ry Ni%Er e 2 OB
FIHRDORGVREHTE, JORVWEBfTaRY hOFRFHPIAREL 25, L2 AT, ZHIWH
AT ATRERIAAT O R Y S OGN AR, R TH WL DN REI N TV S A [46, 30],
ZHN oI UTAME TIEEATE R Y b OBR#EEH e U TOMIER & HI#R O EREEE W
SEED S, ZENENSTHRARERMAITE R Y b OEARNRERE HIEOHEN 2R A4S, A
&, ZEINENSTICRET 2 MG 7255 W [30] 2R H U CZBINEIBTAAEERN— R
D7 DERFETY, IOWHEELEN=RY T EHWT, SEHITDY I v MY A BT
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ANDREHEAAD Z L CARBEFHFIEIC L DHETEEZIERTIEDTH 5.

22 ZPMEHITOMELZNALLESITONRY bERE
221 BREMESTOBEGHLISE L

AT a Ry b BZENEAAT 2 FG U CRERRSTEIEICE S A ENzE, TOHTE
MR- EFEROYHEANT A=K 2D LT OEMIES. T8, TOROEIZED
RO THREDDUT OB LR S B HTEMERMIFL LS 295, £5TRERY NAGHEH
TEEZMGL &5 2T 2N R52 FVWHHERTE S, HIZIX, ZENESTEEEZT-
TWBHIAfT R Y MBS TTEOEMNAELZDLT ORE LTV &, ZOMEBARE
DEAIZ & & R WHTEETIZ Z D HIEIEGIIZADA LT OREL RDE L WVWo 7255 FVWTH
5. ZTUTEDERNRID EVWEF SR ITYRR T A —21E, HEfTORY b 2R
ZHEOBEXHELR YOO Ry NHEDEOE DX, ST OMERHE L D BN
D7e EDZENE T2 LR T 2B B HEATICEENE2ETONRATA—XDREHRETE. 20
ZEINE AT IC R T A ERBEALIC T G2 55 W0, RS I 2L —va v E
BEEBIZ X > TZOFENHERINT WS [30, 47, 48]. L7z ->T, ZENEHT2T7-T
WABHIAfTERY MR LT, ZTOREERT AWM AT A —RIZER E2 K-> TEE 5 X
52T, FREDSTEECHAITE Ry bOERIRE S X S5NEAREELE .

222 REMNHSTHFOREMZHRT 2MEN/NTA—FFEE

ZEINENAT T OBTEMEDO L EMIE, BER ORI LGS ANE D BB 2 KT
YAVEROWEH E &SR, TOWH LORBEKOEEH VPR ST 20ENTHEITE S
[1, 49, 50]. LT, a Y RABMOMEAITER Y b TOZBRNE) 517 CTIRETHEORELD,
HEOMLEDIERIGENE EZ DBEIEORZEE DN EG S, WEIHENAL 8b Z e PMonTNDS
[30]. 24X, SZENNEISITR TIEEIOBEIE Z BN BT HuE R < 51 S ADMHENH 5 7=
O, ZENEHTR B ATHAIRE (FIISM) OEBMMPRELREZILE2EKLTW
5. zO—Hle LT, ahy hOKEI LREIFHIBOILTORAKEZEHIFEY I 2L —Ya v
Lo TkDEL D% Fig. 2.1 127 L7z, Fig. 2.1(a) ICHSHTR Ry DS %, Fig. 2.1
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(b) IZ¥HEIHE = > ¥~ Open Dynamics Engine Z2fiH L7z I a b —Y 3 V2> THER
W SR D 7 Z B EN AT DA BE RIS DA G DE 2R L, #HHLZBRY hETLOY)
BRSNS XA — X% Table 2.1 TR U7z, TNZTIWVNIWI Y RZ2BERY b, KERIVINR
oAy b, ZOHHEOKRZZIOAVANZATERY POEDERLTWDS. BB, Z0L DM
AN 0,,04,0,,0, DADDREERDSE 0,,0, ZZNTH 0 & LEMAHTTRDAAE
Thsd. ZORRLD, BEHMEEOEELPRKEVHIATE R Y b TIRZENE) AT O
DLEMENE L, POEIEFB AR R IR M OB/ PR ENZ LR TES. AELD,
SZENESIT O REL AR E W VA ZMOMBIT O Ry b2 FETA121F, ERE
BEROB RN K E LR L 2B 2 TNEI VI 2205, T & ZENEISTH
BAAA AT REZR WIS D EfM 2 KR E K &2 Z e W AfREL 22 b, JRHIN A TEIEIZ 5] A LR
NEW A N ZABOZENEF AT O R Y S OYHIR NI A —RFEEG5 T EDVAREE 70 5.
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a : Slope angle
6,:Swing leg angle
0,:Support leg angle

(a) Detail of the model of compass type passive walker

= Basin of Small Compass Robot Basin of Midstream Model
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(b) Volumes of the basin of attraction the passive walker

Fig. 2.1 The relation between the physical property and the basin of the attraction
of the passive walker; (a) has shown the walker has two legs, and they have an arc
shape foot. The foot has attached with an offset shown on the right side. (b) has
demonstrated that the basin of attraction is getting small as the walker becomes

large. It means the larger walker is challenging to walk than the smaller walker.
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Table 2.1 Physical parameters of the sample compass robot models used in Fig. 2.1;
The hip and foot weight does not change even the walker getting larger.

Small Compass MidStream Large Compass
Robot Robot
My, [kg] 0.05
M, [kg] 2.05 3 3.95
M; [kg] 0.14
L m 0.4 0.55 0.7

2.2.3

BIGHARNE EFWAEFIBALZ#SHTAORY b

BXET

221 HiTHA7z & S ITRENE ST 2T OMBTER Y FTR, TOSTFEERITERD
i, EEE-— AV, F) 2B IETH, Sz ns. X

PIEEoN S X —2 (HE,

72222 HiTHRRIZWNE LY, ZENEISAT 275 AR OCESTER Y b, TRbb AT
FAUA PTRE R FIHASAE R T A — R B KE L, BITEEICE] SAGMEA AR OCEAITa R Y b
DEBFFELHS 2oz, LTINS DOFERE2EET 5 22T, ZEINEIAITH A
BERABIT O Ry bOHRFH GEAIRET L Z e AARICRS. oK% Fig. 2.2 12, &
RN 72 FIEZ DATIZFE T
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Heuristic approach
(Trial and error)

Desired legged robot

Design start model

Fig. 2.2 The conceptual diagram of the proposed legged robot designing and that
procedure; At the beginning, the robot has shorter legs. It grows up the parameters
converge to desired ones. If the robot falls over, it means that growth trajectory does
not exist. In other words, the walker cannot walk with those physical parameters.
In such a case, we should change the trajectory.

