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Abstract

When it comes to the discussion of robot motion, the concept of “Templates and
anchors,” which represent the complicated robot with simplified model, is widely used.
However, most of the templates is two-dimensional model, which ignores the motion of
robot in the third dimension. There is a rolling motion as a hexapod robot running with
the Tripod gait which is developed by the R-SLIP model. This phenomenon can’t not be
described or analyzed by the R-SLIP model.

To analysis the passive rolling dynamics as the hexapod robot running forward, this
research establishes a two-dimensional passive Simple Roll Model and a three-
dimensional passive Roll-Two-Leg R-SLIP(RTL-R-SLIP) model, which consists of two
parallelly placed R-SLIP model and a rigid bar connecting the two R-SLIP models. It is
found that if we ignore the dynamics in the third dimension of a hexapod robot, which
equals to assuming the robot has symmetry about sagittal plane and has no dynamics in
rolling direction, the robot is running in the unstable fixed point. These result shows the
shortcomings of two-dimensional templates. This research also proposes a new method
to generate a Tripod gait of hexapod robot by searching the stable fixed point of the
passive RTL-R-SLIP model.

Next, to discuss the influence of the active controller, this research constructs the
active Roll-Two-Leg Clock-Torqued R-SLIP(RTL-CTR-SLIP) model, which allows us
to analyze the system dynamics and the energy dissipation when a hexapod robot is
running with clock-based torqued control. The result shows the robustness of the Tripod
gait generated by R-SLIP model, which fix the instability of passive RTL-R-SLIP model
and counteract the interference caused by the inequality of the spring coefficient between
the left and the right leg. It requires energy to counteract the interference described above.
In contrast, given the same the inequality of the spring coefficient, the Tripod gait
generated by RTL-R-SLIP model requires less energy. However, the Tripod gait
generated by RTL-R-SLIP model is not stable enough, which require a further exploration
of stable fixed point.

Finally, to collect the rolling dynamics and energy dissipation data under different
system parameters, this research modifies the original hexapod robot with counterweight
and the C-shaped legs with different thickness. The experiment result shows the relation
between the decreasing of the rolling perturbation and the increasing of moment of inertia.

It also shows that the too large or too small of the spring coefficient ratio of left to right
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leg both increase the rolling perturbation and the energy dissipation. These results are not
consistent with the result from simulation, which shows the simulation might ignore some
factors in the real experiment, including the torque caused by the swing C-shaped leg and
the nonlinear behavior of the C-shaped leg.

According to the discussion above, this research gives two suggestions about the
Tripod running of a hexapod robot. First, the spring coefficient ratio of left to right leg
should be optimized between the disadvantages come from the inequality of left and right
leg and the thickness different among different C-shaped legs. Second, the Tripod gait
could be generated by two different models. The gait generated by R-SLIP model is much
easier to generate and still has the robustness. In contrast, the gait generated by RTL-R-

SLIP model features in the less energy dissipation.

Keywords: running gait, reduced-order model, three-dimensional model, rolling,

hexapod robot, gait generation, stability analysis.
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TABEA EABBEA L3 RIenEFEApR ~ 2 FE ROl & ihds i o 22 = &
B A 2 F 02 Tripod # i Faade > if £u0 2 L@ e (s grfot 294 /F ayr
TR AR Fearfet X 0w A U FHTIR L2t T e RIEE A
BAP B ESEALLA RBEI A4k o £ ¥ 5 Z4% F 4 12 Tripod
W fL et B AR AEE 3 R Rol)? B cuE b A o o # =
> o chih i e o

AR AT A KB EA 2+ A R IEL R 2IRE S v e ,@—Frs{@é P

ArrmFstma Ra FRAMERS LEFA AR TR KPFAR

)

5

BOEEE TP T EEL AR n ARFR A AP FA L PR LR
BT RAE 2 B EAL A E/mﬁwf—ﬂf#w TR AFEATE D
Flt o AT EFH 5 Roll #3] > F #5484 & Roll 2 % s i 12
T8t i F B3 4B R-SLIP & 71453] » #-3 3 R-SLIP #74] £ #22 % 17 #5t
=% A g Xl 5% Rk T 6 (Sagittal plane) <Pk | #5792 18 &% 5 > 22 4 Roll-Two-
Leg R-SLIP(RTL-R-SLIP) % 7|43 » ¥ 2845 41 & B & &% & R-SLIP -7 14 ¢
Roll * & e fL 451 > ¥ 8932 &0 45 &) RTL-R-SLIP 573 ¢ At # cn B 238 d 58 » &
g E i 4 X AT Tripod A f o B FAE BRI 2 S LR LR
Tripod # f& » &% ZHEF 4> LB E 4 Roll 2 » st kB A k2

® 4 12 Tripod # i §5 §° pF e 3K o



1.3 v‘jgkwéﬁ

A B AER AT b K 3 enE B ¢ oRILFull £ ¢4 & ¢H Templates and
anchors[12]sPPE A AL R £ 7 * > 4 fj,%{:té—? LA R A AT RUE S a
(Templates) » % 3B ¥ A AN cho 47825 f3 > L 7 B RKHBF L i@ d o i ~ 51

% F %% E L (Anchors) s fi 18 H5 o

TEMPLATE

. e
Make policies for % Use as a guide or
neuromechanical 7 target for control

control

Add degrees of

Collapse dimensions B KT freedom (joints,
by trimming away muscles) from
degrees of freedom animal to reveal
(seek synergies 7 mechanisms

and symmetries) ANCHOR

Bl 1-3 Templates and anchors R 7 B][12]

#** Templates and anchors $£4 2- > 1T #& % 3F § HAA8 B & ki dy il 4f s
WA RBAERN > & 7 F Ky it & F H e Spring-loaded inverted
pendulum(SLIP)#-%][13, 14] ; & * Lateral leg spring(LLS) %] %k $7 i £2 7, Te {7 pF =
fsmra * gt (795 B [15]; @ * Slothopper ¥4 i — # Py it B & 4randé 4

AE[16] > i@ At 59 e K48 B A 1+ F IR Pace ~ Bounding... % # & -

Slotopper

Bl 1-4 (a)SLIP #-31[13, 14] (b)&= 7L i#4R. £ LLS #-3][15] (c)Slot hopper #-2][16]



1.3.15 & #7)

ZAm SLIPHCA| Fl o B & f 1 g i 2 0 e B A A7 I ende ] (55 7
Au] > F S HF R N3F e nicd] 0 ¢ 7 0 i SLIP H03 A0 4e b R AN 4R B
9 SLIP-R #-3][17] ~ & hip #8 4c F J2 4 %J ¥ ¥ ¥ e R o TD-SLIP $23[18,
191~ ¥ B8 G & ebenE k4 o SLIP $-7][20] ~ #- hip B *t%rens & i (7
T A 4w (5 uras i 1 £ B e eccentric-SLIP(eSLIP)#-3][21] » 3 %] SLIP 23]
Mgrenghde pod R ESEF RN J R R 2493 2 0 R-SLIP #3) :tz_@zvgm;;t R GEY
F15535[9] » 4p $>t SLIP #°3) &  { + sfE %4+ » A% R-SLIP #-3)» k5 E o
+ e By » & 12 & 0 TDR-SLIP #-3][11] «

(a) Direction (d)
e § A m_ d=0 m

d<0

/\,

Progression of
Center of Pressure (e)

B 1-5 (a)SLIP-R #7|[17] (b)TD-SLIP #:3|[19] (c)% /& B4+ =1 SLIP #-3[20]
(d)eSLIP $-4|[21] (e)R-SLIP #-3|[9] (HTDR-SLIP #3][11]

1329 fi sk 3482 2 s

ORI BAVNEG R LR 4 03 AT BRSNS E i i
3% 0% 2 Buehlerclock .- &S ®BA F ¥ @ * o322 - sd v B
Boship & o A u] L H YRR D Mot RS PP L Rt Bd T iRs &
BROEMETESE G i & Ry Fd i ior B ddkit 2 LB E L pad
[8] ; 48 #3* Buehlerclock i& 4% ¥ % ~ 3 & i AR AL 5% > 51645 1) SLIP &
R-SLIP #-3]4s - #+ i ¥ & fixed point » { ¥ 2 ##-¢* fixed point ¥ hip e 4 &



P TR B RIS U ] et e A R T N R
kit B Y ¥ s gad 0 @ e SLIP & R-SLIP $5-3] ¢ 4 » Clock-Torqued if
= % CT-SLIP ¥&2 CTR-SLIP #c3] » # - HIFHB A i (25 > 33 R4
» Clock-Torqued & ¥ m 4p % & F crsf 4 H 2 X+ 4 i 4 [10] ©

a b - -

( )A 4 & —do ®) 1€ . »i< L >
— Jeft tripod o ERREE

+++++ w2 —
. Flight Stance Flight
A g ]
Foog” 2
G T / -4
—t ¢sl % Leg 2 - - -
Tt f 5 Rl s B & B - ]
_7:‘1 \»'A-‘ )

B 1-6 (a)Buehler clock[8] (b)#£ >+ R-SLIP #-%] %% 2+ Tripod # i [10]

1337 &% A @d 2 H#507)

P SR R A - SR X D A o R
pitch ~ yaw 2 roll * w» 8 > jp¥ens T8 ko FAAKRAR S MIF R 4R 3 T o i
A) k3t pitch = v ends L2 w (S %r2 Fanzt it £ 8 ¢ Scout IT MFF 44 H v 848
BARSF - To g kim0 0 i&a 24 = Bounding ¥ £ [22, 23] © A. De
FAPEEE 73 LEE %renT 5 Slot hopper #-3] % # & Pace ~ Bounding... % #
f[16,24] o 7z 0 b a0 B SYR(SLIP HC3) 5 AR F > R % T2 B L FRHR-
SLIP #-4]) & A # T 6 #-4) Two-legR-SLIP » i& @ 4 =& % (g %r #7 L B eid v 6
B [25, 26] o 2R @ b i B ff T 3 R B A 1B Y & Bk (sagitta) T ¢ 0 @ H.
Kimura % 4 #2002 # 7 7 ¢ [27) g4 Gk Ve B A B T4

55 H 45 E L A Pitch 2 Yaw = » 2 £ 416 B > #10034% 7 £ 8 F £ £ 3 Roll

= o mzféﬁvfﬁ » 4@ 12 Pitch & w (i@ ds 8 (748 F o
I
B | e | B2
left di i

B 1-7 (a)Scout IT # = 4 2_ T 5 #7322, 23] (b) Two-leg R-SLIP[25, 26]
(c)r & _# B! X i % Pitch £ Roll = & & #[27]
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A A& ?C/»*Je?:x :

(1) RTL-R-SLIP ¥ RTL-CTR-SLIP #-%| B %
Roll-Two-Leg R-SLIP (RTL-R-SLIP) #-7%| ¥ 112 7 % % #7H# % 71 R-SLIP #i-
A5 A#M o #0 B RSLIP {3 u- pd s Fhuestd- Bz
BEAD % Mgyt A E X G Roll 3 e Fl L kB L A Sl *if?fp—“rle
gk #56 i 0 @ Roll-Two-Leg Clock-Torqued R-SLIP ( RTL-CTR-SLIP ) 3| R
A B AR R A A e A B enut el %’g” BB EA AT FEITE
A2 PP HIE ARG R R BERF S BER 0 T R A L REITF
FPEA SR > FPE A L Roll e i@ B i o

(2) £ 31 % 5L 58 Roll # i e 58
#3024 91 7 RTL-R-SLIP & RTL-CTR-SLIP 3] » %47 5 @ 1 4F 3 » T8 %
Az L YrEel HEE R E S LA P B KB B A & Tripod # i
WRFR Ry TiE- HE DA REE S B kg o

(3) ™ RTL-R-SLIP 3] B % #7¢1 Tripod # i
EiBF7§ ¢ 2240 RTL-R-SLIP 03] » %47 § 4% #4572 ¢ ¢ fixed point » 12

w17 5 Tripod % f& sf 414 48 23740 Tripod # f 3% 3+ iz

’/‘ > 75\'—' ﬂ}%‘:
i%%éébé;%iﬁ’#ﬁ%T:$—iﬁﬁpfﬁﬁ,wﬁépfﬁﬁ
B E AR L e g B AT L TR S S REEA N D

