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McGill) [11]

-

-

{a) Rear Liftofl (begin) (b) Flight

A A

(¢} Front Touchdown (d) Rear Touchdown

(e} Front Liftoff {end)

% 1. 8 PAWSE] gallop Ad54do] AlAX[11]



PAWS} Scout II, + 259 v 732+ AAl s&5&
921 3] DA}%}O% AAE o]l ofyar =
z;ﬂ-a} itk w3 FAe e body® FAHO Qo]

=
k£ A pitch WELE BA A0l WAL AL

Cheetah—cub [12]& 1%kl HAJHolE REAbste] F3dste=
2xrow, ozt Wk Sl u¥yE FoE Wzl FAol= trot
AegdolE ol&d FaSTE 1ol vl FE2E EAbsiglown o=
¥ ¢} tendons ol&d FEE 23 ol 210 mmolH, T3
45+ 1.42 m/s o)tk w3 2HEe g compliant WAUSTS
ARgste], FAAael £29 Wl Ao] glo] AAE QMY stetES

AA AT A A3 E PAW, Scout 9 vlzb7FA] 2 Cheetah—cub?]
A= ot body® T3 EO] Utk SHAINE PAWSLE @] kel gk
sitkelol A sAle] F LA skE trot AeAolE ARESH] wEol

o

249 E5do] 4

Knee motor front
right Teg with cam

Hip motor
front right leg

W dler mechanism

Second spring
relaxed (in-air)

Diagonal spring comp-
. ressed (swing phase)

Knee / leg length
cable mechanism
Hind right leg: non-parallel I;-1 Foot spring loaded
eg segments through spring loading (stance phase)

ol FE A JHF wE FEQ AEFE BAMSE Z3o] it
7% 1. 108 o] MIT Cheetah robot[13]£ x| Ere] AgdolE

E
sto] wWE SRR FIPske= S FAER sk ZRoIvh AE}

_Zr_‘q:_:']__ U:H‘E— trot Z:;]—CL@O]% /\}ﬁé‘].i HH]_E 161]

E52 TP yo= gallop d54d0o]E AME-3F=t], Cheetah robot<
o] EARSFS T 29 1. 112 MIT Cheetah robot®] trot9
a2 714_0]3——'5 /\].}l—g,—}oq 6 m/s9 Z’\—Ei ¢sn3}h T oy A)o) /\uu/\ko];].

Trote] A&4dol®Z F33t+= MIT Cheetah robota &7} EX]O] A

9 7 i 1”::

-

1

1



7% 1. 10 MIT Cheetah robot (MIT) [13]

€ mis trot running

Footfall pattern

e Jio Jl Jb Jie Jle I

7% 1.11 MIT Cheetah robot 53 F34Fe] AWAE[13]

BigDog[14]2 Hold Alo] Hs& F3 3 ?ﬂf%‘; e
Rom, 25e] G fGA doAHA v E=I
% A A5dolAAFH trot A5 @O]E He A7
okt d54dol®2 3 7Hesitl. 22 BostonDynamicsAte] Cheetah
robot[15]> E# =" fleoA 45 km/he £%=Z bound® ASZdolE
ARgete]l FRET. FFE= FEl, ““HE: T HZolA  bound?]
A3dolE AE3FE Cheetah robot®] 32l ZQAEZ} pitch o=

g0l 2 gAY + ik WE FA SE FEsEH 29

10 % ﬁﬂ L Eﬂ



Heat Exchanger
Engine/Pump

_—Leg Spring

Force Sensor

-~

19 1. 13 Cheetah robot[15] (BostonDynamics)

g% 1. 149 TITRUS-III[16]<S dinosaurs % o=
2o FFF Fo & e =Ry fARSE RS S Qo
TITRUS-II= 2% RIS 3, wlg A" 3 wmeEle]

[e)
o
Fd ZHE9 ZMP(Zero Moment Position)o] ¥ <oz

11 Hji ,ﬁ:} 2 Eﬂ '.?'.1'



19 1. 14 TITRUS-III[16] (Tokyo Institute of Technology)

[e)

719 upright posture®E 7F2 ZRELS 7, 19|, XE &

Fgk Zloltt. o] ¥ FEES =® HERolM= trot AFH0lE

!
>
2

AFEEt wE oA = bound, gallop AS4dolE AFEEtE Trot
Aol 5 AMgste 25 HA7F 34 bodyZ A E ] Sluzt=
A4Sl E=do] AARE bound, gallop A4AolE AMEste 2R
A stuwte® FAEo Qe Aol pitch WEFOE w5A 9
EEHo] & RS & & Y B 2F HdgAE FAY Y-S
A FAY A SR 7 UAve A FAF F AT b
Aedole] W3 54 F49 A= #A7 e As AT +
AL, Aol el wet FA FAUY T80l dete=
Ae & F s

7% 1. 159 ACM-III[17]% o] ujctye] waas o] £3fo]
Jo FYFE AL BASI] FHAA FBh ACM-IIE F

T H9 W) vk vEdl sl S @y ewA e

12 5 ;ﬁ—ﬁ l:]



I3 1. 1694 #<1E 4 2l Salamander roboticall8]+& W
ZEI FAEHA SAF FAS vy o ® HdRS. ShA|RE F8ye