1. ZENESIT 2175 2 &SRR MA TRy EHRL, ZheEBET VST
Z. WSS A =203 Bl U7z &5 7, SATRMA T RER AR R L WE OB EF
(AN

2. HEtBE T VAMHE L CZENEIST 2B LZHE, ZOETILVOREPEEEFD
WIEER S 5 A — R 2 EHIRRITIE DK KO MRAICHEB S ES. 2oL &, HiT72{77-
TWAHERY MIHEIGHN RS2 FVWEAE, BIENEZIL TSI 2T 5 Z A
HEnhs.

3. HITHICEREIL CLUE S HAIE, WA TI A =R 25172170 T VW EDED
WWRL, HBSEIYENRTRA—ZPZORES 2SI EHOHRB L — F 2R
T5.

4. HATERY N OB NS A — X DEGHIRR R - L& &, REIE T LR 5.

ZOFMEEFITTEILICEY, ZHMWBSTHPARERMSITRERY &, Thbb S TEE
(T U 7 AR R SIS R R Y S AREITE S Z eI NG,
AR L 20 B YA ST A — XU IRIME R EE - B ER Y S X EREONEA SN
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205, TNoDOYHEHINT A — X2 BIIHTE S, 1 DIEREEIRET D &GEHO&M
ERBEEINTZYHIINT A —RT, 5 1 DIFARHKEHEZ L DG E N2 YHEAYNT A —
2TH5BH. HIZIE, T2EH 500 mm, 2iE2 200mm THE 40 mm DFINE D L % £ 5 1K
MEiod 2, ZENESTHATEREATERY b 285 LAE20VETE. 0L EAREET
ETIE, INSDEEINHEEERAEZMEL, SIronEEs NEE - BREfROAE] O%GE
EIFHZ 8125, D%, ZOHITEIINEYHENT A — R IIKHEE & BB OME
EWS ZEiTihb.
?J”Ed) WREEIET TR AL > TWED, Rt DR L4 5 EE S N YHEKN T X —
PHHPIBETNIZE > TIRBEH BT T2 VRN I L EEZIOND. T IIRRT
&%ﬁ%?%éﬁ ABIFREFEICL GHETTREEDORRVPEHNTH 27205 HIIHE L 74
WHEDE T 5,

&2 AT, LRORFFIETIIHASITORY N OYHEINT A — X OFEHIFRETH 5 3,
T a Ry SOBESHBEEIZELU TIXERBINTOWRL., LRrLARLES, ZOsHikzE
He5ZeTHizfTrRY bOBBIHHEZFLEORICHEITE 22561, BET G HIE
FHATERY PORESIPHEHEZITTRHEHIHHEZELC TR Y NOBRZEDOE D% HE
TEHZLIZk5. I, 1 20FREFBETVEHO NI TE 261X, SITAEERER
DILIRDHIZAFT O Ry MWRREFTREL 222 RTI ey, HWHTa Ry b OKEIIHE
R UTIHERIZRERZEREZRDOZ L1ThE. ZUIDWTITIRELAE THREET 5.

23 AR IaL—Y 3 vVICLBREL
231 *%%j_ %) n2n+%5/£ (!u ct %) DXEI-I-1§IJ

AHITIE 2.2.3 BiCRE LU ZHEHHEORGEZTT S . £ OMEEIESE TIEATEEH IR D
P E R O T RE AT Ry FABEL RSN, FEREEELUEREZTS Z L3Ik

WZN#ETdH 5728, Open Dynamics Engine[51] ZHW /=815 Y I a b — a VI THGE
T5.

BHFEYIab—ya v TOMGEIZMHEAT 2570 Ry b OREHFHLGE TV OYEL R 5
A—R - FREOYPNT A =& - T U THEBRISKGEI S Nl o Ry S OYEE/ NS X —
X DFFH% Table 2.2 (2R U7z, AT T IVIZEEBE OB EILAKRELS KoTHED,



2.3 EHFYIal—Y a3 il X BMGEE 31

RETEREE TVIEHES MO 7472 T HEEN MR 5720, TOERIINI 5. £if
Desired legged robot ® > %, Adjustable (272> T\WAIHH %##HEF L7z, THUSNOYIHRH
NIA—RBEESINEEIREL LT, REFEPEMPITHEELTED, FEtanduhy
MIBTZ OGN 2T BEYRD L. £/, ZHEHHEETVIIEETGIOBHHE? 2 T
B, RBEOEHHER 2 BHE?S 4 HHEIZHENT 2. 20k, #ataesaWiig - J
A—RXTHLZREREN 20 kg LTFEWVWIRFHEEIZLTWS., ZO5RMZH-T X D IZKIER
ETHOBERNHEFIEINS.

COXFBBET VDN OHEIT T ETINETO, YHINT A — X OHER & BT H HE O
mz, 2.2.3 #iTR N7z FMEIZ U723 o TEMES S A7 OMERHA £ 1EH 0.0436 rad (2.5
deg) £ 9 %. TORIOEEORKT 2B EHHE X% Fig. 2.3 1T/R-7. KADLEHEIGH
SRR ET VO ZRLTE D, AAMANEIZEKEHI X2 ER T OFEET IV, D IE
IZEBR T UREIEET L, BBICEHBEE MU ZEEET VELoTWS.
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Table 2.2 Physical parameters of the walker models in the experiment; In the be-

ginning, the walker is small. The adjustable parameter of the walker changes while

walking. These parameters should satisfy the given design goals. The adjustable

parameter is designed while walking. In this case, we finally designed parameters

shown in the right of the table.

Design Desired Designed
start legged legged
model robot robot
Width [mm] 800
Height [mm)] 400 700 700
Arc foot radius [mm)] 45
Leg length [mm] 300 600 600
Thigh length [mm)] - 300 300
Shank length [mm] - 300 300
Total mass [kg] 8.81 Adjustable 16.4
Leg mass [kg] 8.20 Adjustable 15.8
Thigh mass [kg] - Adjustable 13.2
Shank mass [kg] - Adjustable 2.60
Foot mass [kg] 0.56
Hip mass [kg] 0.05
D.O.F. 2 4 4

Rat sk
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Designstart | Midstream | Large compass | Desired legged
robot robot robot robot with knee

Fig. 2.3 The conceptual diagram of the proposed designing procedure; it has shown
the behavior of the robot during the transition. The walker changes small to large.
After, it produces knee joints.