Simple-roll model » I i% i Poincare section ¥ Return map ¥ = ;2 kA~ 47 F 4 &
roll * w ens fE Frid o % = § 2 R-SLIP #0352 A& > 244 2 E 4 5 Rl Ry
11 Roll-two-leg R-SLIP #-3] » 12 ¢t -7 i& 7 Return map 4~ 5743 ! fixed point » # =
#7en Tripod # f& © % 2 F 4 RTL-R-SLIP #-3]:& - # 4c } 4 # 474135 = Roll-two-
leg CTR-SLIP #-3] » * ki B 4 7 Fiad- B2 7 PD 4 B B L & &
FouARoll > v EIPEREHEL - FTIFAETHRT o8 2 S ddeenit
FHapE X IREFETR > PIPFAFFBE ORI ek i H i £
BN R BEEEAEL B RS B R AR
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¥ - % f§H Roll 573z 2 #2 » 47

fit o~ g fe et 2w 0 AT Y K Y ALE 2w 4 o Roll fid] 0 # % Fl%
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T EE GO B]) B R ARG PR R F % RSLIP AR A A
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Bl 2-1(a)= K EA (b)= T T A 2 ($4LH (c)Tripod # f& 7 & B
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MWens 1A REEFS $EY Ao FREARIPRbyz T6 b R 2
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B 2-2 i ¥ Roll $-3](a) intrinsic parameters (b)states
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W S B - B AT 70 2 oo §] 220087 0 ff # Roll Ak o

fe Sl ALY w3 R zZEHA ROl * e hitidp @ Ltd B Rz, zp

R b i Rl R ER 1Y phase T HD P EA AT IR e ek o
-1(c) > g\/phase OFF > L 2w g~ 2 fs%r~+ 7 % (LF~LB~RM) B$ >

5 W2
A PF = RIYresl i Thdicky, B30 2w grE 2 YRk g Pl T lickp + kyp o

E=t

© ]Sl 1 Clickg 30 4 ¢ Hresl i Gilickpp o F Yphase = 1P 0 B E A 1
TP~ L 5% (LM ~RF~RB) gid o P ot pF 2 i %rensii e (r ik, 350 2
¢ogreal g ilick 0 o RISreEE Tk BT 4 ow SR 4 S grs e g S s
P dckpr + Kgp ©
EPTTR

kpp + kig = krr + Krg = ko, Kum = kry =5y (3% 2-1)

P P R K, ky el b
ksum = ko + kl, Y= ko/k1 (;t 2_2)

UHly 2 10§ = LA AR e g oy = 20 X L AFT R At R ik

* ﬂ—L
kg, i =0
kL ={ 0 f Vphase ~ (;\: 2-3)
ki, if Yphase = 1
k :i =0
k ={ 1 f Yphase .
ko, if Yphase = 1
m thaseﬁjly Fes -4 222 ¢ 2 o

BORGREAITEORERT N BB EAL ST 2T L RLARERT Bt
Hof w0 Bt s b gdicm Tl o 8 Roll W3¢ ek Sl oz Ak s
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2.2 # it > 4758
s 2 LA LU G F B EA R R ey

1
%%5@F”ﬁi“’4%Q%ﬁlkiﬁT’%ﬁ&%mw$%.g*zpﬁ@

PR AT AT > B E N A R L (Phase) 2T el i S AR5 0 R
fi— = 37 : Double Stance ~ Left-leg Stance ~ Right-leg Stance ~ Flight » 3& 7™ & iz & &

¥ 1 ¢ &S & Phase transition dR A FLP iEw fA R fE B Yphace € 40P 7 3 o

Double Stance
Double Stance #* % = - & & %rgtj s ki o ik Rl 2-3 chp o HH 0 LR

FORE T4 B R s f7 5t

{FL+FR—mg=mZ
F,wcosp—Fywcosp =]Jp

(5% 2-6)

ST /777 /7SS S/
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FR:kR'(l()_ZR):kR.(lO_Z-I_WSinp) *
BV 27T H 2N 2-60 TE FIES S N
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BN 2-8 RPN 2-5 4 Flaw b2 (8 EF T
d?*z T s N T s S
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dt i 2-9)
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B {8 ¥ L #-5% 2-9 4 7 & state space 75 5¢ ¢

. az
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H %
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-y
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[dﬁJ ai
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ap at
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| S
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Phase transition

F]ight /\ Flight

Left-leg Stance Right-leg Stance Left-leg Stance Right-leg Stance
Double Stance Double Stance
Yphase = 0 Yphase = 1
ky =ko;kr =kq kL =kqi;kr = ko

@24@;Rmﬁm1#ﬁhﬁ X E e
4ol 2-4 #1705 Roll 531 - £ 3 3 ki S8 F & 4> H ¢ - 2% Phase’
de B R RS  FFBBANE LA B HF| 2 paykii @
B3 Yphase * Bk B A AP F L LpHoD

AR € WU A e R o Fla B fE D AR P gk kg & Or 7 e cliciE o

%\

F s By S ARV B THPESY Y -

BiEAEMBEA LA BaE BRETE MONEY g RE R REFH YT

M Yphase P 3] ket Flight R 8 ¥ z > w2 Rd T f PpF 7% S8

PR R FIEY KRR B EA Y - mYRE 2 (8 0 A HASL ¥ - ey
» TR AR R QLT S AR o T R ] 2-5 3B {7 L B 0F dn ok f 7 R

if z(k)-z(k+1) <0
Yphase = abs(yphase =1

Flight
Az >, 7>
7z > I v ZZ<i
Right-leg
> Stance
Z IE
4, =l <l 7>
Zg <y Zn < l’;
v
Note:
Double Z,=2Z+sinp
7z =Z—sinp
Stance R smp

B 2-5 f§ % Roll #-3] ek 57 345 -
TAE AR B AR g 2 18 > T Y MATLAB & (7 #ic B3 B 0 HER

U R gl b oh o IRNR A IV SO Bl S e
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2.3 Poincare section 4 #7

iz > ) F Roll 03115 - AFF5 F 245 00 037 vk B 5 8 e i 6

>
3

G
13

30,

st oo - )’T‘u{ 3 41 bt HE]F # 6 i o0 fixed point 0 I 4 7 fixed point % feeik
R es ik S fodieend B o B 45 1 22 Tripod # i 4p 7 fie ¢ fixed point # g5 ©
fE Roll HrAlenisiftlic- 25w Bpd Rea BRE S8 A9 LER

Bz~%E 3% BV, #3] & Roll » % crvf4l & B p2? &3¢ B p > Phase (45 i 5
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DA EAME LRk s R D E L - 28]t AN AR
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FE? BB RFLTELE ORI EY A2 - BT e > f£2 5 Poincare
section’ =+ § 4p 5 B ¢ ef # Ful 4B ¢ Poincare section FF 0 i fpt T o b Zedh—
BEFIL AV URBREMEIGEE IR A - 2T e o b4 % Poincare section
PR M- BEE N AP KA PRIE T - B fixedpoint } 0§ IRFH M iE #
#1% ;4 Poincare section }t 11— BRI > Bl R ZFIR Y i@ & & F A
i #p 4 i 6 43 14 (Quasi-periodic motion ) ; § Poincare section + 1 F#325 ( Fractal ) »

PI3Zii i & F- BiRA (Chaos) eud sk fg o

X3

Fixed point

<+— Poincare section

Quasi-periodic
- :
motion
X2

B 2-6 Poincare section 7+ &, B
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* % 47 #% < Poincare section & -3/ Z > Yphase S A7 4ok 540 2 LB R A

Fegefl o FlA M A £ A L E P i £ Epra » £ 7 At mgze?
b i 1/2)p 2 fo 0 R L z2pF STRE B B & FE iR — 5 Poincare section ¥ 477
L i B Eppra A0 e 0 T T A 2 ePp d R et - R TE R A [2,V,,p,0]
g B pd RER L > "% 2 [p,p]= B ¢ R Poincare section » . 7 F B {TEER
U

221 27 WBANFIE kS HEg TG Eom AR gk
IR SRR S S ERNRASE R ICOE S 'q Sl o [ p PR AR - 3

A GHRATET RRET RV L LFRP

#+ Poincare section 4 15 7 » 357 e dniE 2 rmpw Fl|P~p = [—10,10]deg > % &
% B~ p =[-200,200] degfsec - # ¥ Il & T = T 5 5 =[-017,017] » L=
[—0.46,0.46] > “yt % P 323 8k LR E T fixed point & 47k i o

% 2-1 f§ H Roll ¥4 4 47 %8

Sl | FrRdcE | i | RS S| £FSE
g 9.81 m/s? N/A N/A
1032 |kg N/A N/A
w 0.16 |m N/A N/A
Ksum | 7035.8 |N/m K sum 11.119
Y 2 N/A Y 2
] 0.097 | kg-m? J 0.367
L 0.14 |m I 0.875
Etotal 16.2 J E 1
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(a)
0.15
0.1
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LSS
-0.05
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045 | 0.15
02 . 02 .
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0.2
0.15 ( )
0.1 y
s i e
5 X
"-'5
ES S
005
04}
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015}
04 . 02 : :
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Bl 2-7 Poincare Section of kg, = 11,y = 2,] = 0.3,1, = 0.875
(@)E; = 0.900 (b)E, = 0.925 (c)E, = 0.950 (d)E, = 1.000

B 27 £ 8%k =11,y =2] =03,0, = 0.875 > & #E,4 % 5 0.900 ~ 0.925 ~
0.950 ~ 1.000 = f& ¥ i& 7.5 % ! ¢ Poincare section ¥ 11 K| 2-7 ¢ § 1 £ § ¥ E,
= 0.900~0.925 & 0.950 ¥ § LBl v < F TR SR R A 3% SOk T
FOAREH L IR e ] 27 ()l 5 B R et s AR G OR phT
b RIAZE A2 BB~ k- KRR BT e DR R I
WAL PSS EF ARSI G BB R - BEL O RIRER A
~ 1 fixed point » % & £ £.0.900 i ibrH{ 4c T 0.950 > 377k B FHE > § EoH
4o 5 1.000 B4 0 R AEFEJE 095 H e D 1.000 ¢ B IS EE- B

-

Bifurcation point » & % ko i5 A 4 B aL R o § Eoiﬁﬂ 4y s xﬁ; T IR R
EprE PR > RIS HETS § AREYD (B 2-7(0) ~ = I~k
B (B 27()) g FWEHHE -

W
’

—_—
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A BEAE M E Roll #041 §- BE & ehgsice 57 k#Eyk 25 0.900 12

FEERA GG b TR HdmE e R RSk kg s e

7

0.08 (a) 0.08f (b)
0.06 1 0.06 -
0.04 1 0.04 f
0.02 1 0.02f
SfE oo L3 £ IS RS
-0.02 1 -0.02
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-0.05 0 0.05 -0.05 0 0.05
0.1 0.2
oos| (€) (d)
015
0.06
0.1F
0.04
0.02 0.05f
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i

B 2-8 Poincare Section of kg, = 11,] = 0.3,1, = 0.875,E, = 0.90
(@Ay=1 (b)y=1.25 (c)y =150 (d)y =2

Bl2-8 2.7 %k =11, = 03,0; = 0.875,F; = 0.903 yA 5 5 1+1.251.50~
2w fbdc i@ #7359 40 Poincare section o BL7 B 2-8(a) > # Rk S LR B -
B o f2adREEER G F O LiE®T 5 - B fixed point> @ 3% fixed point
s i i A5 TR~ LG Roll e i@ F 50 o ip a2 h 4R LR 2-8(a)

# 0 % p=-0.022 0.022 F - & J13R fixed point » ¥ 3% fixed point s Bl < o

b
)

Z 7 Roll = m aids i - LB 2-8(b)(c)(d) ¥ MM $y=1.25152p >
ARG RS 2 RS L o A KRB R A B
fixed point » # %] g §y = 1.25 pF > gt %ﬂ%;—%ﬁf_mt‘ &5 & A e e fixed point

PN LR S Fephe U2 fy =158 LA REHEY § M= BE 5 Time
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response A 17 ¥ M FE T A = ¥ B ehds fi o @ § yiZ B 4v > Poincare section ® ifik
AR R BB o PR R LA REBREZ L) T p AT A
é‘ﬁﬁ?ﬂ i’“ "I« I /ﬁrig KR