=
T
A W 2R 27 e P 2R R FolE of§

kel 3}
oto g HZ3thd Salamander roboticay HX| oAM=tz Heko)
HhS X wpEe S o] &3] wAgstar WO HXAE pivoto®E Aro}
S| dstHA ko HAAsHA Hrt & FAAME= F77F 95t A3
FASHAl & St

| (spinal cord)

d MLR d =+— Bruinstem
E CPG muodel
[ o
>

PD controller

13 p A—] —1_?_1- Eﬂ ¢



w48 wFAYS AR 2RSS vge 2 F9 Qo] =49
wAdRe R Fgo] Thsairt olE Fall, wAY =AUl FHel
vAE Gl Wy Avs e F5E 5 9der, mrbils BEARE
22X B SA B wA wAddel 8 d%Fe vH Jle=
ode = vt

AF APe TR P F SURE BEe) 2P PUS A
RS sk Zolvh R FYs: FES 1 /1R A4 met

upright posture® 7% &3} sprawled posture® 717 &2 U=
= 9t} Upright posture® 717 HE2S 2219 EAZE A==
frelstal, sprawled posture® 7H FES FleEs SES=Y
el skt

Ak A Hole 2R JAolM =, 2ol AYsrt d5F
2RO A7l wls FofEel AVI7F Adirer AAA "Hv 2ed
23 A7) di¥] ¥ 52 Fll=e S5 7Fsd sprawled posture
2ol upright posture Zxel vla] dst AP F&E o FsH
Tuplle BEARSE AY HY 2RE s AFES &Sk
Feld Zlow ddd = vk oldd EvhiiE BARE 49 B3
25s e dside WA Zepie]l w4 sA4d3 v
AEHdolo]| st Aol I

ot

KX
=

i I

O

i
K

2]
E o, sprawled postureE 7172 2RES
gt v E BARS Zlolt wigddEs SA7E shde
bodyol”7] wiel =Ael d&&F AL vt & F 1, 2X5 E3h
A SRl F ¥ A Hues vy e deHdolE

BARsle] F SRS ST Aol 23S FoAh 71E9] upright
L

=

sttt Trot AS4dolE ARgsteE ZxE wA47F s body®

| ZHAI%F, bound, gallop A&Z4olE
AFEEHE ZES EAU) suwtor FAEe Qe A= EA 9
o= wmA FAUE

(\]
I
ftlo kT
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Al 2 % Eape) Fa B4

2 AL Eekle] et ek wAse e, mele] #7149
253 Agdoldl wAC thstol o5t AN AFAIMS B 1
A9 wsuA Ak WA 218elME wobge] AgHold HA
FAYel @ 71 AT hstol ARLA Ak 22860 249
FYE] FHE mrbe Belg wue i) $AHOR Fe, me)
F49 ¢4 4% % 4GS BAsa, v 238e)4 e,
w9 253} vhel e g0 R EE BojS RUL o wmrhy
dgdeld #, mele F/HQA 49 WAL °§ AASHA
A 3aA gt

2.1, Tohfe] Agdolg BA 2P0 U@ 7|E AT
2.1.1. =rpe] A54o] AT

d T ShoAel wE F FxolA zZ7] o
ot =" 7R HEM= ' 20 19 Zol o
g7 o7 FZolE= trot AgdolE AMgsla, wWE F3

| "ol 17 2. 23 32 bipedald

o N

16 A 21



1

g 2. 1 Trote ASLSAHomx FI F= Lo =9
AAAE19] (Yol A5 E 2Fdth® Cnemidophorus tigris, Dipsosaurus

dorsalis, Callisaurus draconoides, Uma scoparia, Phrynosoma

platyrhinos)

17 A—I —i t_‘_] -::qg T



% 2. 2 Bipedal® AJHolE FI = Tvbl FIA
AHUAE[19] (Yol AHE Zd 2 Cnemidophorus tigris, Dipsosaurus

dorsalis, Callisaurus draconoides, Uma scoparia)

Ef oTEs g9Y W, o HY As wAol JhEA AHE A
bound, gallop A&AolE Agsted, Z=npHe S% HS wzdo}
7bAA AEE A trot AeAoly bipedal® AEHolE ARESTH
Tl ©E o, ¢hiy} sidto] wizol A AHeA ] FHE
dsta FAOA = pitch W3] & o] WAt A v Zrpyl o

T Tl pitch FEolY Fo] WIFo=REs %7—‘10101 =LA

18 3 A—T Lo 1_'.”



________________________________________________________________

META
MIDTOE

0 25 50 75 100 125 150 175 200 225 250 275
Time (ms)

a9 2.3 ekl =4 (hip) 9 ol W 2 [20]
2.1.2. &=opy &g, mgf el Fr14 gAY AT

woby #e, med #7149 2299 dTe WA wEehwg
FRel wek 1 499 ol e AL AL T FAsAch
a% 2. 45 AFRY 4 7HAe] ekl SR wep dAsE §E,
mele #7149 §AYe) Fao] thE AL FAT £ Aok21]. =&
09 2. 52 AdE u, Zobpe ERel meh B9 W $4o
A9 2+ A £1% zHol7t Av(21]
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Dipsosaurus Gerrhonotus Eumeces Cnemidophorus

SR

~N O th B W N

Sl

(S I o

SO
Lo

[ -BEE B e RV T R VAR N ]

5

6

7 8

8

T — e— —T e e—

0 200 400 0 200 400 0 200 400 O 200 400
Time (ms)

a¥ 20 4 =wpfe FRe wE FE,  mEe  FU]E<
=20 [21] (d&EFE A gl Z Dipsosaurus, Gerrhonotus, Eumeces,

Cnemidophorus)

301

201

Lateral velocity (cm s=1)