RIZ ARG T DRI N T X — X DHERS JTIRIZ D W TR RS . ARGATTIE, HATHA 10
BSOS 10 HDNT A —REB 2R THEEITo72. ZOK, K- FTROESI RUOEEI
24T 1 BEHOBMICHEINSE, EfMOREBEZRZHHELY Iab—YaryzfioT0a.
ZDLE, ENRNTA-RD1EDH-YDEEITENETN—EL L. T U TEET -0
AR—=PNETIIZRL, BREOWRMEEZEZFE LU CHUOSTE2MBT 5. b, 21 EdH2ED
DELRIZ—EME LTWE720, HE - BRI AHRFAENZTS. 2 0EEL TRO
RITICE D T TRMLRBIEFINTHFIC-ETHS. %, ROMIFKOLILEDEEIZT
FHTiIroTW5.

ARTTRHEBOREEZ 10 LTWEED, 1EH-VOL{ELZOEE» SR Y
N OBAK PRI T A — R —FRICHE D, —RT 5 & By o i EHEIc A
5. ZHUIHERBERHZO R Y PO NRT A =R 2 BN ETVWE I ICRRILTED, 21t
HBIZELDHEXRTVWERAMBETEEL5BEDEZHVWAZ EVNEE ULLRGFORMYH 5.
UMD U S, AETIEIARZGFEOFEH RN OMEEN EHW TH 2720, Z{LEDREE
WZOWTIkEEmE T HEMAZ(LRE L U CRB 2 B2 A L /-,

FEREE O A I & B BT E HHE OB DWW TR R B, 34T BHIARHZ X RBEER & FREER oD
M, AHOMITE S LIZY 250 2 IEFITHD MV ZIERTEEL TW5A. EdRoiH
X T A =R DR T UKBE - FTHEOBEEOXFD5E T Lizdb e, BERKOAERZHBT
%, BAKENZIZBIZELD T Sz Mv 2 iIZhoidh ez kz g LTnwL. ZoEgo
ERERE 242 1 BRI LTWE, R 7 ) — 2B 2 EKT 5. 20 &, BT
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U K BHRERG 1D 728, FE)EIF X -1~90 deg IZHIFRT 5.

DA EDFHE TG %217 724558, Table 2.2 @ Designed legged robot (2R U7z & 5 12
DHEARY bDOFEFEZITI ZLITHN U, RETIXKETE2ZEM TSI LT, ZEBWNHIEK
I FARE T DI E DY AT X — X2 /9 2B Ry 2R o0, UL 0iRET S
AT FIEPEBAEETH 5 Z L HWGEET E /-,

2.3.2 FREHERDIREE

RIEICIT o 72MGEL O, ZENNEISITOAREARMIA T O R Y N O N T A — ZBE L JF B
BB, WSt E kOB ZehTERL. ZNE, BRNZAETIEDSH, HiSftaRy o
Sk, IR, BE, HEEE- AV MNERRETIEETHL I L LD, TERRBSNSER
5 BN REHERZTDEDTH S, ZORGHEEDFER, THAITIZHE L 72 - Mk e
RoTWAIEITORY hN=RDU T | 2EFITELZONE DD, BEIHEEZRAAS.

MEEIX 2.3.1 @i C&E LT Ry S ETILVDREEIC MV & F4 A G 72 AEEh I i %
BEL-Y Iab—yayETAEMAL, FEFLZESTERY S ETIVICEBIRIZZE b
Vo ZEHINS 5 Z & THIBTARRENE S 2R T 5 I & TIT 5.

MELEEDOME % Fig. 2.4 (2R T, REIICHNT 2 MV o & ZOHMNGEZ, 3.2.3 fi
DFHEZREHRL CHRET 5. ZENERTROSTRmOMRIMEZ D LT O/NEI L LTWVL
&, MEOHAMTEE L > THBITERY bOBIEITHADT 2. ZOHIEOHADZHHEL DD
BITEMEZ M T 2 L DI MV ORIMEZD LTI E TV &, ERMEEDR N
HITHETH ECOBITENMELWRER AT NV B2 RETE S, ZOHETRELZREE MVY
BEFI UM TRy MZEHINU, ERIENATINE T O AT REN: 2 MEES 5

R MV 2TV L TR L o T o @i g 5 £ TOM, B2k zito s
NEFETHELOICHMEI NS, ERAEINS K RE I THEVNS LS Rb L, ZORD
S TRV Z2RNEE T AHICFEES LWL MV 7 [T D Eq. (2.1)
ThHEzZo6N 5.
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7 = Ti—1 +sgn(fg — 0;) AT (2.1)
To =
-1 (04<0;
sgn(fg —0;) =<0 (04 ~ 0,
1 (04 > 0;
Torque P T3>, >17 =0

Slope angle : a1 > a; > a3 =0

o1

IIIIIIIIZIIIIIIIIII

Fig. 2.4 Quasi-passive walking phase; the slope angle is decreasing when the walker
growing up has done. The walker stride is decreasing as the slope angle decreasing.

Then the ankle torque is increased to keep the walker’s stride.

MV 7RO EIZ 1 AT i2irbh, HETD 1 H0RHEOSIEL D /NI Ko H
Uo7z REL, BIZHENPRESTELGAIFBMO B L ML 2N < T5. HITRED 0
rad (272 o 72T MV OB & E IR X .

ZIT0q BEEEE 280, 0, 13 ¢ HEHOBEMIFOAE, Ar bV OFEREEZRL
TWa. AMEETIX 04 2/ 0.0436 rad(2.5 deg) DM THATZIT-oTWVWBH L ED 10 %D
SEYEERHL, A7 13001 Nm & U7, 72, MLV OMEMED 0 &7 2HFHTH 54
B Og ~ 0; [ZDWTIE 6 £0.0261 rad(1.5 deg) & U7z. POEMENKETED L S £L
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O L MV EEZSNRVEZAM L2 A Eq. (2.1) I2& > THAL TWL AR
STz, BOHLU bV OFHE - @ % BEE S 5 BB A XA 0.0349 rad(2.0 deg) & U
2. ZOWMGEEE, MLV EHMETICERL & & ML E2HINU 72 & & D40 & 47 I
DOIGEME % Fig. 2.5 (23T, 7z, MVIZZEMUZBOHI MV 2 L SGE A E DR %
Fig. 2.6 IZ/R7.