(a) (b)
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B] 2-9 Poincare Section of y = 2, f = 0.3, l~0 = 0.875,?6 = 0.90
@ksym =9 B)ksym = 11 (©ksym = 12 (Dkgym = 13
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M ESEWY 4G KRB A
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b 2 e fixed point 0 5B PR
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ksum = 9Fksym = 132 F 1 > ¢ 5~ 1 Bifurcation point > i& = S Hd @ >
PR ¥ - B fp =01 dfixed point F8F 14 T
e E R E)
(@) i (b)
0.2 o M 1 0.2
01 0.1 e TEEEE RS e
" S~
s - .
sfs o Sfs o SR R
-0.1 -0.1
-0.2 0.2
0.3 . -0.3
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03
p
(© (d) -
0.2 0.2
0.1 s it : 0.1
S SRS
0.1 -0.1
0.2 -0.2
0.3 -0.3
-0.03 -0.02 -0.01 0.01 0.02 0.03 -0.03 -0.02 -0.01 0 0.01 0.02 0.03

i

p
B 2-10 Poincare Section of kg, = 11, y = 2, I, = 0.875,E, = 0.90
(a)f = 0.28 (b)] = 0.35 (¢)] = 0.45 (d)] = 0.7

w4

B 2-10 8% ke, =11, y =2, [; = 0.875,E, = 0.90 > %] 5 0.28+0.35 ~
0.45~0.7 #7% %l 1 ¢ Poincare section B %8 @ = » & # ] ch#ic{@ 5 = » Poincare section
P MR G B A S AL G RS o RS
BA)GH ¢ EBORFR S S o B D EREL AR RH A B o 3 JE iR )

2 028 ¥ Mg RERA SR CEERIRIT AR R 5 R chfho pL R N
g’sﬁ‘fﬁfé?iﬁq}ﬁﬁ#f{ WA o dopt ¥ o dadh § fixed point 4 i R L OF P :T‘}w % -
% Bifurcation point » F] g & & ¥ x 2B & + B¢ o7 B0 fixed point ﬁk%'

WA A B B enlic B o
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Fixed point f# & 5 7

T 1T en7 4 fixed point ¢ B] 2-8(a) ¥

EAR TR P i

-

EE Tl B 2-8()Y Yy =1/

B 2-
A H

% fi g B il 0 @ 5 7 4F fixed point FIEH RE T (7 5 HUF

%o WEE 2.9 Mm

S BB NP T kR T A 4
£ ) 2-9(d) ¥
BIER b TREBPFEFRI|EEET R E D

DI —
ﬂ‘ﬁ»m*‘ B Y=l

2

ez ¥ ¥ fixed point & B ©

RS L RE ST

#p = 0} chfixed point 5 B 2-7(c) ~

) it “$ ? ok e gfie F 2 H 4 F fixed point iR > = 2 45

y=1p">

T efu T

ki B G E &R 7 L E chfixed point;
8(b)? »y=125pF > & K& &:& R %73 5 F ¢ fixed point ; Bl 2-8(d)® >y =2
i 2-8(c)
% ¥ fixed point o 12 7 #&-F @ 2 #f fixed point i
koo EFEE & kT e Tripod

Y SRR

(a)
085
wy 08
075

07

(b) i

=023

i =0.66

1 =0.995

i =1.495

B 2-11 Fixed point No.1, ke, =

O— — — ¢

1

1

1
Py

Double Stance Double Stance Double Stance Double Stance
b ¢ T x T ? ?
@ ? | o

1 1 1 1

1 1 1 I ! 1 1 1 ! !
1 1 i ! 1 1 ! :
5 rS A ! & &

T2 3 4 5 & 1 8 98 10

t=1.735  =1.995 1 =2.195 t =2.995 i=3.7
Double Stance Flight Double Stance Double Stance Flight

b g v = ¢ hg ?—9

Po =0, %o = 0 (a)Time response (b)moving configuration

11,y =1,] = 0.3,1, = 0.875,E, = 0.900,

(a (b) i =0 t =0.085 1 =0.305 1=0.73 i=1
’DBS Flight Left-leg Stance Double Stance Double Stance Double Stance
1 ! 1 ! 1 ? g ?
075 I 1 1 1 : 1 ! 1 1 1
. 4 ! 4 3 ! . ' ! :
10
t =1.265 t =1.695 £ =1.955 i=2.2 £ =2.715
0021 Double Stance Right-leg Stance Flight Right-leg Stance Double Stance
0.011 — ® ?\? 7\9
Qo Y 1 1 ! 1 ! 1 &= ¢
Fr 1 . 1 | ! | | 1 1 !
0 : . I\ . & ! s s ] .

4 5 6 7 8 9 10

t

Bl 2-12 Fixed point No.2, keym = 11,7 = 1,] = 0.3,1; = 0.875,E, = 0.900,

== —0.022,%
dto
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(a) (b) i =0 £ =0.175 1 =0.265 1 =0.54  =0.96
o8 Flight Left-leg Stance Double Stance Double Stance Double Stance
[ — = =
| m—
oe I 1 1 1 1 1 . } —*
73 1 ! 1 ! 1 1 " . 1 .
07 1 2 1 1 | 1 W N 1 !
o 1 2 4 5 6 10
01 i =1.145 =169 i =1.995 i =2.245 i =2.545
Double Stance Right-leg Stance Flight Right-leg Stance Double Stance
005
|
< o /\/\/\/\/\/\/\/\ —" f '?I N : ; T
1 1
i 1 : 1 | : 1 1 1 . \
o 1 1 e I 1 1 ! N "
1 2 3 4 5 6 7 8 9 10

B 2-13 Fixed point No.3, kym = 11,y = 1.25,] = 0.3, = 0.875, E; = 0.900

—_ dp . . ! )
po = —0.015, pril 0.023 (a)Time response (b)moving configuration
0
(a) (b) =0 =022  =0.555 t=1 t=1.515
o Flight Right-leg Stance Double Stance Double Stance Double Stance
08 b ¢ 2 ¢ Y = —
; Lo | R = A \
07 i i , ; 1 1 1 1 I 1
/ | | ] | | | | o o & & & & &
o 1 2 3 4 5 6 7 8 9 10
i =19 t=2.105 t=2.33 =3.185 £ =3.995
Right-leg Stance Flight Left-leg Stance Double Stance Left-leg Stance
0.05
¢ ? o ¥ ¢ ? L oa——
Q | 1 1 1 | T\V 1 1
005 1 1 ! 1 1 1 . i 1 1
o1 1 1 Ll d | 1 ” a2 1 1
o 1 2 3 4 5 6 7 8 9 10
t

B 2-14 Fixed point No4, kem = 11,y = 2, = 0.3,I; = 0.875, E; = 0.900,

r - 0.015 (a)Time response (b)moving configuration

QL

Bl 2-15 Time response of Fixed point with period-3,

i)

=0.14

Kewm = 13,y = 2,7 = 0.3,1, = 0.875,E, = 0.900, 75 = 0, )

815

B 2-11(a) ~ B 2-12(a) ~ B 2-13(a) ~ B 2-14(a) ~ B 2-15 ¢ 2= d FlE &=

Poincare point * ] 2-11(b) ~ 2-11(b) ~ 2-12(b) ~ 2-13(b)* HiF ¢ 4 i£ 4 f§ ¥ Roll

BB R ARz % o d B2 4 BT REE Glicint ) i d R A R R

fﬁ‘ﬁtko ’ ,2. J TL‘ %ﬁ{’]‘ E’J'”l‘.?;ﬁ-—;% fﬁ"&kl > oY 'ﬁ ﬁjl’b ],Eiy = ko/k1 °
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KR 2-11 % v gy =1 A4k R &2 & & 5 F 974 &4 fixed point

.

TAEAET LA D Tl B8 3 a0 BH %% 5 [ Fixed pointNo.l | o
M B 2-12 ¢ ¥ 12 —Ff]‘ 7| £ Fixed point No.1 F 48 FF &7 % 5L S dicik 7 o 4 DI %
Z #penfg € 8> %% 5 [ Fixed point No.2 ; - Fixed point No.2 £ 5 Roll * # e
R0 K H F A RS PE 0 d 203 RIEY GlAp R 0 € A i A 4353 b
Rolling ## > % ¢ 455 e 8 @] o

B 2-13 &2 2-13 &~ W] & 5% 7y = 1.25% 2 #74 i e fixed point # g - & %[ 3#-H
Sm%. s Fixed pointNo.3 ; £ " Fixed pointNo.4 | » # i@ # = ;% 304 L H %rLff e
By ~ Hyrdge F 3 0 RV - RIE YRGS BYCIg e HYrdge S F 7o
ot F R R

B 2-15 % 7 1y =2 kgyp = 135 fixed point » ¥ 12 % 213+ fixed point 18>

BiAgse @ 2 B S wate F oz B 6 B R dauihne g A e T

gm

PO X7 8 ¥ fixed point ¥ 5 {4 § #c 2 Tripod # & ek 3+ % o

B 77L& 74> 82 2% Fixed point No.3 & No.4 # Poincare section * 5 7# I &5
MR ¥ g RieS B fixed point » F3F 5 oAp v Fu o # L ERPITIES R
| G A BZRCL S RAER SR 2 RS R e B i
WRRR AR R AR F P FEY Gl (24 egreh B AL B ok

% i ¢ H Roll HA] 4% & fixed point> & Ff & $03) 6§ 8 5§ F 4L Gl 2 0
i e AL A i G IE R A TS A R AL B i A Al o B 2
% F 2-13(a) 52 B 2-14() 7 103 A B) — 0L — BRIGEEH k- B3
A~ <RI B dp e - A2 0 d Phasern Tl T 0 I Avipa F s wld 3
B0 A2 AR G 2 AN A M0 @ 2 5 K dofe T g T A fixed point
TG BT E o

Fixed point No.3 ¥ No.4 4p £ 2. /%JT TPp AR E L HEA Jﬂ’f A 1F Hp
A A o B 2-13 ¢ chEUEE I A R MR A o (e AR en R PR R Ry =
2404 > @t A fixed point sk H 0 F g A Fy = 2R R E o
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)
~ | & & * Poincare section k37 » #-f§ H Roll %) o8 & L edhted p
e EE RN SN LS R RS SRR =8 s
> B "W 7 F o Poincare section 0 BL%Z kS S diclt k Sids iL -~ fixed point i &2
Teng 8 30 ¥ R35 4] H Roll #3) #0 fixed point 2 fi o
AT AL HFRE,Y, surm]”}g'“ﬂL R AR R B B gt
POF LR LR S i % § 1 Poincare section t ] # GE i fF 0 4 &
RN S X eAsies - ,T* ¢ 5 _# # Bifurcation o ioAgm & B % S S BcH T kA
WAAPF LR > FREF HTk f k] @I ¢ o fixed point o
% ¥ A F 7 j¥_Poincare section » 7 ¢ 35 11 7 #f fixed point - I 3 B H Z — t 2
p—tH BRAEHH L > T F B FP fixedpoint 4ry = 2, kg = 13672 114
fixed point #* f5 49 $4F 3¢ » $27 if & & * % Tripod # f& k3 » Ay = 1.258 2
¢ fixed point & f& 3 #74p 02 > 4 4&3 & # ¥ H Roll #73] % i fixed point 7%

re s 2,
Rb ||/_,1_: ]_‘f o
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2.4 Return map 4 7

j¢_Poincare section =14 45 ¥ 45 91w 1 %57 ¢ fixed point {4 » #-4-4i% % fixed

point i& {7 §& TR & 47 > # ek B~ Return map €04 47 7 % o
— i Return map 4§ $#he? G gh s W & 7 1 A dp R RSB - B Sk f

% Return map + end SR B iE R BEY A % L - e AP R ’)T,}c,@%\»i%—
S - BEHPErIIRROR L A F AT B AE RGN . rﬂ—\g 47

- i fixed point » # WEE— H Z|E7Tp L BRA F G Bk ) T 3 —  A B ETt
fix point £_F & 4& € [28] > 4- @] 2-16 #751 » § — B4~ 4> 0% i § #cig 3 unstable fixed
point » 4o¥ & HEL > kA% L X4 = f(X,) e mapping B % @ i% o5& 3 unstable

fixed point » @ stable fixed point P 3 4p & 2 F > ¢ & #Brjzacw stable fixed point ©

Xn+1 n+1 f(Xn)

Unstable fixed point
Stable fixed point iRl

Xn

B 2-16 - & Return map -+ % B °
L4+ B Roll $3] » X, & & — =i iF Poincare section ¥ rh %8k (3Fhm T3