0 T Y T
0 2 4 6 8

Points along the trunk
g 2. 5 Zrpflo] FRe] wE A 72 R #9 wEk
%5 [21] (Dipsosaurus (IYH A28 o= % A]), Gerrhonotus (¢3!
P 02 3A]), Eumeces (A% 92 %A]), Cnemidophorus (¥

do= EA)

&

>

>

20 A 2

=7
=]
I

11
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FATH22].

o

3

obliquus externus

F: Ambystoma tigrinum,

OEP:

[e)
profundus, OI: obliquus internus, TA: transversus abdominis, RA:

=

HH
™

v}

obliquus externus superficialis,

L
a-

(

[22]

o

=

51 ¢]

el

=0

rectus abdominis)

a4 2.6
OES:
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o Wzo} 7pHA &
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Individual A

N=28 strides

Individual B

N=31 strides

Individual C
OES | -
! 1 |
| i !
! 1
Bend L ; 1 N=38 strides
4 | :
! |
! 1
I | |
LH n—ém@@'@@—« !
LF 1 L Al Il /4%
LLLILLLLLLLLLLLLLILLI 1
| \ A A A A A ;' A A A A A i
I 1 1
] 50 100
% of locomotion cycle
A= 7 Ay we osd 259 43 Ax(22] (e (H2A mh:

2 E
T 2HY A3 2, g &N wh: T 5] 243 BA)

22 ) H kl 1_'.]| [



2 ¥ Tvp¥el Callisaurus draconoides® ¥#zHS-

Z3) T ndlo] A= bodyl, body?2, tail®] Al HEOZ i)
= FEHAA FA7F 7PE Eol IAse He

2 At dvtElE bodylel w9l a1, Fthel= body2el
= = ’éxé sttt o] RdolAe= AA Zwupe] ohy] Ao
2%, At A% 6%= AA AZel vl& AA] dvh=
T[23]1 & H}%Oi thel o] A ]l &g ave glvkal 7Hd it

thele] AR Z47Ee] bodyel E¥ebal, AWHolA ] whH I vy
HEE sido] Ao HEsh H ol Ast=E AAskith

wAe] dolgl &, FAlel g 544

m )

2. 1o g2 sttt

&

2. 1 Callisaurus draconoidesE 7|02 3t FY3r wdo] Zo|g}
=

I

’

Callisaurus draconoides

total length (mm) 192

anterior body length (mm) 66

23 i IHCJ



posterior body length (mm)

42
tail length (mm) 84
anterior body width (mm) 20
posterior body width (mm) 20
tail width (mm) 6
total mass (g) 10
anterior body mass (g)
(with fore leg added) )
posterior body mass (g)
(with hind leg added) 4
tail mass (9) 2

24 A



1

2.9 (a) Tvpyl ndlo] Zo] 3 4l 9]X (b) Z} body? Auzk
e 7z zd

9 =
F= g9 HA Alole] ZJAE 7% j, (o) F3FE Aol m=np
9] 7} bodyell #&3h=

1 MY ol

I
it I

2
2
off
12
£
>,

S

i)

Aostiat @k o WEHES 2344 e
RLGkel A Aotk WA 7} Awrel xF W FA F4 A4 WHE

7)
x =[x, %,%3]7, vy W FA T4 Hx #HH
Aelstty, A % J|Eore zZ+ ¥39 Ztx WEE g=
[91,q2,q5]" ©1™, B Alole] FJAE HEHE |

AolxEm AikE s BEJ M=
diagim) = gttt ¥ AR WE = 0= [ig, i, i3]" o™, "R7HA =
AXS 93 AL [ =diag(i) & Fost. AAS HAYsA &

AE% sine?t cosine ¥ WHE sing = [singq, sing,, sings]’, Sing =

!

HE = m=[m,m,ms]T &

diag(sing), cosq = [cosq,,c0sq,,cosqs]T, Cosq = diag(cosq) = 74 &J st}
25 -":lk_-i _'-.;_': ]ii

-
=

=]
I
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T 2,99 2dE 7259 §olv & 2. 20 Gl

¥ 2.2 1% 2.9 AMEE 7559 o A

Symbol Description

Xi=123 X position of COM of links
Yiz123 Y position of COM of links
Mi-;,3 massof links
li.1,5  length of links
Wi-1,3 Width of links
O;=1,3 generalized angle of link i
Ji-1o  angleof joint i
Ti=y,  actuator torque of joint i
fi_i,  jointconstraint force of joint i
M, reaction moment in z direction from ground

x component of the distance between the COM of

Py
the posterior body and foot

y component of the distance between the COM of

the posterior body and foot

s mdle F&% e ¥a Holgl FAxel g% Zow

21(2.1) 3 2 (2.2) 9} o] FojRk[24, 25].

1
Xip1 = X = 5 (l;41€05q;41 + licosq;) @D
26 AMEZE-T



Yit1r — Vi = %(li+15inqi+1 + lising;) (2.2)
21(2.1) % 2 (2.2)F HWEgstA 2] (2.3) 7 2 (2.4) 9} 2},

Cx = %Lcosq (2.3)

Cy=%Lsinq (2.4)

oA71M BE cg L+ A (2.5) 2 4(2.6) 3% o] Fodnt

-1 1 0 0]
C= [0 -11 0 (2.5)
0 0 -1 1l
Iy I, 0 0
L= [0 l,b I3 0 (2.6)
0 0 I3 Il
nalo] Fost AL A (2.7) % 2 (2.8) % Zo] ol
mx, = fext,x,i + fx,i - fx,i—l (2.7)
m;y, = fext,y,i + fy,i - fy,i—1 (2.8)