Fig. 2.5 &0, BE MV ZHIMUZWESIISOEAED 0 rad IZET BETICEEFE L TL
FoTWVWAY, BEMVIZEHMUAZY I 2L —Y a3 v CIRIGEMED 0 rad DRH, D% D
SEETOHIFIZHELTWS, 72, Fig. 2.6 2125 ZD & O MV 2 IZHEAHED
WAES THINLTWA Z LT E 5.

— Mz, BT B Ry b O AT RN 3R B 7 B A A B I O BB 2T O MEN D B
», g 5 HOMOEO L bV % [HMEORE X2 2T 5] WD I < Bl ek
ZREICHEET 5205, EEICHMAGIEHAGIETY Iy bYA 2B EERLTWS. 2
NIFZE I NS TERY FREMRIZTIED ED, HERTVN—FR T TIZR>TW5
ZEeERLTWS., ZNETR2bs, BREINAZFIETREFS N MBI Ry MY [T
3 U7 MEE - R R o TV AT IR Y hN—RT 2T | 2RoTWVWAI L ZERBLT
W5,
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(a) Stride

Stride(no torque)
Stride(adding torque)

Bifurcation

Knee making completed
: i’kf_- s

) e
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(b) Slope angle
0.04 1 Slope angle(no torque)
= Slope angle(adding torque)
£ 0.03
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o
=)
@ 0.01 1
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Fig. 2.5 Comparison between the two cases: with the torque and without. When
not applying torque, this robot falls over at around 0.025 rad. On the other hand,

by input ankle torque for putting back the stride, this robot walking even at 0.0 rad
flat surface.
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1.2 0.06
Applied ankle torque
1.0 1 Slope angle r0.05
0.8 1 r0.04 _
T 061 0.03 %
E 0.4 1 r0.02 i
0.2 1 r0.01 v
0.0 r0.00
-0.2 T T T T T T T —-0.01
0 250 500 750 1000 1250 1500 1750 2000
Steps
Fig. 2.6 The relation between ankle torque and slope angle; the torque increase as
the slope angle decreasing. It has shown the walker walked on a flat surface in finally.
0.4 1 0.4 1
= 0.2 = 0.2
g g
Py <
Ei El
< 0.0 < 0.0 A
on an
2 L
g 8
8 021 S 021
~0.4 - ~0.4 1
-0.4 -0.2 0.0 0.2 0.4 -0.4 —0.2 0.0 0.2 0.4

Inner leg angle [rad]
(a) 1200th to 1210th steps

Inner leg angle [rad]
(b) 1990th to 2000th steps

Fig. 2.7 Leg angle trajectory two conditions; in the 1200th to 1210th step, the leg
angles show symmetry trajectory about both the outer and inner legs. In the 1990th
to 2000th step, when walking on the plane surface, the trajectory is distorted. In

this case, this result shows that the robot gait has two strides.
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U L7d s, Fig. 2.5, Fig. 2.7 2l 2 2 HHh 5 X512 0.0115 rad (0.66 deg) DE&H T
BT EAT 0 > TV BBUTIZARIZ 1T DDMEIZPEE L TW 5 (Fig. 2.7(a)) OIZX LT 0 rad O
T CTHITE2TRoTWVWD & ZiTiF 2 oA (Fig. 2.7(b)) AHiTWa Z &b nd. ik
ARy POFFHE WS L E2EZ D EHEBOEAMPICOVTE BEREFINTELHELDH S
255,

233 HREHERICEAY 1R

SZEEN AT TSR ORBEBUTEY) b2 5 2, FMHGEIZS SATBEND 5.
Z DJAHBGEIZE] Z AT Z e AR A2 R TS T L IF—RNICHEETH D, ZEIRY
BT ORRCY I a b —Y 3 v alr ) BTS2 AT 8EA CHRE T 5 Z L ITH 2 &
RTIiTeB. R, BREfizER T 0E L, KVEHEOSVWERY METIIVTIZED
13 2 V)G DR A G DE D REBINIZIEINT 5 7260 Z OFEIREE BN 5.

TN U TR TIRE T KGETTFIE TR, ZENESITOMEN 25 EWEMEHTS
Zlizky, ZEWNESTHREREREFEGBET VE 1 DU RO LT, EORE LY
RN T X =R DIAGDEEZAET DHBITa Ry N DPZENE ST 2T IOREANERIESL Z
EWREE S, ThE, ZEEISTO DR e MK T S BREE E WELN S T A — X DAL
THIELT, LORDVERZRDLNERNERIHEER T 2MEZATLIL2RLTVWS. 4
Db, RigDNFRECTREDPE S TZGEIT, TNODHERVEFE S NS &0 5 HEE O
ZRULTWS., ZOWEZGIZHHAT S Z EPAMATRE T 5RGEFiEL 05,

E7-, TENEHTHOMLED XA IV 7 TORBEROMED, LOBMDMEEZYI D H LT
HAITRAMB TR RIS e D XD Z LB SNTH D, Liedd> TRENEIIT AT A BE7R
PSR, HEAIEBR MTRE LSRG OHPHIC B W TKRTHONDE I L hbhrd. £oT, T
TIZHEYZRREPR SN T WS R/ 5, FIIRMELPRMDORANHER XE D 2 & THEERIIFIZ
HAfTa Ry MZEZDREHMERLE 2/ eV TE 5. EEOBERIZIX, ZoH76HA
ARER RO DD S, BIEENHAITE R Y MIEZAP T WIREEH DM 2 # R &
27325,

oI, AMPETREL TWARGEFEREZMHTS I ik, ZENEHT, £idth
& FRRD JA IR % A9 2 IERRIE 1R DR O PRI N U T BMA GG ET Vv A H
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HETshiE, RANTRO LD L DU EOMEE2 525 Z BN HREL 725 Z L ARG X
ns.

2.3.1 HiOFERK Y, ZENEHTEZTOMSTORY NOBSHEBEEOREEITELZ
EDNFRETHD I b LMotz TIho, BT 2 NFROFEMNE2BZ LI LENTEE4H56
1, B3R U7 RO 2R T L2228, xR EHEN R Z A3 5
TRy NOZENESITRAREE RS Z b S, HlxiE, 2HTIRR < ZITOZEIK
BTN RE RIS T O Ry bR, L0 EHOBEHEZET S, 405 EEHERD
AT R R Y b ORFIADHLE, T H6ITITEFEOEZTIEEVE L o WRADZALE HfF
TZ 5.