FHR23) 0 @ Xy ™% T - i i#F Poincare section PF e dic o B 151 R hE_ 0 9

¥% #§ ¥ Roll #-3] & Poincare section #_ & * d X F|X 12 F— X A g > 7

L BREES Tripod X & 50 A A e BljER o P34 2L SLIP &

R-SLIP #3] #7 2 & ch— X B¥ 5 - BEHF 473 F o

Ba i E Roll HoAlayk i S8 2 75 - Mo @ Ld [2,V,pp]oTe 4o
e 2.3 pF et et Poincare section ® R G [p,p | i B N & ek i 0 7
5= S 5 pues $Hpp R

$L ¥ - Return map " = Z o T 00 S SRl A T o

’i%‘pn "‘1}%?\-5 @vl‘fl' ’ %z = 5k E%fl ?3 pn+1§%pn i%g]ji' %‘pn”}%ﬁ ¢ ?:“7:[‘ » ot f{ ¥ /?/*\fz_"qi

SR 7 I PEELZ fixed point £.F £ f£ %14 (stability )
T g B 4 Fixed point No.1, No.2, No.3, and No.4 1% % % #iceh return

map * i — — A 45 & fixed point o4& Tj% :
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a — 0 —_
( ) 0.06 4 _élé __gggé —p =-0.036
é’é - —p =-0.032
— i =-0.048 — /5 =-0.028
— 2 =-0.04 — 5 =-0.024
— £ =-0.032 — 5 =-0.02
1 .02 ——p=-0.016
& _o.016 5 =-0.012
b B f =-0.004
< & p=0
SN 4 ~0-008 5 =0.004
oo 5 =0.008
Eﬁ =0.024 5 =0.012
{;ﬁ =0.032 5=0.016
e ;ﬁ =0.04 —p =0.02
— ig —0.048 —p =0.024
e 3’5 =0.056 —é =0.028
-0.06 | |——% =0.064 =000
e Ppp1 =P 008 F ~~==Pn+l = Pn
-0.04 -0.02 0 0.02 0.04
P
(b) osf T T T [—% =00 =2 =006
—_dp —-0.056 _—p =-0.032
—5=20028
— 5 =-0.024
— 5 =-0.02
—— 5 =-0.016
& ——p =-0.012
— & 5 =-0.008
J:r & 5 =-0.004
QL d p=0
001 9 —0,008 p zg'ggg
e a5 p =0.
002f - Y Z =t 5 =0.012
TN g =0.024 £ =0.016
0.03F él; =0.032 —p =0.02
T =0.04 —p =0.024
004 4 |——10=0048 ——/ =0.028
003 -002 -001 0 001 002 — 4 —0.056 —p =0.032
= — 2 =0.064 === Pni1 = pn
= fu =
(€) oof — % _ 0064 03 ' ——/=-0.036
—_— "% —-0.056 —_—p =-0.032
003 TI}p —-0.048 — 5 =-0.028
& — 5 =-0.024
002 —_q :'8'332 — 5 =002
& :‘0-024 —— /5 =-0.016
0.01F dar = —p =-0.012
'_—|4_ 71% =-0.016 '_T_ 5 =-0.008
s oot -1}1 =-0.008 e p =-0.004
' & =g S p=0
-0.01 [ % =0.008 p =0.004
& _0.016 £ =0.008
-0.02 ,;_? —0.024 ;Z iggiz
-0.03 :?Itp =0.032 —Z =0:02
2 —0.04 -
f) — 5 =0.024
-0.04 | I ‘ ‘ i i —— % =0.048 —— 5 =0.028
0,03 -0.02 -001 0 001 002 e % =0.056 —p =0.032
ﬁ - %? =0'094 ~===Pnt1 = Pn
== Poy1 =P

] 2-17 Return map of Simple Roll Model with
@)y =1,] = 0.3, kg = 11,1, = 0.875,E, = 0.9
(b)y = 1.25,] = 0.3, kgym = 11,1, = 0.875,E, = 0.9
)y =2,J =0.3,kgm = 11,1, = 0.875,E, = 0.9
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] 2-17(a)#_* Fixed point No.1 ¥ No.2 &7, 2 % #c#7 % @ <1 Return map-Fixed

. e ae o ~ dp ~ ~ s N N s .
point No.1 &= 42 0% £ 4 (p,d—’;) =(0,0) > Bppyr — PpBI P 0 FHEIE R F <3

dP

- ——= ml%]t’ Z8cngl & < 3t — o X 4 Fixed point No.1 ¥ % & F£
dtn+1 din
e n v [~ AP ~ ~ .
71 fixed point © Fixed point No.2 =4~ 45 0% i+ % (p, d—’;) = (—=0.022,0) > #&ppsq — Pt
co B s p] e o A - dp ap ., .5 A A 4w ol o 13
BlP iR R g8 Eon bt — L Y el R B HE -
dtn+1 dip

% % Fixed point No.2 & - i #& Z_¢ fixed point °
] 2-17(b)4_2 Fixed point No.3 7% %t $-#c#7% ® 9 Return map - Fixed point
No.3 = 45 i 1% % (ﬁ,i—?) = (=0.015,0.023) » &, g — pp cPBl ¥ 0 3% E ekl &

o A ap dp > ! £
pENE > a2 22 Y ks ) § g% E > N4 Fixed point No.3
dint1  din

&_— 1# 4% T_e7 fixed point °
B 2-17(c) 4_r4 Fixed point No.4 7% 4L % #ic 7% % <1 Return map - Fixed point

Vs PR R ~d~ ~ ~ 2 SRS s . S
No.4 chd= 4518 1 % (p,d—g) =(0,0.015) > &ppiq — PpW P o3RI E RS A0 T

4

ap ap .. s e A s P
- ,,d—’t’ —d—‘; SR P HEhenA KR [t F e A3t f - > % & Fixed
n+1 n

point No.4 & - & #£ % ¢ fixed point °

% #7it> A -] & d Return map 4 47 3R Fixed point No.1 5 7 #& %_fixed point>

¥ % 5 4% T fixed point o

Y

It

e

i

“ R 3| e Hh &1 Poincare section A 47 ¢ chrk ok BB S L2 FAREE 0 F)
= Fixed point No.1 % # & ® s fixed point > F]pt ¥ F F 4~ 4 0% 2 b4+ £_fixed point
PE At BN B 0 P % BE A Poincare section F 3£ R 3 — 2L @ H 5 fixed point
AR Flt TR A R MR E f R RT AR - R EH
e j&_Poincare section ¥ # I 3 fixed point ePfLF* I 3 € 1% bz act fixed point
FORRET RS AL EIET M RivG Fi- HhadEt o

Mg R H Roll HAl = w38 F bl 5 Ll P Npfepi B i B prEEE

g
BRET AR PFREEI R APFA D ARG - BEY N R

PP —
SLIP £ R-SLIP T i i@ & caff 1t 3K F 7R > F 5§ % otk Bx 2 2

SRR S FA R EE C X Ry %"%ﬂ‘&@“ﬁﬁﬂﬁﬁgRoll%r&ﬁ%
fi 22 R-SLIP #+ fi o4 i Tripod o #+ £ 2B R o Vg § 2 £ & 42 o
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P

% = & Roll-Two-Leg R-SLIP & .27 4 47

\ o

m- F22 0 FH Roll A X HHEGFAT » Ko 2@ @i R
VR AR e L < I o PR RO o) - (R A T A A SRR Sl AR L (=) o8
L #0250 531 4 2 Rreh Tripod # s o

T 502 USRI R E 4 23 g Roll * & i e0 Tripod # f& 0 &

7 ip]%ren Roll-two-leg R-SLIP #-3) » i A 4 5 2 03] B2

S~ B fi > A2 0 £ 38 {7 Returnmap A 45 0 P A B 4 2 E o

3.0 HEAl RS S

(xhip' Zhip)

B 3-1 R-SLIP #-3][9]2. (a) intrinsic parameters (b)states (c)initial condition

i€ » Roll-Two-Leg R-SLIP #3] (12 f§§ 4 5 RTL-R-SLIP #:3]) 2 % » 3
& L w i R-SLIP §74] 507 48 24(9] = W] 3-1(2)% 77 R-SLIP #:72¢h % st
B> R-SLIP 76 ¥ F8m~ £ B 5 1ehE 5 s RISkl ¥ > 12 40 5 repd

\\\?{r

256t > a ZFA8 05 adFsiEd o 2 state 2B 3-1(b)* %7 > ¢ 7 4LH
Y (Xpip Zrip) * M2 E R EREEF & R0,0) 0 A MM E Y Xnip Zhip) T
ol Ry 2 8(0,d) R E T 0 HRB RN

{xhip=r(q)—c|)0—9+90)—r-cos(¢—6)+1-cose

X3
Zpip =T + 1 sin(¢ —0) +1-sinb G* 3-D)

H ¥ 02 Py# o » R-SLIP #i% Jm%”ﬁrigi’*ﬂ}{”ﬂ’m fi Pk iy o @ B
3-1(c)® % 77 R-SLIP i3] &= l[ﬂ;ﬁvﬁpn%i:%‘f BLiT b PEAE B v~ % b PR

p -

g”?d(l‘igﬁ‘}\.i_ah"ith,fﬁmgs]:&l—h}\ I g e \é’r_GTD°
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Roll-Two-Leg R-SLIP i3] 4p % >t % B T {73 xz L m 0 R-SLIP $3) 2 — k)
IR o F 32)(b) ¢ rEdch i BElc 2+ a R RSLIPA L f 44w
G TR L Eryrec ERE R 2 E R Pk kp ¥ p R kR
GrLoPro > LA HOEE > KAFE L m B AR L o BREFEL T A Y
BB & (hip) I 3%¥7 ¥ & TEH 5 weo B 3-2(c)(d)? & #-3] state> #3| P 7 ¥ g yaw
pd Ko FX, =X =Xg o =S RIEEH ¢ BV RSRIRY L i ¥
o ki state % 7 [Xe, Ze, p, 0L, Pu O, Pr]- B S8 0 AP 03 B R-
SLIP %rs W 7 & i R R & ik i > 72 2 R-SLIP 03] e[ 0% 12 > F]pt B ¢ 4

BRI Z B R A B 32 A RERD -

w w
(a) - -
R
m,
/7 7/ 4 4 7 /7 4
Xn Z2) (Ye, Z)

@ V., Z)

T

B 3-2 Roll-Two-Leg R-SLIP #-%] 2_ (a)intrinsic parameter of left leg;

0,2c)

(b)intrinsic parameter of body; (c)state of left leg; (d)state of robot body

RTL-R-SLIP %] 22 f§ ¥ Roll #3] F # % & ¥ /& Yphase * j*u‘i, + grde & A
MR E BT RS F R e i 7 3 Tt & RTL-R-SLIP 3] ¢ » & 2%
Rum, Ko, K1 B & 2 2 8 2.1 4p > @ Ky, kpde @ %Y phase 7 % 577 3 R fr i H Roll
BRI 2 AR o d 0 2 L UrEAC T TR R E 2 AR IR i AT Y ppage SOPE 1S

\\\?{r

B F4p e o FIRL AL 51 ATegik i
ek s 0 B AN EN 2358 24 4p 00 0 rEH A 2-3 ¢ & 1y phage B

&YLphase YR,phase ’ RS ERE S

PR . "
Yphase ’ byt 2-4 ¢ '”‘YR,phaseB" i Yphase °
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¢ #§ 5 Roll 7] 7 F ¢n 8 >RTL-R-SLIP ¥-3): 8 2 & ¥ 5 2+ & & 4r;

<%

At

B
P UK T G % & Brps R UEF Ypnase” 0TI WHK 2 AE S PR DA bk f 4

|

\_\L

P,

£

|

A

= OLrp, Orrp * H HciE & * YL,phase * YR,phase M CideT o

O7rpo, if V1L phase = 0
0 = { 7 A 30
LTD 0TD1' lf Yiphase = 1 (3 )
O7p1, If YrRphase =0
9 = { A ’ -\ 3_3
RTD Orpor if Yiphase = 1 (3 )

i eTDO: eTD1 EIJ EL% & i 4 r\i% rf‘l?}ﬁ;; N YL.phasel:;i’YR,phase;f"7 '&C’";F‘”K é‘ 0- f’r_ RTL-
R-SLIP #ic3] ¢ > dok 2 - APt B Z R G 0 7RAZANE 53k § 4y = et
T Hrm BAF BB rp 2 Oprp T R B FF T YL phase *YRphase K- TH FE L kR o

MREFARPEAF AT P RERGLLENPpro ©
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3.2 & f > AN
Roll-Two-Leg R-SLIP #-3] eid fi = A7 584k * 2 #52 hse (78 5 > A28 ende 3 -

fEEE S F P Y 537 2 Two-LegR-SLIP #-3][25,26] » 7] & #-4] &38

BiEAEY € 3 KA (phase) 73 > Bplad = o o fe ] > T8 ik BdE R
PR R R ATE P i 4250 0 ¢ 7 ek iE 3 - Double Stance ~ Left-leg Stance
Right-leg Stance ~ Flight °

FxR AFZL FzR

(b)

P2

VAV AV AV AV A AV 4 AV 4V 4V 4 77

(d) Fui

Bl 3-3 Free body diagram of robot body in (a) xz-plane; (b) yz-plane;
(c)FBD of the whole leg; (d) FBD of the bar.