2273 A @2.8)5 HEstskd 2 (2.9) 2 4 (2.10)°] Fdtt

M% = Foyr 5 + CTF; (2.9)
My = Fopry + CTF, (2.10)

o714 AWelde WEEe oA Sweqw WAs: Aow
A W] w =
[0, fuxey, O & Aol®th E3t U MBS F=[fful . F =
o fyol™2 A9 Aek,

T2 270 A9 2 (2.3)% A4S T R uRad 4((2.11) %

2(2.12)5 €< F AUtk

Ci = —>L(Cosqq? + Sinqq) (2.11)

Cy = %L(—Sinqq2 + Cosqi) (2.12)

27 "':l\_i _'q.l_':-_ T |



21(2.9), 21(2.10), 21(2.11), A(2.12)E 7[%559 &8 Qoe=
olgsld g HE s A(2.13), A(2.14) 9 o] SrwAh

E, = (CM~1¢T)1 (—%L(Cosqqz + Singg) — CM-lFext,x) (2.13)

E,=(M~tcT)™? (%L(—Sl'nqq2 + Cosqg) — CM‘lFextly) (2.14)

2deo nuE

%

a9 2. 109149 3 EHEES vgoRE Fo
& 2(2.15) 8 ol AAE + 3l

1 1
1§ =C'T - ESinqLFx +5 CosqLF,
+DyFext,x + DxFext,y + Mext,z (215)

o

1 —

71 T = [1y, 7] = E 23 WEC]AL, D, =[0,p,0]"% D, =

FOE B
[0,py, 0] = &3} body28] A T4 Abele] 7] #WE oIty My, =
[0,M,, 0] A|HHol|A 2] wie] EdE =Efo]t},

==

2.2.3. wrhWlo] A7l Fa A, H, mele] £AE EA BA
stride length . objective
position
M)yt required moment 7y: torque movement of of the left
for the second stride from waist joint the hind left leg / hind foot
4t for the

. second stride

¥ $9 o My moment 7, torque
z Tx generated by £, f.: the fore-aft from tail joint
GRF same rotation of the
p(l)si.tion posterior body
a9 2,10 A Fyske =rpE e AlfAek ZF bodyel A&k A
TdHE
" 20 109 =rpEe AX F3 O AEAE Tl sy, ael
ZAE B3 PoAo digte] MAdetuA sith WA Ao HEsl
QEZX
IS

Halo A= o w  Jolrtr] Y3k 8ol GRF(Ground
Reaction Force) 7} wAsltl, o] GRFE ZrfdWlS oo g oA E

28 . _H '.i]



AA BER] Maping ©1 F L3k, ol A
GRM(Ground Reaction Moment)©°]t} 3]
DAt B 1,1 o g8 28 & Qlrh wb
2 E‘/] 37]7]. ;(L];].tt] ZOolE Eg= =
g, nee w2 o] EAsHA At

2.2.4. AA AR AR Fsts ekl 2] sk A Ho Ao wie

ol wrbel SAYT Aol whe,

e RdEE= Frjdow JAsioh wepa AHeA e Wi V)&

ATE T FEHoE FEsk= Ao] Jhestt 7S ATE AYE

, GRF9 x% w3k AE2 GRFxE sine =2 AAsto] AALs
PN

g WHOoR GRFxE MYsHvh
238 /1E ATE 49R
GRF y& 3 4ol GREy: HAtigkel GRFxS fitsttis 218

N
g1 F Avk27]. B4 FEIMS GRFyE ARe gl £EFo)
GRFxel ojulstel o A7l1E & F dofl27, 28], 7|& AFE
Fastel GRFyE sine® 32 AASGIth GRFO A7le F3
EEo ofs AAHA, & AFolMe FAFEAM= 1" 2. 119

o] GRF7} A4 =3t}

99 !;rﬁ'! _-SI:I_ ]—h o1 e



@2 on ]/\ | | | :
2 o

Z 002} U

005 0l .

-0.04 :
0.15 0.2
time ()
0.04 ‘
®) gi 0.02
% 0 \_\/ /N \/ /]
-0.02 ¢ 1
-0.04 ’ ‘
0 0.05 0.1 0.15 0.2
time ()

9 2. 11 (a) GRFx, (b) GRFy<9] 183
2.2.5. 598 AlEHoIA

Body29] yaw Wgo =z F7]4Ql swing +5= AEEA
pelvic rotationo]#tal 3ttt A A E=wp O] pelvic rotationeS =
71 A= EvhEe FRel weEl  pelvic  rotation®  HS7F
117504 25.8%7k4 Wske AL #dlsksiv[19]. =g
Reilly [29] 8] dAT+E %3 pelvic rotation®] 7124l sined dr
ARSE As ZFR1g = Qlsith wekA 2 dATFelA = =vkd
F3st7] fAsA FE ok sk= body2f F7IAQA yaw W

. — . 2 = -
swing ®%9 HEE 15sin(2—t) o @2 AAsn AEdelde

AEHIAE B, el AFE body29l F7149l yaw F)

: 2 ]

A o] AHA el wig RAEC &, ngl ZJE|A S EF
o8 AAEvtE= M-S FadruA ok WA " 2. 129 (a) 9
ol =x¥ body29 FAYS s, aye EA glo], AHelA 9
Rk ERlERE Aojste] AlEdolAE Fastth o] AlEF ol =
Ao A o] W BElET Ao inpute @ ARE-H U}

a7 2. 129 (b) 2 AlEHe|AS 3g, malo] 2ol A s,
Z &g, myle R Ed| EF} EAFES 3t AlEH oA Sl
Zolty, &g, mye AU B AT fFAR Bl EivE

30 M == 1_i| 1



AGsk= 7129 AF([30]1F FaLste] sined 4= AAsHAT 38,
wEle] ZQES 4US sine? TFEE FHolzwl FQAEHE
AAAYHA EA7F A HI o] A7 body2e] yaw WEF SAYUE
AeHe Aol Ao e mwlEd g w XA Hoh 19 2. 129
()& body 29 yaw W& ZALe] e nA= AL vy
mAE M9 Fe, neld B 1, 1,5 EAIE Zojt)

31 . H E Tf] ¢



oy 2.