772U ZOREIFRIEE, BAMIIEONZEROISHTH 5720, 5%IEZ OFEOBILH
IRRBFTE R T DBEND 5.

24 HHYIC

ARETIE, WATERY bON— R 2 7RFHIET 2R, ZOEBDZOIZZEHNE)
AT OMEZ R U Z#EFEIC OV TRz,

PERT D Z BB AT A A RE AR AT O R b DR EFHIRITEEIUC X B2 RN TELL <,
NFERE L TALEEDEKRSERINDZ L3P Lr o2, REFTFEDRTIEMNTIED
B0, ZNFE CTOMTEGRN ARG L ZHMER LD DD, ITNFETOXRGHETIEE TSI O
Ry b OIS A — R 2 BEDORERREDPSIREL, EBREBVIEL, BIEEDOKETY
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J A—2X % Table 3.1 (2,7 . MMRORIKZIND F1F72 2 DDV v & % [aliiz B T #
LTEY, BENIHETAME EFOAIZHIBE NS 72471 2 IRt FHE BiciiRRahn 3.
ODE (ZIXMIIRAHE I N TWiAWnz®), MIIRIIFERO A 7Y =7 N 2 HERE S &
DETVWS., HERKETH Y BTS2 RN TES. HITROMAEDOH HEL
HiEE e Oz 7\, HEANE 70— "N 2352 e THIAKORG 2175 . HAEIX
Fig. 3.1 1D 0 TH 5. HWEDZEAIL, WHAEM U CXHFH & 72 0 Ik OEH A 2 &
A IV THZ, LFRHOE S E LIRS .

0:Leg angle
L:Leg length

a:Slope angle
M:Waist mass
m:Leg mass

Fig. 3.1 A model of the passive dynamic walker; the walker has 2 D.O.F. and has arc foot.
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Fig. 3.2 Leg length and leg angle of the walker in a design example; the leg length
of the walker is changed while walking to achieve the desired leg angle. The leg angle
converged to the desired ones. We got a walker that walks with the desired leg angle.
In this case, Kp is 0.7.
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Fig. 3.3 Result of a plant changing control applying the passive dynamic walker;
in this design experiment, we design the leg angle while walking via changing leg
length. When trying the first two desired values, the gait of the walker had shown
bifurcation. About the last three desired leg angles, the leg angle converged without

bifurcation. In this case, Kp = 0.7.

Fig. 3.3 IZRT LD ITHTEITVWARVOHELZZ/ITE, MEOMMAELZERT IHEZ
FooRy hALHIEZ{LE2FToTWAZ bbb, HIEEED 0.8 rad, 0.85 rad DIFIZIX
2 AT A2 8 U CHEMFE IR L Tlidwanws oo, 0.75 rad, 0.65 rad, 0.6 rad @
R IZEBYEIZE W ER R S T W 5.

TN Z DR 100 HOMIEER L HEDFEGHE, RUTRIficozhz L HTE
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Table 3.2 1255 U7. BLEIZED, HAYSEIZBWTHEDBAE (BT A—X) 25
g5 &5 B iTarRy ORI A — X 2 i E L, ITEOERINT X —&
ZROZENEAITE AR Y b EREHT S Z Bk,

Table 3.1 Initial parameters of the passive dynamic walker with the growth of leg
length; it only legs length changes. It is unchangeable that any other physical pa-

rameters.

Parameter Value

Leg length 0.60 m
Center of mass(from the floor) | 0.40 m
Ark foot radius 0.55 m
Leg mass 0.20 kg
Waist mass 0.10 kg
Total mass 0.50 kg

Table 3.2 Designed leg lengths of the walker and error ratios of between leg angle
desired and designed; almost error rates are below 1.0 %. In the case of 0.8 and 0.85,

the rates relatively large because the walker has two periodic gaits.

Desired leg angle [rad] | Leg length [m] | Error ratio [%]
0.60 0.881 0.67
0.65 0.882 0.23
0.70 0.790 0.25
0.75 0.715 0.49
0.80 0.651 4.4
0.85 0.641 9.4

WEREt LS T0aR Yy MOSTRIE L ORIT TH SN T X — X %2 AW Tz
fTaRy bEFKETL, ERIZKFTOHEMEZH 2L TWALDMEEEZITS. AR T 5D,
Table 3.2 FIZHBEHNNNT A =X THHHAED 0.60 rad DIZITORY NTHDH. K
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HIBE D DMIETHITY I ab—Ya v a7V, EEHRE L FROBGEMAE 0.5 deg THITER%E
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& 100 2O I E D SEYMEIZA 0.60 rad £ 720, [A U < H&F& 100 xR o L 4E
1205 % oz, bk, 8%y Ial—ya v NIZBWTIREDOMARE (BRI S
A—=R) BEHTLHHFTORY "bN=R Tz T72HKFTETVDE I R TE -,
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02

01 - Output leg angle
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Time [s]

—— Desired leg angle
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Fig. 3.4 One of the verification of the result of designing; the desired leg angle is
0.6 deg. It has shown the walker walking with an almost desired leg angle.
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WL, BbOMEEZ T4 — KNy ZHIT 22 THIEOHKETZ217S. 2%, BIcglsd
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Fig. 3.5 Weights loaded walker; the weight attaches to each leg. The weights can
adjust its position by motors and ball-screws. Therefore, the CoM of the walker
moves as weights moving. Each foot has the shape of part of a sphere.
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Table 3.3 Parameters of the walker with changing the CoM by weights moving

Parameter Value
Leg length 0.6 m
Ark foot spherical radius 0.7 m
Waist width 0.2 m
Center of mass
(from the floor,
initial weight position) 045 m
Leg mass 0.2 kg
Waist mass 0.3 kg
Weight move range | —0.156 ~ 0.156 m
Weight mass 0.3 kg
Total mass 1.3 kg