Double Stance

Double Stance &_fF%rff ++ sy g 0 ¢ pF 3 & R-SLIP Karts ¥k P e 2 B
FopEPE >R ENR G 2B FARET 2P EFERERF 4
MR BREEMEAL LA B kAT o 4 i&é’j T 5 [OL, ¢, plidn e A E Tk A
AL AR5 o

B &R B 3-3(a)(b)ih free body diagram » ¥ | iEE S AR50 L
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FXL + FxR = m).(.c
F, + F,s —mg = mZ, (3% 3-4)
F,ywcosp — F,pwcosp =] p

BE QL RER AN G S8 [0, ¢y, p] e B3 AT o

AP RT s B[ X, 2, RS EIRIR RS P M %R 2 [X,, 2, plihdidk

XC = XL Y
{ZC =7, + wsin(—p) # 33)
X. =X
{F L (3% 3-6)
- Ze=Zc+ (=p)weos(—p)
XC = XL \
N 3.7
{Zc = 7, +w(—psin(~p) — f cos(—p)) =37

e R AL T SRR Y R U T =

X; = Xioe + 1i(di — o — 0; + 0o) — 11 cos(; — 6;) + Licos 6;
Zi =T + T sin((j)i - 91) + liSiTlei
(34 3-8)

{Xl = rl'((i)l - 91) + ri(d)l - 91) Sin(¢i - ei) - liélSinei Y 3_9)

Z,=r (d)l — 9'1) cos(¢p; — 6;) + 1;6,cos6;

(X, =7($.—6,) +r; [(d)L ~6,)" cos(¢p; — 6,) + (&, — 6,) sin(¢p; — 9i)]
—; [élzcosei + 6,sin Hl-]

Z,=1;[~(b = 6,)" sin(@; — 6)) + (¢, — §,) cos(¢; — 6))]

L +1; [—912 sin @; + éflcosel-]

A

(% 3-10)
X387 39 X 300¢ > THERIFTUFALAR, AA 2 EAYNXZ 2B

ST LE 38 AT 0 @ Ko b A FIAYIE G SRR BEAOK B o

43037050 3100 T [ X, 2] B [0, ¢y, p] e 52T KGR 3-3(c)(d)
GFBD ¥ g ¥4 im #F,, Fu B 2 [0, ¢y, p]end i) 3 > A0 ¢ R B 2 [l

A Hre TR T Lng o Fpt 54 B4 ap e T st .
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fi = Fyi

Ni = in
Fxii = Fxi
Foi = Fy

(34 3-11)

{in(ri + T sin((;bi — 91) + li sin 91) + in(Ti COS(d)i - 91) - li COS 91) =T;
Fyi(lisin®;) — F(l;cos 6;) = 7, + 14 = T + ki(di — orii)
(¥ 3-12)

F3-11 ¢ TR B B S e RBRCATE G~ 00 B

A dlaEa Y R g 2 d IH B A S g T lE > BN 3412 AR 2 AN

1

T

\Fyp, Fpio 20 £ & {20 L 9ren TR 2 & L0 5][0g, dr]> ¥ 1 d 243 RIAL

5
-

ik

M&adx,z =% Sk aRizEd 2280953 805

Xptoe + TL(‘PL — o, — 0, + 90,L) — 1, cos(¢p, —6,) + 1, cos b,
= Xptoe T TR (¢R — ¢or — O + HO,R) — 1R c0s(¢pgr — Og) + lgcos O
(¢ 3-13)

1, + 1, sin(¢, — 6,) + [;sinf;, + 2w sin(—p) = rg + 1 sin(¢pg — Oz) + lzsinby
(% 3-14)

;\‘ 3‘13 N ;?\‘ 3—14 LA XL,tO@'XR,tOG' ¢0,L' HO,LJ ¢0,R' HO,R;FK g ]{‘L Double Stance E’J,j
GRS R Y A T T d Bt B 0[O, brle Mok F w58 311 5% 34125

(RS NS I

@ [r, + 1y sin(gpy, — 6,)] + 6, [—r, — 1y, sin(p, — 6,) — [ sin 6, ]
F, +F . . .
= u + 1L9L2 COS 9L - T'L(qu - HL)Z COS(¢L - GL)

(34 3-15)
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¢ [r, cos(py, — 6,)] + 6, [—1, cos(¢p, — 6,) + 1, cos 6]
— FZL + FZR
m

+TL(¢5L - gL)Z Sin(¢L - HL) + ILB.LZ sin QL

— g —w(=p*sin(—p) — j cos(—p))

(¥ 3-16)
p= %[Fsz cos p — F,rw cos p| (74 3-17)
B 315N 316 B > T LS A IE O N R, I,
) |01 Z1|
L =—|§j b§| (3% 3-18)
ap bz
. a; 51|
0, = |Zi Z§| (3 3-19)
az by
o FAN ks
a; =1, +rysin(¢, — 6,) (34 3-20)
b1 = —7”L - T'L Sin(¢L - HL) - lL sin HL ()7\‘ 3-21)

— FxrLtFxR

.2 . : N2 .
¢ =% +1,0," cosf, - r(¢p,—6,) cos(p,—6,) (3¢ 3-22)

a, =1, cos(¢p, —6,) ;¢ 3-23)
b, = —r; cos(¢p, — 6,) + 1, cos b, (74 3-24)

¢, = R — g — w(—p? sin(—p) — fi cos(—p))
+r, (¢, — 6,)” sin(ep, — 6,) + 1,6,” sin 6, (% 3-25)

FET® = state space ;38 ¥ U it =

Al gL

6, 161,61, ¢_L' bL.p. )
(P b (% 3-26)
at ¢L fZ(HL'BL'gbLJd)LJp'p)

P p

-P - -f3(9L»gL'¢L'¢5L'P,p)-

B oo ffo fa Bl N 3-10 78 3218~ 38 3-17 o dopt — % 0 35 e 4 0E

0,,6,,¢.,¢,,p,pT 7 F % 5 A Double Stance ¥ eiF # FLi* o
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Left-leg Stance
Left-leg Stance ™ % Z %rffl = ~ + % g 3 ok & > b PF e Bk g 5By
[0, ¢, p] & % 77 » #4304 ed 3 % -1 22 Double Stance 4p > *& jib & Left-leg Stance
P w7 g8 R R T3 w3t B [0, dr] 0 T HRFp = 0,F = 0,13 =
0> BFAIEMFE BE T N 326 hid % v 3-8 1) Left-leg Stance L™ o
LFEEY 0 R HrE R T o @ L B fi € TR PBYRphase K PIRTH E {5 &
BRERF /R HEerisdIE st 3-30

Right-leg Stance

Right-leg Stance * % + %rfff 3+ ~ = %rfid 7 e}k f& > ¢ P¥ &2 Double Stance fr Left-
legStance # Fr » 2 & ¥R 8 & 7 F [Og, Ppr,p ] FEFI 2 S8 s 2 & E£37
P HER S 75N o JnE vk 4 27 Double Stance 4p e 0 SR 5] A1 gt ok i & R X

RS il T

FxR = m).(.c
F,r —mg = mZ, (3 3-27)
—F,rwcosp =] p

PR [X,, Z ) T [BR, Pp, p]EA 5N 0 FIN A e B RSN S e

Xe = Xz N
{Z = Zg — wsin(—p) (3% 3-28)
Xe =X £ 3-29
{Z = Zp — (=p)wcos(—p) ( )
Xe=Xp 23230
{ZC = Zg — w(—p?sin(—p) — jj cos(—p)) ( )

d 3% 3-10 7 [ Xp, Zr] 3 7 %[O, Pr, p]BE (258 > L BB AEE S S AR5 3-
125 7 1217 5| Feg, Fpr > 8- % 4 w 3% 327 ¢

Prlrr + 1g sin(¢pr — Og)] + Or[—1r — 17 sin(Ppr — Or) — Iz sin O]

F . . .
= %R + IRHRZ COS HR - rR((bR - HR)Z COS(¢R - HR)

(¢ 3-31)
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Prlrr cos(r — Br)] + O [—1x cos(dr — Or) + Lg cos O]
F 2 . NI
= 2R g~ w(p? sin(—p) + f cos(—p)) + (B — O)” sin(b — Or)
+ lRéRZ sin Oy
(7% 3-32)
p =5 [=Fopw cos p] (¢ 3-33)

J
% % 27 Double Stance 4p 17 » FEJpTH TS S8l f 5L 4 T P IE S

L

ﬁ%ﬁ331&§332@5%1ﬁmwgﬁg’&gaazi%@,&&a?uaj
| State space 7% 71 3% > B @ fE 1) & i@ B it o

BRREEY o e R o G R L Yrnd 6 B Ry ppase R ZIETH B B &

7
RBAE A SR - HESHF N 32

By

Flight
Flight * % = % & %F""K%f:,_ Sk R 0 LPE RN RIIE S B B  FeNE

B0 gL EES K Bk Sen T 8 2 roll en & R [X, Zg, pl T 0 Fl#t T 0 A ) state

space i@ & > A2 34 5 0

Xc 0
7 .
A%l =2 & 3-34)
at Z; )
p p
lp] Lo
[ERL R L 4 - %‘F’m g ’ﬁ :7;: g B‘t’ = - %r"ﬁj:z ,E\.L:* g % EG‘YL,phasea YR,phase *

g B AR B A SR o eI L 32 2 33

Phase transition
#* -3 1 Phase transition £2 f§ # Roll $3]4p 17> ¢ % = &% i ( Double Stance>

Left-leg Stance ~ Right-leg Stance ~ Flight ) e*7 3% > 12 2 % 7 #28 Tripod % & ¢ €

Wit A PR EE S TR @ﬁYL,phase * YR,phase I

w B BFenrdea & d 24 A RI%PeE 3 (Touch down )£ 4= # (Lift off )

BOEEE DA KRBT § T YrE MEBE S - XM G R R R 2
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<

7

Y
K}

i y A
i

3 4

2

w
B

s

FRs g L BOW AT P R E RGPS PR 6§ R ED %
2 B R G ARE o B S e T

Leftleg Touch down : Z; — r.(1 + sin(¢90 — O1rp)) + I, sin b 7p < 0

Right leg Touch down : Zg — rg(1 + sin(¢ro — Orrp)) + g Sin Oprp < 0

(% 3-35)
(% 3-36)
Left leg Lift off : ¢p, > ¢, (74 3-37)
Right leg Lift off : ¢z > Pgro
i
e T BT

X 3.38)
FEANEGR S FE M E B e TR R TR R e R

9L = bro Flight 9r = Pro
Z,>0 7’50
change ¥ phase A¢L 2 ¢ change Y phase
z; <0 Pr = Pro ZRg <0
Z, <0 change Zr <0
L Zz’f <o, ¢R > (;bR() ) )/LR,phase R
change yg o
Left-leg — Right-leg
- . <
Stance oo >s,| Stance
N change vy
¢RA = Pro Z; <0 pase ¢Q = o
Zg >0 Zp <0 7, >0
Change yR,phase . 0 Change YL,phase
Zp <0 zp <
Zo<0 Double 7, <0
Stance
Note:

Z; = Z; —ri(1 + sin(¢io — Oirp)) + 1 sinO;rp
B] 3-4 RTL-R-SLIP i3] 2_ sk e *» #& 4L % -

M Yi,phase * YR phase 5777 4% BE R 3K 3+ % = v % Liftoff ey ™ > 4 ﬁy‘*{g =%
B A E]'JYL,phasel’:\;YR,phaseﬁ'}%’/‘fxo D1 d 173300
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3.3 Return map 4 17
%%E‘ 3.1 8232 3 {72 Aa MATLAB ¥ % $icig fifien™ ;8 2 2 RTL-R-
SLIP ’},u--ﬂl 7. P‘;./J é"bé/kﬁi:\jﬁ&\f'"*]i7 —kaﬁvmﬁ?ﬁ ,%ﬁ L‘K ,}5 «/\_,_ 5’\7}.}&