9 |
Runge—Kuttae] 4

e stole,

(a)

S

desired
Generalized
Angle

(b)

desired
Joint
Angle

desired
Generalized
Angle

Ground £,
Reaction |——>
Force
lizard
model
leg M,
Controller
Ground
Reaction
Force
X
T1, fy
waist, -
2
tail —>]
controller
lizard
model
leg M,
Controller
%49

12 Zuk¥ body29 yaw Hd 7%
182 (PD Alo]7))

2.6. 3g, mEe F714

g AlEEe

A

A AwelAe] W

matlab

ARl HH O 7 the fourth—order

g dS

Vo=4m/s &= A3k,

gk Ao



W ZAE ZEE jou = 0, jo, =022 AT}

a" 2. 129 (a), (e Aol LSS 77 AlEdHolAE
Fasto], Fg, mele FIE EIS I A= AU
Ao Hhg ZHlEgLe] #dAE ARt 1 AveE I¥ 2.
13 vepgiich. 298 2. 139 (& 3, mEle] Fdo] e
A9 a9 2. 13 (@9 99 FAUE wE7] fs Adex ] Rbg
TwWES g#zely, 1¥ 2. 13 (o0& 3, wE9 7ol Ue
499 a9 2. 13 (@9 A4S wE7] A AWelx e whe
D ES Jgzo|t} o] =L HlwaE w, &g, mae $x o] 9=
Ag-o) Aol wkg mulES] 9717} Zopx AL FAd & Q)
olZM AwolAe] wtg mwES F7|7F #& w, Fe, nge RJE
EIE T3 ARE A3 RUEES sy, ZJE EIAZ A
A o] MGt 1S AT £

33 A2



(a)

0.01

(b)

(teN) IO
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1E7F w9 Zohd, body29 yaw WEo=w
> EHE (Msying) = g el Ay FQQE EF
ol A mrAsith 718 2. 159 (a)9b o] et mE FQEA

AREE B 1y, 1,7 2 WEow Agatd A= C gAY e
SAYE ZA Aok agohd Fes BRE (Mg, ) v 2(2.16) %
ol FrEM, A @171 & F %ol g, mye EAY
AY#pES S Fed mWERT A dAHn B £
g gkt

|Mswing| = ||71| - |72|| (2.16)
1Tl + 1721 2 |Mawing| (2.17)

Hhel 2% 2. 159 (b) &F o] delg ae ZIEAM Bt
== Ty, Ty 7]- ql—pﬂ HO]-YS]:OE xhg_ogqi RS

FAe w4ds ZA duh o= dod EWE( My, )7F A
(2.18) 7 2ol FEE™, 2(2.19 4 Felgd = Qo] &AHE=
EA7F o)A A frt

|Mswing| = ||Tll - (_lle)l = ||T1| + |T2|| (2.18)
|Tll + |T2| = |Mswing| (219)
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(a) T;: torque from
M, waist joint

next ﬁ

&
(b) M, T, : torque from

T,: torque waist joint
from tail joint

B wAl S49 del= body29
nele] ZJE EAES £ glo]

WA mermel Hal, mY £AES $A9e
2ol sine?] @5 Ao, A (2.20)0] Frasn,

. 2
]d,i=1,2 = q XSln(per?od +bi) (2.20)
sine &2 golH 0131 we ZRJAES FAUL XF(q) 2 2%

AE (a7 1% 2Hb) 2 g3k
HA3lstaat st HA e BAHELE= A (2.21) 9 o] AASH,
21(2.22), 2(2.23), 2(2.24), 2 (2.25) 9] A =105 43R
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minimize F@ = [FONIrR) at (2.21)

B2 g3t Aolel 2 (11 + 1) + (1~ 12)P)
T+

subject to 0<a < % (2.22)
0 <b <2m (2.23)
GRM < Constl (2.24)
_ . om
q, = Const2 X sm(pen,od t) (2.25)
Hrstele HAH3Y ZHTTE (P +2) o7 BHE S
o= 7} ZolE 2 A9
ZRIE

T Uttt 4 RJES &S Yulsta, -1+ 4
T A7) Apololw, o] Ao7f AR A vl L= He A
1

Juistth. webd BARE (nl4r?) T ALHEE 7 zEo
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A9 3 BEa b a2 He FHY0] FEHA

A () o Az =i s27t 7 5 e A 4=
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o ARG q, &= BAEloF = body29 yaw WY
Zt o)t}
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(a) =—c1 3 ==L =T 3 =13 —tTr T T
) ;ﬁc:j =D — T —T =) r——:t:x:J‘
(© ::fﬂ:F = =——r T —{ 1 et ,;_,D_-::_]
(d) %—D == — T —{ T . i g :::tj:*j
() — — — —ra = N

O™ 2,16 HA3E el BEE ErbE REe] Y Ak
(o Aol =53 e 914))