WEEEtH ARG TRERDE B, 1 H T OEMED X-Y EH EIZH 1) 2BEE % 51iE
PUTEBLTINEZEHTAZERMNNTI A=K L, EOERNNT A —RE2EHTEE
HONE WHATA—X) 2RETHZZ2HEE L. Kpldl1l0 & U7~ SWEAEIX
1.2 deg, #lED HEAHIZ 0 A S 500 B E TH0.10 m, 500 FLAKIZ 0.05 m & L, 1000 %
TORTE Uz, WHINS A =2 D2 bE Az DFBEAM n 1552 L, ZBEIANT A —
RTHHAMEDOHIME y 1358 3 HOVEEE Wz, Rty Ial—ravofER, foh
AR BEME - HAOEOE (L B W ABEDE/LE Fig. 3.6 12/ U7z, HEMHIZ T3
FTEHESBRVEDD, MIER L TWAT IR TES. 20L&, ThTho HEHEIZ
B} 5% 100 HOERDO N ETNE N 18.6 %, 8.66 % 7o 7=.
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Fig. 3.6 Strides and weight position of the Passive Dynamic Walker applying CoM
position control; the first desired stride is 0.09 m, when over 500 sec, the desire has
changed to 0.05 m. (Kp = 1.0)
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Fig. 3.7 Stride and weight position of the walker that is applying weights position

control; the first desired stride is 0.10 m, and when over 500 sec, it has changed to
0.05m. (Kp =0.5, K; = 0.2)

FNFNOHEE 5’#1
mU7z., ZOoLd L CHEonzfiE
T 5.

HOMIERAER L BB D AEDFIEZ Table 3.4 (12
TEL D ZEETE, BWHATORY FORFHIZTT

Table 3.4 Designed weight positions and error ratios

Desired stride

Weight position

Error ratio

0.05 m

—0.121 m

7.76 %

0.10 m

—0.155 m

3.58 %
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Fig. 3.8 Result of an experiment for verifying designed walker; in this experiment,
weight position was fixed. The error ratio that is between the desired one and output
is 13.6 %.
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FHIBIL 720 K o T, Z2ILIEBREYHA NI A= BLE DB 720, WNROE DY
MXFGRA =R T HHEL T L2002 EDESIZUTHRETEINEETLIHEND L. HlfHE L
TH7ZIE, @E ORI TIIATES - HIESLHITERTH DI B —RIATH DMV ARET
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WEYBRIR T R — R DB E ANESORDDIZHWT WA ESIZRZ S, ZHIXRAKIE
fLLTWBZ 22k, Zom et CHEmNEERICE U CEIGHHE & o BB &G X
Nnas.
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ZENMNENIRITDY 1 T I R ZEFIE
L7217 0R Yy N HIEOERREE

41 ELC®IC

OB UIZIR B0, AKX Tl, ZEWEISTEZEL TWEEE T A—X% 2 DIZHH
35 (Fig. 1.4). £7, HMEXEE - JGEAE L Wo7zuRy b HEXEREOY ML/ F
A=RAPEZoND., Tz [WHINRT A =& ] CIER, £72, HITE2To76ER1 5,
ZTD L ZOHEPHITERED LS BB NhER/Rons., oz BT A—K] LIES,
T, BREBHOZENEAITICEWT, SITROZBIN ST A — X IZYH ST A —&
DAZE > THRESIND Z LIXBRIZHR ARz, DF D, BRI A—REEEFT 57-2DI1213WY)
HKNIA—REEHTEREDRHDHL NI L THS.

Z 2T, RFETIEEHN NI A — R 2 EERET 2D TIERL, YRR I A — X 284
TB5Z LTk THIBEMIZEBINS T A =R %2HIHT2FEEZRELCE L. ZOFEEZHV
%Y, ZEINESTOBNERARME2EL UL X, BAOERNNAS A —XE2EBT 5
ZEWHREICAR S, RBETIKIRET AHIMIFEZ, HZICBEBLZHTE Ry M EAWZHT
FEREELU CHRIEZITo 72, BAF L2440 Ry MIZEINEIST 24750, BICIIBE a6
BEHODPWMOMNIT SN, BLMLEDOEEINAGETH S, ZOYHKNT XA —XDZElITL-
TN—RI2T7DXAF IV A%RBAIEE LT, ZENEHITONEEICEN - HIER % 56
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BLU, ZBEHINT X=X O ZAAS.

4.2 REY DHEFE

ARBETITEARHRHBEFIEIZOVWTRRS., KFETIHIERD@ED, WHEII T A —XDE
BIZE o TEBNR T A =R E2HIHWTEILE2ERS. ZDLE, ZIE2YHM T X —
e, HET BEBNNT A —=RIZIEFICZ L DMAGLENREZ NDE BIZIEX, YRS
TA—L: BHX - J{E, BRI A& lIME, BITERE). RETIEIEROZD, ZhE
TAYBMNRT A =X o - HIHTE2ERNINT A =Ry 221 2T 2D 1K 1 OHlfH%%5
5.

AP — % kiR U7z 71 vy 7 Xt Fig. 1.4 2R U7z, @8, 95 hOx5H
TS5 2EX 5L E, Fig. 1.4 DMERTRUTZV— D K5I, IEDRE yg & B
TEDIRE y O AN uy ZHEH, VAT LICHMNT 2 Z e CHEOH T y 2185, —K, Kif
XTRELTWAFECBII VAT LOEZORNEFEM TR UZ. FidDLB D, KFiE
TIEYHI N T A — R IPEHIRT A —RIZEEE 522 LTHER L. REDRREIXEkR
FRRIZAT D DY, 728 20X, B2 MV 2 2T 572 & U CEEZMZBRE)T 2 & 5 7, 28RN
TRA—=RANDEEAN TRV, TORDVIZER LA us 1ZY AT LAOHFIZIFIET S
W N S A — R 22X 5 7-2DICHWo NS, 5 &, SENERRTO X 5 REHNZ
A — Z DR T A = R LSAMRIET BV AT LT, TOEENNT A — R & EERIZE
bXEZZeVFTCES. ZOMEZFAL TZENE ST R Y FOFIEZITS.

AT, ZENEIBTTIISTROZBINIA—ROFHPHEL NI EDHDE. £
T, HIFEFAMRICUATO XS RHIFATI ZHNS.

T = ZAazk + xo (4.1)
Az = Kpleg|sgn(Azk_1)sgn(lex—1| — |ek]|) (4.2)
ek = Ydr — Yk (4.3)

kEAHOHIERZ e, & k — 1 SHOHIERZ ey 2L, FHHIZKELS Bo25ET
BRI T A — X DEALE Ax D52 KI5, HlzIE, k—14HI12 Ax BIET, k&
HiZep —ep_1 > 0DEGEIXEHHD Az lZEIZRS. W DODDERINT X — X 2 k<
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FIA=ZDEMIZ L > THIBIWRETH S Z &1F, BHEY I 2L — R ETEMHEIZHEEL T
LHEIEIITRLEEENTHS.