A fRoll & w b eads ji 1 o

AFEFEFEAHBAORIEG - -
ko AT F ALK 3 Tripod # i P £ 1% Roll # fi e

a;
s
-
Rl
ey

L H Roll 53] enA 59 » AP T H Ry =1/ 3 1 2 Ten@H i 2§ 2.7
LR et e 2B S B3 Tripod BT ® PR (& Roll # fi 1o

Gy Rk B RN ) F TR A FERF 2 5B AP R i H Roll
#-) { @420 RTL-R-SLIP #7343 7 2 7 52 ff 8 Roll $3) ¢ 4p b chi

CEREN T LIRS LU S S ILEEN Sy A
%o afi ¥ Roll §-4a 457 - Mﬂ;‘gzﬁm‘w;&15@%,1‘«..?:@;):0,;3:0;;,;;7;

fixed point » #Am A H & KA FHAALLEE TRV 0 NIRRT E > TS F Y

%18
iz

3
ey

Return map * 4 47 ¥ it d) 3R fixed point ei= ¥ 22 St A SLBF M anP o @

bl £ 2 LY GOty A EY N F R RaEkE -

SR A B P g AR T4 17 RTL-R-SLIP #3203 B 4 o0
w

™

T A RS E S 2 LY Gl A1 8 e Returnmap o 1 ¥

% 3-1 RTL-R-SLIP #-7] % %t - %

Sl | FREE | Hix S | FEEKE | Hi
g 9.81 m/s? Keum 23.704 | Nm/rad
10.32 kg ry, 'y 0.075 m
007 bro bro | 0.8482 | rad
2
0.109
| kg - m? 1.5
0.122 Y N/A
1.25
0.137
1
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4 RTL-R-SLIP #3# » % 7 friB3 R-SLIP 0] 87 § 4t 39 3 =i 5 o o

(-E»

RTL-R-SLIP 23] 4= 4554k A5 3% % " Touchdown | gz » + ﬂ*fwi gEin g
el P s 0 @ A § A AR HEgR R o RTL-R-SLIP $03] che sk 0 14 d
THw AR R A B Sl - AT B EBASREIRMEA L Bp s MASERE R
PR F e axz Toh B FRd RvEZTCER D v x fh2 Beahdk b b if
e AR iE R A B B RBP] S OppofrOpy 0 RATH BAIEFE B DL R o
He o Ui H Roll 3P Ap 5 MALR B2 LG AT INE
B--%A a#bEREvAez 3 e b BT UHRTIHE Roll #3)° Hu o &
HF R Afes i REgAR M > @ B 18 = B Sdica s Oppo frBrpy AR EEAC i H Roll #-
EIREEEE = S Sy i
%12 # R-SLIP #3527 ¢ [9,10] » 7 12 %36 T R-SLIP #i-4] e0 % 5t o dc )
2 @A Bu, iR o 35 % 2 BA AR B Opp i€ 1 kAT 00 A fE g
gt o RATE TR K FE AHTT AR 0 F AT AR B L L LB T R-
SLIP #-3] ¢ fixed point 3% > & 4 7 74~ 454k fe ™ » R-SLIP #-3]# 14 & fixed

point & # :

4 3-2 iF % R-SLIP fixed point 47 45 i 2

Sl | B R | H
% 2 m/s
a 15 deg

O1p 97.0 deg

WE DAY @ % E L I R-SLIP fixed point %-#cis » AR T F ot 4
HHITiE (7 RTL-R-SLIP #2240 45 Jh b 0 2 R & i@ ) > 30 0 5 2 4 »adp &
e o BRSO R EAROLE HTw =2m/s, a=15degki& 7470 @
OrpofrOrps Bl £ B %5 97.03 » ¥ i #]4ry > p 2[—10,10]deg @ p & [—200,
200] deg/secit i3+ &

d 3% RTL-R-SLIP #4] civd= 44k f5 5 w % $-8c > % @& * = ‘&< Return map &_

y IRV ;‘E,ff;l ey B -F-ﬂi‘gét Return map R g:@”&ﬁﬁﬁﬁ_ I PLRE -
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33 X g w18 g Touchdown 2o B erj= 4ok B34 > B-pL 384 g d h™ N ikse

% Returnmap + > i & 7 Tk o @ EL TR S

V. —V. a - - 0 —0 A
err = n+1—Vn + n+1—%n + Pn+1—Pn + Pn+.1 Pn (5\‘ 3_39)
Vn an Pn Pn

SR, =06 2L E VL apkin o EFp, =08p, =0 Al p; = 3deg
Bp, =10deg/seci® i fh % » L[5 03 FFZBE 5 5Lk A 7 0 FBRA R
<o RIUFIB AT FEEZEES ﬁ}]‘ﬁ»iﬁ/{(&rlﬁ,zi\ﬁ— ) s Pz g‘gi;x%a:

3L % Return map } o

TEES P STE T
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(@)

(b)

(e) err
20
5
18 -
t
QU
16
14
12
10
(©)
8
6
4
>
2 <
T
<
0
@
=2)
S
%
QU

pui1,deg

05

05

Return map of v = 2m/s, a = 15deg, Orpy = 97deg, Orp1 = 97deg, J = 0.097kg + m?,v =1

05

05 1

o
Pn> deg

—70deg/sec
—55deg/sec
—40deg/sec
—25deg/sec
—10deg/sec
5deg/sec
20deg/sec
35deg/sec
50deg/sec
—— = 65deg/sec
-=== Pnt1 =P

Pus1,deg/sec

-100

100

80

60

40

20

0

20/

-40

60

40 20 0 20 40 60

Pu, deg]sec

L Bt 2

Return map of v = 2m/s, a = 15deg, Orpy = 97deg, Orp1 = 97deg, J = 0.109kg + m?,y = 1

—T70deg/sec
—55deg/sec
= —40deg/sec
—25deg/sec
—10deg/sec
5deg/sec
20deg/sec
35deg/sec
50deg/sec
—— p = 65deg/sec
ST Pl =P

05

05 1

o
Pn,deg

-100

100

80

60

60

40 40 60

20 0 20
Pns deg/sec

| —e—p = —0.1deg

e Rl 23

Return map of v = 2m/s, a = 15deg, Orpy = 97deg, Orp1 = 97deg, J = 0.122kg x m?, v = 1

-=== P = pn

p = 0.1deg
—e—p = 0.2deg

-~ Pt = P

100
80
60 K 60
7 [—p = —70deg/sec
P —— p = —55deg/sec 4
—— p = —40deg/sec o . Geeeeee
—— p = —25deg/sec S 20
P —10deg/sec = 7
/4 Sdeg/sec < 0 //
] 20deg/sec s S
S p = 35deg/sec 2 P
7 ° h= 50deg/sec = 3999990//
. —— = 65deg/sec w0 i
=== Patl = P 5
60} -~
-80
| -100
05 0 0s 1 60 40 20 0 20 40 60
Py deg pns deg/sec
Return map of v = 2m/s,a = 15deg, Orpy = 97deg, Orp; = 97deg, J = 0.137kg * m?,v =1
100
80
g A 60 //
i —_— —T70deg/sec //,
—— /= —55deg/sec 40 /
o L~ —_— —40deg/sec ©
—— p = —25deg/sec =3
iy —10deg/sec S
b 5deg/sec <
20deg/sec -
' 35deg/sec .
50deg/sec <
S —— p = 65deg/sec
° S Puil = pu
q -80
-100 !
05 0 [ 1 60 40 20 0 20 40 60
Py deg P, deg/ sec

3-5 Return map of v = 2m/s,a = 15deg, Orpy = O7p; = 97deg,y =1

(a)J = 0.097(b)] = 0.109 (c)] = 0.122 (d)] = 0.137 kg -m?

(e)Color bar to indicate the error after 1 period.
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(®) err

18

16

14

12

10

(a) Return map of v = 2m/s, a = 15deg, Orpy = 97deg,0rp; = 97deg, J = 0.097kg * m?, v = 1

100
" 80
//’ 60 //'l
A [—p = —T0deg/sec
s —— = —5bdeg/sec 40 o
—— = —40deg/sec o —
& —— = —%5deg/sec < 2 p = ~05deg
$ = & L o8 p=—025deg
3 p = —10deg/sec > ; 3 -
; S G toad p = 0deg
= p = bdeg/sec < o P &
) = > 7 p = 0.25deg
t p = 20deg/sec = 7% —o—p = 0.5d
< p = 35deg/sec t 20 e
o = 50deg/sec & Pust = Pn
—— = 65deg/sec 40
=== pus1 = pa
60} -
-80
100
-1 -05 0 05 1 -60 -40 -20 0 20 40 60
Pns deg P, deg/ sec
(b) Return map of v = 2m/s, a = 15deg, O7py = 97deg, Orp, = 97deg, J = 0.097kg * m?,y = 1.25
2 T
100
12 p = —T0deg/sec 0
—60deg/sec )
i —50deg/sec 0
—40deg/sec —e—p = —2.75deg
—30deg/sec W —e—p = —0.75deg
05 —20deg/sec g L0080 | —e—p = —0.5deg
5 = —10deg/sec 2 g, @ R\ o p— —025deg
= . p = Odeg/sec D p = Odeg
g = 10deg/sec =, L p = L5deg
N J p = 20deg/sec 3 p = 1.75deg
05 i p = 30deg/sec < 20 7 o—p = 2deg
P ———p = 40deg/sec L —e—p = 2.5deg
P —— p = 50deg/sec 40 y -===Pnt1 = P
S —— = 60deg/sec o
& ——p = T0deg/sec ok
5 === Pt = P
-80
2
-1 05 o 05 1 -60 -40 -20 o 20 40 60
Pusdeg fn, deg/sec
(C) Return map of v = 2m/s, a = 15deg,0rpy = 97deg,0rp) = 97deg, J = 0.097kg x m?,v = 1.5
2 100
Z
° 7/
o s 80
7/
o s
70 60
:
P
2 L “ —o—p = —0.75deg
/ S » —e—p = —0.5deg
2 |7 2 = —0.25deg|
'U_'. N ° § o p = 0.75deg
r) S p = ldeg
& o 3 —o—p =125deg
8 20 -
& N +/f' = l.51[f¢y
5 o — = =pus1 = Pu
-40
d
— = =Pus1=Pu -0
-8
-80
10 ° 100
4 3 2 4 0 1 2 3 60 40 20 0 20 40 60
s deg Py deg/sec
(d) Return map of v = 2m/s,a = 15deg, Orpy = 97deg, Orpy = 97deg, J = 0.097Tkg * m?,vy =2
o 100
¥ i
&
/
05 = 80
7
/ 1%
1 2 & 7
| 7/
/ 4 40 Y 8
4.5 . /
g I //
s 5y /
W 1 '%: L
% 3’ 7
g % 7
25 1 X 90 . Z
’
* i
3 1 <0 -
s
7
60 (&
-35 1 4
-80
-15 -1 05 (] 05 1 60 -40 -20 [ 20 40 60
pusdeg s deg/sec

B] 3-6 Return map of v =2m/s,a = 15deg, Otpy = Orp1 = 97deg,

J =0.097kg-m? (a)y = 1(b)y = 1.25 (c)y = 1.5 (d)y = 2

(e)Color bar to indicate the error after 1 period.
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®3-5 5 @& » R-SLIP 3] ¥ 45 41 ¢ fixed point %4> + L ARy =2m/s -
azﬂﬁd%\9m0=0m1=9hkgWF%%$y=1»A%Hb&ﬁﬁﬁ&ﬁwﬁjPﬁ
Aleyk i A ¥ b df £] 1 W S shReturnmap o &8 3-5 ¢ 5w 3%
Pn+1 — Pne'Return map # > FRF B & RiR AR TR S EH A Y o A
% % pn’l +-0.5deg & + *+ 0.5deg » RTL-R-SLIP 3] i{ & i% 4=Bb > p, i B4R % |
2ok g g Y e G A A (A A Rl BT R e A R

gAMb R B2 BB 0 VO F IRE R B Hp, T S H AR R S
R

o

TR 2 $Hpper — PniP Return map P il K g TR H

B 3-6 B4 5 &% R-SLIP #-4] 7 45 ' & fixed point %% > » i};{fﬂfr;v=
2m/s~a=15deg ~ Orpy = Orp; = 97deg > L ix = FHZ] = 0.097 > :c% % frBF
%ot by 4 @40 Return map 0 RBLEYH G Aig 2 a5 o KR 36 ¢
YA T MEF yiR b 4v o Return map b oenERAR kAR D o (8 £ fii‘]éﬁi&%ﬁ? 54
PT 0 BT yiB i 4 o ) R-SLIP $°3)4% k4% 7 & % 5 RTL-R-SLIP #7111 12 2
3] o @ W FyiR B e 0 ppyq — P Returnmap b oIS # BB € e H -
w0 R R AL AL o

r2 % 02 Time response B2 {38 H Y cnE L 4 7B 352K 3-67 BB LLE

Whokm F ALt RSB AR hA PO R 3 T@b) AT Ex F iy # 1

PEeTig & pro Ny =2 L b0 &7 &R 3-7(c)(d) s Bt R iR Ay =1pF > ki
ap™ e v g EBTE AR A pragkin > R 3-7(e)H)E T e