(a) 11 =66mm, 12 =42 mm,13 =84 mm, ml =4.0g, m2=4.0g, m3 =2.0g,
(b) 11 =60mm, 12 =40mm, 13 =92 mm, ml =4.0g m2=4.0g m3 =2.0g,
@11 =72mm, 12 =42mm, 13 =78 mm, ml =4.0g, m2=4.0g, m3 =2.0g,
(11 =66mm,12 =42 mm, 13 =84 mm, ml =4.2g m2 =4.0g, m3 =1.8g,

()11 =66mm, 12 =42mm, 13 =84 mm, ml =3.8g m2=40g m3=22¢g
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2 A wrbpel thele] 2% 8Y, med §AYge] wE
238 B8t mde £y¥sty, 717S B mdd $A9L
AR olF oEeiste BM 2 wHAM WYSE EaE

A Elgw o =24

FYste 53 Tebfe a9 20 189 #o] oA
Ao el w7 E Callisaurus draconoides® A4 sFAtH[19].
| mvpge] A7) g AR £ 2. 300 geskolrh

19 2,18 T8 o] Exx wulwl: Callisaurus draconoides[19]

¥ 2. 3 E3X vk Callisaurus draconoides® =7] 2 Ewpdl
A

Variable Ca. draconoides
Snout vent length (cm) 7.6+0.45
Mass (g) 9.5+1.50
Tail length (cm) 10.1+1.13
Femur length (cm) 1.94+0.09
Tibia length (cm) 2.1+0.06
Tarsals and metatarsals 1.3£0.05
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length (cm)

Humerus length (cm) 1.6+0.07
Ulna length (cm) 1.2£0.06
Forefoot length (cm) 1.5+£0.07
Pelvic width (cm) 0.940.05
Body width (cm) 1.6+0.11
Trunk width (cm) 4.44+0.22
EE TS VFoR F98 mdd g9 2. 2837 o] FAH
598 ®mdo] EA+t bodyl, body2, body3(=tai)? A FEo=
Tstle.

o8t mdol vl dvg e ¢ humerus, ulna,
forefoot®] A HF&Eo=z FASF, FAYdEE  femur, tibia,
hindfoot (=tarsals and metatarsals) 2] A F& o= FAste] 19 2.
199 (a) &k 2ol & 15709 body®E w98t Rds sttt sjzlgl

WY ZQEX 1 DOFQ 34 %JE=Z 1/4% FA3t9ch thals o7,
T, URor FAsGed ozst wEE 3 DOFEY A A
FRJEZ FA3t F52 1 DOFQ 3 ZJAERZ 433 ¢7]4
259 A ZAEE Aysty] A 7MY RJAE ME F7tsk
Fod mdo FEE= 9 2. 199 (b9 #o] F 33 DOFY
ERJAERZ A=

1 3 =11 =1 —
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X 911 qq12
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X @ Spherical Joint
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t? q1 i Yy O Revolute Joint
X @ Spherical Joint
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AAstgivh. 19 2.0 239F ol siwe] Awe] Ik wxtel 9w
o A wet AR G SRR Proor = (Xi-1, Vi1, Zgrouna) =
AA s, opake]l RE 9X¢l p., = ErpWl gl 7} ZolEo
ojgte]l 1 AA7F Ak oF W] 9] pankleL Proot & BE xz
9ol DI, Proor T Prnee, 2 9 28I 9% vl YA o)l

ls,ls (2E5:1g,15)°l 2=l FaAA At 9 ]7} A x| o] 7Zte
= /\1 (2. 26)4 7Lo] :Iltﬂ— 2= Oh:}_

0 = atan(2ankle”* ooty (2.26)

Xankle~Xfoot

VA EUE vh B LAS AL 8, Fi 2UE) A%
A

(gD E 2227 & &

Pinee + Rot(qi_5,z) X Rot(q;_1,x) X Rot(8,y) X Rot(p,z) X [ 0

ankle
0
(2.27)
21(2.27)2 thA] 21(2.28) 9 o] Ak 4 9l
_15
Rot(8,y) X Rot(¢p,z) X [ 0 ]
-1
= (ROt(Qi—ZvZ) X Rot(q;—1, x)) (Pankie — Pknee)
(2.28)

s desty, S AAE fs 4 (2.29) % 2ol
Aolsta 4(2.30) 2 o] skt

-1
D= (ROt(CIi—Z’Z) X ROt(Qi—l;x)) (Pankie — Prnee) € R3*1 (2.29)

cos(6) cos(¢)
—ls l sin(¢) =D (2.30)

sin(&) cos(¢)

ke g 21 (2.31), 6+ 21(2.32) ¢ 98] &3 4 Q)
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Previous center of mass
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Ankle angle
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Knee angle
(degrees)

Hip angle
(degrees)

(degrees)

Pelvic rotation angle

b
=)
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a9 2.25 71 AT ey #- o] 7 [29]

webA o Agtel A= 71 ARl Zrkl RElo] 2RIE A
sine?] g2 Gty Bl FAUS A (2.33) % Yttt
. 21
q; = a;sin (periodt+ bi)+ o (2.33)

74 ¢ a;, b, c; o] gteol uwhel Zepyl mEle ghekst 2 Qo]
ATh e F= widstel 29 2. 26, 1% 2. 27, 19
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2.289 73 $49& A48 Hgt
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w28 2. 299 (a) ¥ o] Edo] Ao HE=FHA S £t
Fodsk A|AEI] A2 (2.34) 7 #U}H[34].