43 RAFELLSHITORY b

REFEOBGED 720, FH-IlZHHTe Ry SORKZIT 7. KFEOKGED 72D IZ B
L7zuoRy hOAEl% Fig. 4.1 12, §4t% Table 4.1 12, Y AT LD 710y 7 X% Fig. 4.2
WUz, BB, ARy MIZEINEIBRITRAEETH 5.

Table 4.1 Physical parameters of the robot

(a) Lengths

Height 618 mm
The distance between

rotation axis to foot 600 mm
Width 600 mm
Foot radius 650 mm

Moving distance of

the weights 400 mm

(b) Weights
Total weight | 4.9 kg
Additional weight at each leg ‘ 0.25 kg

AuRy ME, BRI 72860 % ENICEBRE X5 Z & TR T A —2DZA4
EIFOIEMTEDLLIIIH->TWVWS. BHLODORBKEIIR-—LAQLE DC¥7—RFE—XIZ
FoTHS. KRy MERINTVWET7F a2z —X3EE 0 GBHEHAOE DDA TH
5. DFh, KRy MIBITREOHEE IR E 58T 7F a2 —RIE Y73, WK
T RA=RDAIE>THITEITS. UL LAads, BLOMEZGIHTAZLIZE-T, &
BN T A — X Th BHMEPHITHEIZEL S 5.
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ARy MZik Genuino 101 & Raspberry Pi 3 BWH#iI N TH D, TNZThhEL -7
& 2> T\wd (Fig. 4.2). Genuino 101 Z&MIZZTnZN 1 QWO IFonTED, B
® 0 OALEGIE & N IMU IZ KB IEE - ARENEBROIGE 2175, BEL 72 IMU ke
H—RY)—T>aA—=XD/;N)VAHAT > M, USBIZ& %YV 7IVilfE %\ T Raspberry Pi
IANEEINSG. b, FEHEWIX 50 Hz TH 5. Raspberry Pi 3 TIZZIJHL - 72 & % 5t
12, FICHIOZESHEE - B AL OFE L EE U ANHES % Genuino 101 NEEEFEL TV
5. ZEHEEIZIX ROS DN 7 « )V & Xy r — Y TH %”imu_complementary filter” [54]
Z RV, EMOMEITIEREA M ONEEFHREZ H Wz, 72, Raspberry Pi 3 I3FEHRT —
ADUFX Y TRBIEDREDE=2Y Y ITHOY =2 7H =N UTHHHLTWS.
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Fig. 4.1 Appearance of the robot; the black-colored boxes that were attached the
leg can move by ball-screw actuated by DC-motor. The weight is put in those boxes.
Therefore, position of the center of mass as a physical parameter will change. The
walker has 2 D.o.F.
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. . ! ROS ! . . .
Weight position control 1 .. H Weight position calculation
; Communications ;

E IMU and Encoder data i

— Genuino 101 ; .
1 Weight position command |

Raspberry Pi3

l Ubuntu 16.04
Motor driver & ' : ROS Version:
Motor Kinetic Kame

l

—  Rotary Encoder

Fig. 4.2 System block diagrams of the developed robot; it has two processors. One
is the Raspberry Pi 3B+ that calculates how the weights move. Another one is A
micro-controller Genuinol01 that attached to each leg. It receives the command and

controls their weight position. It communicates between Raspberry Pi and Gen-
uinol01 via ROS.

44 BREFELE-OKRY bEBWZHTHIEEER

P L7ZaRy b2 HAWT, AENLEEARERN 7 m OPGETHITEREZIT->72. Bl
=560 OEEIIN 300 g, WEDMEIX 1.95 deg TH D, REBRTIXZ(T 2WHA T
A—REBHLOME, HEHTLIERN T A =R E2EMEOLSMEE Uz, HIECHEHT 228
RN T XA =2 DBEMEE LT, BEHD 2H0DVFEEH W .

FIEEBRISOIO Y F A0 1 £ 2L OHEE B D OMEOEEO % Fig. 4.3 12
AUz, BFRBREOBE DALEIX 150 mm & U, HEX $545081% 107 mm & UTHEL
. ZTOLE, BT TERD 4 555 OBEONEIIMEA 97 mm, HIEEDO AR E OFREE 10
mm ChHo7z. 7z, AN AEBE L DAEIX 197 mm &R o7z, 0P, FEHEIRIZE S DAL
BE% 200 mm IZ[EE LU TERZITo 728 &, HITRTERTD 4 5 OO NIME % K ildT
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DREE$TD &, ZORFMEDF & FEHERAIZZNZN 108 mm, 6.85 mm &7R>7z. Z
NS0 2 ODDEEKERZ KT 5 &, EFIRIIL > THEIZEWAIETOSRTZEEL T
5 bhrd.

250 ® Output
===+ Mean of last 4 steps(97 mm)
200 ===+ Desired (107 mm)
E
— 150 o (]
B [ o (] o
E [ °
@ 100 :.':::::::::::::::::::::::::::I::f
o P o
50 P ° o °®
°® o
0
0 2 4 6 8 10 12
Time [s]
400
350

300

250

Weight position [rad/s]
o S
= =]

100
50
0
0 2 4 6 8 10 12
Time [s]

Fig. 4.3 Stride and weight position during the walking experiment; the stride shows
two periodic walkings. It has changed the weight position while walking.
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45 ER

FTNENOMZ A - Bl UTXAIL, HrEMICL > TEKINSSIREEZE/MT HE
AT E CHlE7Z > 72T U 480E - Ey FhR (HORD i) OAEEDR RS T —X %
Fig. 4.4 (2R U7, Fig. 4.4 252 L, 2 AlOSITARELTWE Z e dbhb. Ll
RS, TNTNOMI L DFFEIZEEM TR EPWEKEL LS LTWEESICTRAS. K
EBRTIX, ZLACLETORTIZEWT 2 AHOSITRE N, 2 AHOHTIX 1 A ST
WCHARTEDREFPEMII R ZENTFRIN, ZOLIWNEED-HER->TWVWHEEZS
n5.