L 3TN > i d A A LR ES £ 7 L RIPFITAERE hip rfLik
EJ‘IKS’:I; ﬁﬁ%ﬁﬁ&ﬂ?&\:’mmwﬁh&ﬁ’ L_ff—"——*-“fmt‘yﬁ]"}l‘ﬂﬁié} d“khg “";33‘3%\
L0 4}';‘- AR ™~ FK]P :Jh"/'E '//Jﬁi:ﬁ-ko‘ =R ’fg%”'ﬁp@}imeTDo’ *d IJ“T\ PKIF"JW‘»’J}_{-‘%& l,,éfﬁ'{

sk~ B4R R 5 0py 0 Y =ko/ky o

=
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Bl 3-7(c)(d) ¢ o w s Iﬂﬁkﬁf Av g el i HOR TR R 0 e Fl G 2 e
FhELE EATR (Fd )WL ATHE S gz » 3

ER® 3-7)D)? » Flatdpiftp=p=02y=1" iR bdi P ZETEH L
R-SLIP H-3] chgef o R0 BelE sR A e F 3 PP S dp )58 s 4o 0 e b gL a8 s
ik ¢ Return map 4 47 5 % #& %_fixed point > & /2 #3E L Jxar > Flp R K panig i
AP FRLEZ > EREMN DR P

(b)

02F T T T T 3

0.15 -

@

0 002 004 006 008 01 012 014 016 £

5= 002 o8 mbos 0o Of 012 04 (08 0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 07

15deg,

Bl 3-7 (a)Time response and (b)moving configuration of v = 2 %, o

Orpo = Orp1 = 97deg,y = 1,] = 0.097kg - m?,p,, = —0.5deg,p,, = 0
(c)Time response and (d)moving configuration of v = 2 %, a = 15deg,
O1po = Orp1 = 97deg,y = 2,] = 0.097kg - m?,p, = 0 deg, p, =0
(e) Time response and (f)moving configuration of v = 2 %, a = 15deg,

O1po = Orp1 = 97deg,y = 1,] = 0.097kg - m?,p, = 0 deg, p, = 0
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3.4 sz 22 Tripod # & # =+
d 3.3 ¢ grReturn map A 7 > *FF 3 3 I R-SLIP #-3] #1 & 41 ¢ fixed point %
How Jf wy = 12 #pfepdd] etk | chge FIp pF o RTL-R-SLIP 3] 4 5 = # ga 62
B RE A {2 e @ Fy# 1pF > R-SLIP #i24] #7 & 1 e fixed point if =
> # % % RTL-R-SLIP #7327 &+ ¥ chgads o

Flt > *AFF 7 F X FF RTL-R-SLIP 3] ? 0 fixed point » 35 17 11 3@ &
RTL-R-SLIP 3] # 14 ehga é: > 3% > i&@ 22 2 Tripod # # °

FORCEETROSEEE > B INA FE A NS OES A 3140k 0 F
BESGEE]SE)E 0097kgm? ~ 2 +EF LBy =2 Fry=28F 5L
IR EA B SRS T ped ot - KRB E L N7y 4rgle 0% e Sl

M oA T A EERT RV B2 m iR T R FlEv =2m/s,a = 15deg

FITP LA DRRE P LR PFE RS RT G A & Oppefrbppy 0 1L R
Roll * o e7Pf & p¥7 & & B p o # i? i@ * Return map 14 453 2 > -7 Oppoifr
Orp1?TA A hReturnmap - - FH I k> THPILZFF er <03 g E M ¥
- A ETH R

rUTE LB 4 7 0 E 1§ B eS B err $i] f fixed point ¢

(a) Return map of v = 2m/s,a = 15deg, Orpy = 96deg, Orpr = 99deg, J = 0.097kg * m?,y =2
000
P 60
—e—p = —2.8deg
J © —o—p = —2.6deg
s —— /= —20deg]sec 0=p = —2.ddeg
4 e 5 —e—p = —2.2deg
—— /) = —10deg/sec
) i 20 o1 |—e—p = —2deg
s —— p = Odeg/sec © i 1846
é = 10deg/ sec g p -Saeg
/s = <2 p = —1.6deg
= 20deg/sec > o Sy
p = 30deg/sec ) A 124 2
p = 40deg/ sec - = ’1']'f il
° p = 50deg/sec T 20 = ’0’ ;;J ]
p = 60deg/sec < . ’:7 S I‘;J
—— = T0deg/sec op §ich
° o ey P —o—p = —0.4deg
Pus1 = Pu —o—p = —0.2deg
—e—p = Odeg
50 == =Pus1 = pu
-80
-1 0.5 o -20 [ 20 40 60
P, deg P, deg/sec
() , s ; - (c)
z, 04 7
ot .
—2
En 2 —z 0.3 7
o1 02 ]
N \ &_¢&
o < 5
g P I/ / -0.1 4
o \/J \ﬁ 02
| | | L | I | L | I
%0 o1 o0z 03 04 05 06 07 08 09 1 0 02 04 06 0.8 1 12 14 1.6 1.8 2
t, sec X, m

B 3-8 (a)Return map of v =2m/s,a = 15deg, ] = 0.097 kgm?,y = 2,
O1po = 96deg, Orp; = 99deg , (b)Time response and (c)moving configuration

as po = —0.36deg,p, = 17.4deg/sec

43



(a) Return map of v = 2m/s,a = 15deg, Orpy = 97deg,Orp) = 98.5deg, J = 0.097kg * m?, v = 2

100

80 —e—p = —3.2deg

—e—p = —3deg
—p = —40deg/sec 60 —o—p = —2.8deg
——p = —30deg/sec —e—p = —2.6deg
—p = —20de 40 —e—p = —2.4deg
p = —10deg/sec " p=—2.2deg

p = 0deg/sec S 2 p = —2deg
p = 10deg/ sec = p = —1.8deg
p = 20deg/ sec <, p = —1.6deg
p = 30deg/ sec - p = —lddeg
p = 40deg/ sec + 20 p=—1.2deg

1 |——p = 50deg/ sec = \ \b|—e—p = —ldeg
——p = 60deg/ sec © 8 |—e—» = —0.8deg
——p = T0deg/ sec B |—e—p = —0.6deg
——=Pnt1 = Pn —e—p = —0.4deg
0 —e—p = —0.2deg

———Pnt1=pn
-80
o
5
3 25 2 45 4 05 0 60 40 20 0 20 40 60
Pnsdeg P, deg [ sec
T
L L
o o1 02 03 04 05 06 o7 o8 0 0.2 0.4 0.6 08 1 12 14 1.6 18 2

t, sec X, m

B 3-9 (a)Return map of v =2m/s,a = 15deg, ] = 0.097 kgm?,y = 2,

Otpo = 97deg, 8rp1 = 98.5deg , (b)Time response and (c)moving configuration

as po = —2.75deg, p, = 31.15 deg/sec

@38?@39@W%ﬁ&§%%6ﬁﬁ%ﬁ%ﬁﬁmdmm’?ﬂéﬁ@3
8 #r4% 41 e fixed point 23 ppyq — P B P A F A E < i S o @ B 3-9 Fppiq — Pn
Bl? 3 AFRTER PRE @ fixed point # &% FHFHE P > 237 fixed point &
Pri1 — Pn B P RI AL G2 1 nR s > Bor P 40F (7 3]é0a B fixed point
7?9 o

R vk g @) 3-8 22 ] 3-9 #7{F ¥ 0 i fixed point » B] 3-8 ¢ & fixed point %
p—tHl Y ApEEAE > @ 2 A K Apv o B 3-8 ¢ dhfixedpoint &% T HPFES 4 fTo @

W 3-9 ¢ ¢ fixed point AR &% w # o4 e B 5 HEH LR 38 ¢ 0 Brpg =
96deg, Orp1 = 99deg, p, = —0.36 deg, p, = 17.4 deg/sec fixed point % 5 18 5
4 = RTL-R-SLIP # & ez & o

RTL-R-SLIP # fg en4 = = ;8 %23 R-SLIP # f& 04 = 3 j2[9,10] > #&-p 50 B~ {8
3 fixed point #Li* P Oy, O MEFF P 1L e 7 e ™ K @ YR 7 PR )
P - BLO®E T - BTD 2 Fenk R Bdz ko 4ot {7 00358 - B2
ik ™ - B 3-8 ¢ fixed point 90 — thi x40 Bl 7T

44



0 0.05 0.1 0.15 02 0.25 03 0.35 0.4

0
S
%
10+ —
= 01
3 .
:i 151 l9n 1
< -20
5 ‘ ‘ ‘ ‘ ‘ | |
0.05 0.1 0.15 0.2 0.25 0.3 0.35 04
t, sec

B 3-10 0..(t),0:(t),0,(t),0:(t) of fixed point of Orp, = 96deg, Orp, = 99deyg,
po = —0.36deg,p, = 17.4 deg/sec

R 3-10 ¢ 7 g 2 d e B R AR s F Aag o

BOHrE - BEAOARE T A B - A WA R > Y Rz A % D PR
LHrh B 0 4 S Az RGP B HF @D 3 R 2L Fl A g R

oot f 3N Sl TR e B RS R B EF 3 PE AL e S A 0 AR 1S e

B% o o

~
‘.‘13\ “\

#

O

fr
L1
——RI1
—L2
R2

0, rad/sec

5 o

(=1

]
=]

O

On
L1
—R1
12
R2

n
o

02 025 03 035
1, sec

o o005 0.15 0.4

B 3-11 2 Tripod % fi 2 & &% o

Bl 3-11 # L1 ~RI~L2~R2 A w| e ogr (24 215
W4 s) mﬁégfmsﬁvm*’ Tk gd B EAOPD H Rk
Rl EA R R ERERY € LT PD Y ESRE ) B 43 PD 4 B

4v » p @ e RTL-R-SLIP #-%

v BT Y B aRTA
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% 2 % Roll-Two-Leg CTR-SLIP & -2 4 4%

E¥Z Rtk o Ay 227 RTIL-R-SLIP 3] e s 82 5 - % k=3 4
J& Roll # fi P& » = T8 B & chfs L 31 > i@ 35 ) 37¢0 Tripod # i » #a @ %
WE A ER o R 8 E 4 41§ Y 0 2 PD control 7 BR s [f] 9%

U B PR T 4 R e $ 36 420 8 I B A 1 A 8 4 % R fixed point
3 N EadE 0 A et i@ H 8 4] & RTL-R-SLIP #-3] ¢ ¥ & 2 fpiteno

Flt 0 A A PP %A RTL-R-SLIP #23] 7 4c » Clocked-Torque » » ,T.*‘u%?\%c » #
o4l p o> 22 3 Roll-Two-Leg Clock-Torqued-Rolling SLIP ( f§ # RTL-CTR-
SLIP) #3] » * R 5+ = EAB B A pad 427 HRolling # i 11 2 74 B4
GELA G R .

R R S RS SR N L S SRR T
N
R

R B AP R BT A 0 A R BB AE4eT 1 ¢ * R-SLIP #C
A &8 RTL-R-SLIP #3973k 3+ I e £ F ¥ 14 & RTL-CTR-SLIP #23) ¢ g8+ ?
LR Y AR NEE F AR R T S T R SRR E Y O L

A4 EAEPE?