A(@G+b(q,q)+9g(@ =T (2.34)

o714, g nx1379 ZAE WEelth Igi I's n x
1379 ZIE R3xE B3 HETh A(QE n xn 379 #A4
A% FHolH, b(g,) = nx1 A719 FSy 9 A4 #Eot
g(@E n x1 A71¢] FH2 WEolrh. 19 2. 309 (b) &g #o] F3
mdle]l o] AWy HFS Aol A (2.35) % o] AWe|A g
g e wbe] mdlE gy Adel] HHe A zpam|eke] e
F7Hevk4].

AQi+b@d+g(@+ ] f.=T (2.35)

JT e Adel AES we] fA9 AEe] digh Akl
AAYHolry, 2la fo= AwelA o Wk} vy EulE wE ol

Je= A (2.36) 3 o] Feojdt

xc:]cq (236)
2 (2.35)2 Z7) e FaAdow Adore wEal uky
THlE WEQl £ 2 ook sl wEld £ Fay] ste] Eold
28 2(2.35)7 o] zQE FANA A (2.37)¢ LS A=

A Ao Ao 7 Aner WPl J.& o] galo] wWesie},
Ao+ e+ pe+ fo=Jo T (2.37)

o] 7] A]

Ao = (JAYH (2.38)
He = ACUCA_lb(q) Q) - ]cq} (2.39)
Pc = Ac]cA_lg(Q) (240)
Jo' = AJ AT (2.41)

¥ 2 11 =1
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Ace AFT AHe] 7lEd ¥4 A% ol 18 o= 9
) o= W

dynamically dx|3l= < c T el
FYEy 9@ g4y wEolth p. = AFI AFHoE Widd FY
H Efo] ),

Ao el w2 Ar|gE e B Aol HE 24YS
A O Z ¥, =0, X, =00] HAv}f wpebr Xwo ] ¥rE I vy
ZHE MY fi= 2(2.42) 3 o] FE8 4

—T
fe=Jc T —uc— pc (2.42)

AQG+b(qd)+ J.TG. T —p,— p)=T (2.43)

o 171 —
A gr1Fere BN AHE meh mdl $Agle ofF Ao
w99 A7kl ofsto] v RS B g0l e AR & 5 vk =
= i

7} bodyel sl @A AHe 7lE AF[23]5 T8 AT F
olth. 12 2. 269 Z8o] tlale] wro] A wWo| HEs Abhe] uk3o
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Fore right shoulder Joint
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Hind left shoulder Joint
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Hind left shoulder Joint
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<Body2 yaw angle>

0 5 10 15 20 25 .30
time(s)
a9 3. 12 Ao gleol s, nEE sing FFE FHole w9
E‘%—l_l-ﬂ Al%iﬂow (a) s md AlEdold 744, (b) body2 yaw
H,

14 Az, 29 3. 129 (b9 2A=ZE Gl 3§,
o] FZ %o Y= AFTET o wEA 73 WEkA HolA = AS
T8 WFS FA87] HsA = body29 yaw

2 : %
& ARz s wobq Y, mel $2¢ Aojdol Hrie
Ag o 4 gt

kA body29] yaw W L E ITw ol sg], melo] 4%
=28l F7]E Aol HEE s 7hdst PD (Proportional—Differential)
Ao s A 21S (3.11) 3 7o) 3

angwaist,tait = kdangvelbodyz + kp (angdis,bodyz - angreal,bodyz) (31 1)
AVNM angwaistran~ 18, ALY AP FH2 AV]olrt. 181
angvelyogy, = body2°] yaw W& ZEHEOIM . anggispoays = TE
T3 B, angreaipodyz © QA body2°] yaw W ZtLoltt kg &
1

differential A1 %k, k,+= proportional AQl #k-& om|srh. o 7] 4
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(a)

(b) Rl
B
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a9 3,13 8, mEe FAYow Aos T FA WIFE FAG=
Fejeh e ABdelM, (@ Fejst 2 AEeld A, (b) body2
vaw W& 7o T
(a)
<waist angle>
Angle 40 . ‘ ‘ | |
(deg) 201 |
oAAAMAMAA AR,
20+ |
-40 1 1 L | )
0 5 10 15 20 25 30
(b) <tail angle> time(s)
Angle 40 ; : ‘ ‘
(deg) 20} |
oAV
20+ /|
-40 L I L . )
0 5 10 15 20 25 30
time(s)
I3 3.0 14 AoES E& Fd WS A= Eds nd
A Eg o)A (a) 3 ZQES Lz Zte (b)) Ay ZOIEC
£49 2w
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XM body22] yaw
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=
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=
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=
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125

235

a9 3. 15 Zrk 2R AAEFY e, xE #HAYS HHEE a)

Svhl QT BejE wdl b) Evby 23 FHE E 9 o]

wobgel Selgh wme xAEL 79 3. 163 o] 247 1
EH (motor— maxon ECmax22, gear ratio — 128:1) 2} & |83}
T8t sEAoE FEetEs AAEUY. Bodylels= vhele RE[S)
2o EHE Alofsk= s8¢l #0171 Epos28l shel Aloj7]el WH&

F= A9 Ale]7] Arduino MegaZb &A1 ¥ gttt Body2+: #eg]e] REHE
AoJst= 3¢l Al 719l Epos27F &A= At
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% 3016 ZErh 23 AAES] se, ae] AFelolE ek %o 3akel
CAD