RETLZFETE, WELZBWTIFHEOHIETHITTEEI NI AR 2R RTENIEET
DMNETEELTUEZIETAVFHEXZL, BVIXIAVIHRBYFTE S, BREL:
RS 2 EEEZID AT TVARWZDEBO T XV FHEEIZ DO W TERMICERT 5 Z & 138
BETIETERVWD, FIZIERAMTTHNIZTEE D 2 47T mm BB X5 Z & CHEO IR
EHHTE 5.
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=@— Output(Right leg landing)

250
=@®— Output(Left leg landing)
200
g
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g 0.00
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>
= —0.25 ‘
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0 2 4 6 8 10 12
Time [s]

Fig. 4.4 Experimental results of stride and angular velocity; it distinguished the
right leg and left leg. It seems bifurcated due to parameter different from the right
and left.

46 HbHYIC

ARETIE, WHRNATI A —Z 22385 2 e TENESHfTORY FOZEMEEZHET S
RS BB NT A =R 2T 5 FR2REL, FEEZHOTHEBRIREEZT > 72, #ER
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LUT, RELGEZEHAT S Z e TSI R Y NOSIEHEAEHTE 2. SHOKR
"o, YATLZDEDEEAIEEIARAFIEOMIELEHNFEI Iab—ray (2,3 %) &5
BROM G CHERTE . 25T, —MINRERFIETIZa Y ba—J DT X —X % EHH
U oililz1> —HT, BELUAEZFIEINRY AT LAMONRT A — R ETEH LIRS HilH
EIFDE WO ETHMULTWS., ZDZ s, —BRINRERGIEE U TORmABET
HY, 5HBIXT OB 5BFE UM 21T > TV E 720, REIEEZ AW 72RO 447
SR E AT IR LU CRMiis 2 Z &, EREMIZLEW2iHMEIT 2 2 &, BIERRNIZT-
TWABHIEA S DREE L ORI T THRETEZZERERDRETH 5.



46 HBbHOHIZ

71







73

Y e =
5

=

HhHhIC

AT ZENEISTORFOMIGH 72 55 FWIZEH L, T0E2FH U 22808517
ARER A T O Ry b= R D = 7 O R OHIH %2 2% - MEEL 7=,

9, 2 BT ZENE ST ARRRESITORY =R Y 2 7 OREHEEZREL
72, BITIHBZENEGHBNI BRIV RABDOBISITN—= R =756, WKE|HEEL <
BT D Z BN RIEN EDOHBITN— R T 2 TANERLZIZEASE TV Z L THRED
AT Ry bN= R 2T DKGEZ2iTo72. 612, HAEASEEEHETLELOLEE MLVY
ZEIINT 28727+ — RNy 262 EH L, JOEMEZRZICHADIETWL Z & Tt
7252 FVOHBZFHL, %%%r%ﬂ%ﬁ%iﬁﬁ%?%é’a%ﬁ&t.:@ﬁ&%
SELSHMATENR, HMIZIBU TEIVUZE L 7ZIRANEISIZER LT A X 5 =R
T REBHTES7255.

Iz, B3B|TIHHAITORY b= RN =T PRI A =X 2PN T A= L
BN T A—=RD 2 DIZHMEL, WSS A —R 28852 L THREDEBIA S
A—REFOMIAATERY b= RN 2T OFE 217072, T2 TIEI ORKETFIEE, YK
NI A= RPEAURT 2D ENT Lo TREFFE LU THHEHE LTERBI I ENTEL I L %
SNy A

BRI, BAFETIFEIETEREZESICAFELZGIHE UTHRZ, HMrERZELTIN
EMEEL 72, BRIV NI A — X2 DB E2FEBHTE L K517, WITh-TBEITAEL
DD DIFHAITaERY FEREL, 71— NNy ZHIENZ & 0 BAEOHIEZ 1T - 7=,
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INET, MTEERINICEER T 558121, BRLED/NI A =2 OfMAHELEITH U T
FHEMETL, XSS OBRBRETOBEDRDH -T2, KFEEHAVWSEZI L TN—RY T
HYMRH OISR 5 FWEFAL T, EFICHMLZ, AN TcEd200, MK
ZHIEERTHRANARETH S I e 2R Uz, RICHBEOZLIZH L T HEIGHIZESE

BRELEE, HEHIFTAZ VR TEZ LIZEFICRERE®REZFEFD/ZEASS.

AFFEIZHFICBHEIZERADZ 2Bz, 2BD LS IZRP TS Z IEHTLE S,
DF D Az % 0123 0Z, +®%@%A7x—&i%%@%®tab,%%kbf%ié:a
MTED, 3, 4EDEIIITHIZAMEEZRITLIICT I ZNIEFHIBL TS ESICHRX
5.;®ﬁﬁb,ﬁﬁt%@aALT5$E®iD@%@%%OHTCMQ%%%kjé ;3)
LZWIEBELTA2EBO LS REDEROIFBZ 2R TENL, &itehlHz2KE—MIZERT
XBHLEDIHD. ZDEIBRIEVARETH I 6E, TNTHDOHAZZTNETND 7 4 =)L

NIZRBIAD Z E BB RBITRY, IHIZETNENNTELILDERILNE725 5.

1 ZTHHNZD, ZEWNETIEIS AT L EEE L OMEER (2 2 ClEZElEikiTes
ERGB) DIZT7 4 — KNy I Z R > 72 HHZR 2 FF o TWBH Z &AW RINTH L, TON
TA=RIIBHTREBBICE o TREING [22]. DF VD, ARTH W NT A —XDH
HilxZ DRINZHIHERDONT A —REFHEL TS Z i swnw. £72, HEZMIE
T, BLOZELT LV LT NBEAETRS LIGRAREIHEZOEDER>TWS, ZD
IO BRBUSCIREFEZRE bf&%tﬁg51@i5’%ié DF D, AFETIEENR
Mz, aRy SOZEEEZHEELLRWI L2 JEIESHFALTWS., LrLADS, Fi
BATD & S 7, BB IER 2 5 2 21 TIERTERVWEEEFEL TV, Ehs e
Wo THERD IS ICHEMIC T 7 F a2 — X 2MET 22 LIETET, AR TREL =R
DL OMEZEZ Z -GN Z2E Z 5 0ENH B2 5.
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Fig. 5.1 More detailed proposed method; the passive dynamic walking has an im-
plicit control system that produced due to synergy between the body dynamics and
the environment. The walker walks well because of the implicit control system. The
parameters of the implicit control system consist of the walker’s physical parame-
ters. Therefore, to change the physical parameters is equal to adjust the implicit
controller’s parameters. In contrast, controllers that change physical parameters and
traditional controllers look like explicit controllers. If you want to achieve more chal-
lenging matters, such as to walk a flat plane, you should use some actuators. So, it is
necessary to consider designing an explicit controller taking into account the implicit

controller.
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