4 1 %.w——_ﬂl d—,}# thpt:%w.k I'+ [Es
RTL-CTR-SLIP #&-3] &2 RTL-R-SLIP #-3]. ‘L‘f#‘ ARG R AR BT

E 4B+ hip =% g iE mifl*"?%] @ %4 dBen+ o] 11 PDcontrol 7 3% %4

L

e

R

_‘EF
T-L

T = kyp(0; — Oiraji) + ka(B; — Otraji) 41

# ¢k, kq = PD control 5 gain » 0,0, 5 WA HE R LR L EER > Otraj1»
Ouraji 5 LRPUAHER & BB 48R > AL ? ¢4 5 R-SLIP fuin 22 /¢ 3.4 ¥
2 X RTL-R-SLIP 1 & o @ 1 7 11 5 L& RA W& 2 4 %ro

46



R-SLIP it 64 F % % %5 § % %[9,101& 1 » %64 45 R-SLIP 47 » 45
41 R-SLIP #-3] <7 fixed point » # ¥ ¥ 3] 3% fixed point T 0, O o NFE 7
% 3-1 ¢ e smgdcE ™ & RSLIP 317+ 45 Flv = 2m/s,a = 15 deg#h fixed
point > H #Lpr4e @] 4-1 #757 :

R-SLIP traj. of v=2 m/s, a = 15 deg

= Origin
4t |==trapezoid (flight)
= = 5-order polynominal (stance)

0 0.05 01 0.15 0.2 0.25 03 0.35 0.4

5
2L 0
=
= 15
—
-~
=
‘T 20,
25 . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3 035 04
t, sec

B 4-1 R-SLIP trajectory of v=2m/s,a = 15 deg

Bl 4-1 & R-SLIP #-3] #7 & ! 1 Tripod # i #LF" > 847 kA 47 ¢ & R-SLIP
B ehdr i o 22 8] 3-11 ¢ ¢ RTL-R-SLIP #-3] 4 = ¢ Tripod #u§* 4p +* > R-SLIP #-
Al g g H o Nd - Blph Ao om ¥ 24 S SR o and iR (T e
RTL-R-SLIP 73] ¢ Jo PR % @ %rf “r £ B o & & R-SLIP #up+ ¢ v 3 & #
o — 2B A B Yphase = 02 Yphase = 165 (2 %rid * » Tt 2 & Mdrpraf 15 T
Ll (B4 R0 85 024)) BV - agrn L Bk hi BEF Rt
ol e

4.2 Relative phase (8, 68z)

RTL-CRT-SLIP #2 RTL-R-SLIP #£# %] % ¢ » RTL-CRT-SLIP €_12 PD # 4
S FRE RS LR SRR L1 W IR R
FELEE o 5 SR g > 44 & CTR-SLIP 077 5 ¥ 4 2k e
relative phase[10] > » 4= 3 i& {7 Relative phase (§;,6z) e % > d * & RTL-CTR-

SLIP #-41¢ 5 =+ &% Fpb F & & W45 i85, 0p
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8 = 8% wherei=L,R N 4-2)

traj.

R A2 NG AT RIR TR A B TR B R F Ty %

7+ — i Tripod #% f& i 8P (B 4-1 5600 95 04F)) o8, <0 % =% jT
oo RAY B ERREIFEY RFE LR 2T 2 SR 18 =0
Rk R AR B R PRI G A0, > 0N & B L

RE SRE e SEAERIE TR LR 2ard S

A& % & Relative phase ehT &2 {8 » { ¥ =L § it RTL-CTR-SLIP 7§ &
(Touch down) BRF e~ B %¥c -

[ v, q,p, F.)» SL' SRJ VL,phase' VR,phase] ’7\: 4'3)

2 vy, P, P, VL,phase’)/R,phasell;:3 RTL-R-SLIP #:4] 7 chz & 4p e o 81, 8r »

Relative phase = & 477 3 ¢ » § d Yiphase = YRphase = 05947 4oik s B 4o dicdt » 7]
PSR et Y € T 0 A TS, GRS T BT AIM S

B B 0, 0

0:7p = Otraji(8i - Trraj ), where i = LR (5% 4-4)

4.3 Time response 4 ¥7
wix 2 3 #4749 RTL-CTR-SLIP #-3] 6 » 5 432 {7 Time response 4 17 » &
27k 548 R-SLIP # & & RTL-R-SLIP # e 47+ T a8 5 10 # e v
WFERLAet o BRRGE AT 3 ot DRER AR SEEG R R T

$12° R-SLIP # fis > R #-4- 408 23X L 5 v=2m/s,a = 15deg,p = 0deg, p =
0deg/s, 6, =0,8r = 0,¥Lphase = Vrphase = 0’ @ ¥+3* RTL-R-SLIP #-3] B3k €4~
4o iF 5 v=2m/s,a=15deg,p=—-0.36deg, p=17.4deg/s, 6, = 0,6 =
0,VLphase = Vrphase = 0 ° PE 0 s Se folict REHRE 4 3-14pk - v fb § 34

Hlg £]8 = L BF by @R ARIERP o AT R AT BT
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013} 1 0.13
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0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
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[2] [=2
19 ©
T o - 0/\/\\/\//\\/\/
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5 5
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
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0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
5 : : . . : 5 : : : : : : .
o =)
19) )
T o - T o
< <
5 5
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
t, sec t, sec
(e) ®
0.14 ; : : : : , . : ; 0.14 : : : : : : : : :
013 - 0.13 \ \ \
ot /I \ ‘ \ £ 012 \ \ /
N 0.1 \ z N 0.1 / 2,
Z
0.1H Z 0.1 L
R—a Zr
T
0.09 0.09
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
(2] (=2
19) @
T o E T o
< <
5 5
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
t, sec
(g) 0.14 T T T T T T : r r
013} —
£ 012 \ ‘
N 0.1 Z;
b 4
0.1 L
_ZR
0.09 d
0 02 04 06 08 1 12 14 16 18 2 2
5 : : 5
o
o}
T o i
<
0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2

t, sec t, sec
] 4-2 Time response of
(@)R-SLIP y = 1,] = 0.097 kg m? (b)R-SLIP y = 1.25,] = 0.097 kg - m?
(c)R-SLIP y = 1.5,] = 0.097 kg- m? (d)R-SLIPy = 2,] = 0.097 kg - m?
(e)R-SLIP y = 2,] = 0.109 kg - m? (HR-SLIPy = 2,] = 0.122 kg - m?
(e)R-SLIP y = 2,] = 0.137 kg- m? (f)RTL-R-SLIPy = 2,] = 0.097 kg - m?
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Bl 4-2 2% F % %4 dicikx B R-SLIP & RTL-R-SLIP #Li & {7 §a #% fF chpd /Y
;l] o

IR 4-2a)7 T g A Fy =10 Fhc b Adardl o T
# R-SLIP &0 fixed point + ga#+ » I ®

VO fRAF enig ko suiadE
RTL-R-SLIP 4 svh &

1

p~ ABIEFEHE0- o
Bp=p =07 L
R 4-2(2)(b)(e)(d)* 7

L

I ETL LTI T TNy
B ] l,éf ﬁ'{LL YEF"b

g ALEpT e e B AR kAR L 5 BB clock-torqued
AR R 2 Y S R A T LR 420)(d)Y F
%3 %%t R-SLIP fixed point <73% — i# fixed point

l_
I
- i o

» B2+ clock-torqued =3 & §3
F100 R AR E ik W K S B adE e o
BLER 42(dEM@L ATy =282 & ki fdoo rijbrog b ff £] 0 4R

F P BB BRN SRR B RS AT R RS NS w0 A

() iy B 50 > % om0 B roll %o b iR g o

FlE R doT T

PEmY By

=+
# 41 prms %

Y 1 1.25 15 2 (R-SLIP)
J(kg-m?) | 0097 | 0.097 0.097 0.097
prms(deg) | 0.000 | 0.558 1.042 1.867

Y 2 2 2 2(RTL)

J(kg-m?) | 0109 | 0.122 0.137 0.097

prms(deg) | 1.884 1.889 1.887 2.046
FEPoms F3 B B % 4

¥ Prms TR %KLL] X1+ > B & RTL-CTR-

SLIP #3] # » 4 $1f £ LR ) SRR A

Ze

Bl 4-2(h)£_i# RTL-CTR-SLIP ##%] 12 RTL-R-SLIP #uf*i& {7 1 #3341 e
Frlg B p SR 8 A AR Ap RO H AAREHCT Y RauEE 5 -

Tk
o WR A AR d 1 Bk 3 & AP R-SLIP #uFt ev k0 & 3.4
¢ 9 F_eb fixed point LB 728 A S5 IR AR o
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4.4 Jc#c 2 ¥ (Basin of Attraction )

Jeac 2 ¥ (Basin of attraction) % Ap 5 B¢ a— BT wRE > T 8§23 a5 40

FEF AR RS RN RS R T R RO f Rl S B A T

NS 1\
By Ao T AR TT LKL T EEEL s ) oA fEE ke

d »> RTL-CTR-SLIP #3]ch=do e 55 &8 5 ~ B 28 L 2 F 2% > 5 ~f

et e AR 7 ¥ Roll # fi chdF 4 0 ¢ F 2V = 2m/s,a = 15 deg, i, phase =

YRphase = 0 &34 5p,p, 8y, Op R i {7 frac 2 # dff & > 1 p = —20,-10,0,10,20~

W ol #Wl 7 %k B > & 3k B 4 p=-8:1:8deg d, = —0.05:0.01:0.05,6; =

—0.05:0.01: 0.05:& {7 Fe A 2] » T ¥ K T 2R 5 TadFa# e 105

AR he Bl g AR T K o
ABE gt @ % R-SLIP 03] 97 2 & ¢ Tripod # & ga# p > y = 182y = 2¢0
feacg ¥ ) 0 £ HE]=0097kg m?1 & Bk Mhlchod 31 2N F o 0L

FAYHIcac 2 ¥ ) B B % o T BT

(@) (b)

0.05
0

R 005 005 i

©

0

0

LN <005 -0.05 5 or 005 -005 o, or 005 -0.05 5

8] 4-3 Basin of attraction of y =1 (a)p = —20 deg/sec (b)p = —10deg/sec
(d)p =0deg/sec (d)p =10deg/sec (e)p = 20 deg/sec
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0.05

LS 005 -005 5 5 005 -005

(© (@) (e)

p (deg)

0.05 0.05

0.05
0.05
0 0

0 0 0

or -0.05 -0.05 5 o 005 -0.05 5 or 005 -0.05 o

] 4-4 Basin of attraction of y =2 (a)p = —20 deg/sec (b)p = —10deg/sec
(d)p =0deg/sec (d)p =10deg/sec (e)p = 20 deg/sec

Bl 4-3 22 8] 4-4 ~ W Hy = 12y = 21 Basin of attraction 8] - & & B ® 5 4P
g o gk AP F R G plh AL 0 HpFiz o X3 K TG relative phase §°
LR R PR A mBR RS EFR Fp=0F T S, =8r=0
PP A i kRS R > @ Ep <OPF > N AHCA A S A K BoA B¥ ¢
NFERS, <04 RBPANFFE IS L Fr W‘j&é Rz %§8R.’rﬁ$tfﬁ,jﬁ#ﬁ
$AEER > FETRA 4G AL LR EB DT 0 Fla € & BoA Bl ¥ R ALk ek
Hed o> 0B I gJ Ap R il ®h o 4 AR W8y <O &R AR R -
T2 % & o7 relative phase % RTL-CTR-SLIP #:-3] ¢ 4% €& » p&2 6,07 &
I TR A kAR ot R R IR EER T FE W EA s
WBAET M BB oS ST UG IIR AV U ER S S RS BALY
- fplw o FRRAGR PR R T RZREDS EHRIP I ¢
gl & T e

HZ 7 g e RO BoA e # i RF Y R g SApianp P §
p<OpF > & KA Z R > P BoA § Ap <O0ch®BF /A - F 2R A0 F

e i fS o
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Friy=18y=28 ¥ 2 Fhif  WRKFT UEREY =2 BoA ¥
FERGRE FHATE A LS Sy S IR @] Ay =28 Jmge
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FEAE
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B 4-6 Histogram of the average power. (unit of J is kg - m?)
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Bl 5-7 Normalized z-t plot with different Jand y (unit of J:kg - m?)
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B 5-8 Normalized p-t plot with different ] and y(unit of J: kg - m?)
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B 5-9 Normalized p-t plot with ] = 0.097 kg - m?
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