Srpl 22 AAIES] EHE Alofsts a9l Alo)7] FelA vEl=
Epos2 24/5, 3@ 9 #el:= Epos?2 24/25 AMgatdid. 259 #AA
T¥= Arduino Mega HTZ+ v2]e] Aojel slg], nwelE Aot
Row 747y 1AM F 28 HEE ARESESITE ZF bodyel Aols}
FAE dyste] % 3. 1 A8

d

3 3.1 =vp 2R AAEe] dolg A

by 22 AAE

total length (mm) 567
anterior body length (mm) 207
posterior body length

(mm) b2o
tail length (mm) 235
anterior body width (mm) 71

2
98 a1 A—T =T



posterior body  width

(mm) >
tail width (mm) 28
total mass (g) 2540
anterior body mass (g) 890
posterior body mass (g) 1460
tail mass (g) 190

3.3.2. Eoby 2% the AAYZ

Svbgol thel HAUZES A Eebuel el Aol A AFo
ME Ae AL wgsel HAdje sbEA AARmA stk sz
Ee wAR 2REe fyE A4 529 ol pxg adz
wrdstel 7 wavth oFeloleE Mx itk webd theel Hojx
AZold, HEZF 274 olgH MAHQL, ot v FAS
Z74417]

L eglo® AgHYth B ATAAE wrbl 23 AAEY
o AUzl SR Evbge 28 S4e wgsts] 9,
tele Felole ¥ stz A#stw, mebRe 3 54
A4ss SE A4S BASE 44 939 443 el djsol

44 H3 HZYsLE Tl dA HA e HHo] HE AW AAS
Callisaurus draconoides® 3 Aol F=3F3 ). Callisaurus
draconoides® FH¥ #AXL 1 F7]o siFst= 23719 dolg= 2A

AAE Tl FESL FEHe T A= 1" 30 1790

EA Tt

99 A 2]

-
=1
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AXS EAbs 448 "3 HASE s8] AsideE w9
Aske] Sk AF dHolgE, d&5d0] e TR A sk Ao
Qs ol 448 #H3A9 AW A4 FHAg PHE ST W,
710l He AALY mE @S ARESh] wiEolnh whebA telx A
MAE Fd FE3 A4S cosined} sined FFE ZA}F &3t}
A= S OHe BE frequencyE 7HAE cosine® e 29
AHEEE A7 frequency”t R Aol vlEl] o] FESHA 2AF H =
e st o]l wEYFeRith T3k xFo] Hxs yFo HARE
EH o ZARElY] FgAlol AWAES FE FEY 29 AFw
DA E dAstaA eFith ARG S cosine¥ sine ¥
AZ3 A4 2= A, B, C, D, E, F, G, HZ A3l 2 (3.12),
(3.13) el A =ak3itt.

X=A cos(§t+A2) + B, cos (%t +B2) + Clsin(§t+ Cz) +D (3.12)

Y=E1cos(§t+E2

N——

+ F; cos Gt+F2) + Glsin(§t+ Gz) +H (3.13)

g1 et 2AFS A, B, C,D,E,F, G HY A5E 475l
QY 2% B FEE AGR AolE HAxndud s

w}a}/ﬂ 2l (3.14) ¢ A (3.15)F H43%s= A, B, C, D, E, F, G, HY
A5 Matlab®] fmincon 7]5& ©|&3t FZ3FA

ol'

Y (Xyer — X)* (3.14)
Y (Yrer — V)* (3.15)

A(3.14), @155 Haseis oA B4 A%
delstgich, w12 3. 18A= B4 A

100 _..,-.A-]—E’,



A& vtk x5 #HEed vF FHEe] dAsted FEH
AR 2AF 45 vl W, R gol 242 0.991, 0.989= Wl 2
stolet 4

24 AR 3

3 3.2 HAstd A Al #)

Coefficient Value
Ay 282.3
A, 0.3673
B, 58.96
B, 0.0420
C1 67.90
C, 0.9645
D 1661
E; 132.1
E, 2.368
Fq 21.20
F, 0.8552
Gy 13.93
G, 0.5141
H 1910

101 AM 21



+—+ Reference Trajectory
+—+ Approximation

2050

2000

1850

1900

1850

1800

1750

1700

1300 1400 1500 1600 1700 1800 1900 2000 2100
X point Y point
2100 | 2050
2000 | 2000
1800 |
1850
1800 |
L 1800
1700 | R=0.991 B0.93
1800 | 1850 =i
1500 | 1800
1400 | 1750
1300 ! 1700
0 10 20 30 i) 5 10 15 20 25 30

9 3,18 BA AAE T FE29E L AFHG FAF SR vl
3.3.2.2. 44 H3A9 At A AA W5 A9
okof Ay AAs ZAF o HAAHS 48 Yo AA W

A 3}sle] endpointd AXHCZ FHSA Shor 1™ 3. 19904
2ol 44 HAE= F 7MY AA WEE 7R3

o
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¥ 3,19 44 g9 AA W

I, l, I3, L, 19 3. 199 BAIE 2z} H39] dolE ou|stt}), 1
ZFollA linkle AAA HAoW FTEHoR 3IHs 48 HAE

TE3E 98kS gt} link4dE groundd] dAEHS A= A FA
Abolo] A E gm|stt}t, 44 H A9 endpoints 1ink22] A#A Al
o™ linkl1Z link2 AFolel Q&= ZOEES AFO R (,, C,UE ol 53
Feoll 91Agtty. @ = groundell AAEH Qe A FHES Adet=
A4 FE o] olF& Zxoltk. 919 7Y AHAA WMeE dAsd
Matlab Z271%-& F3 endpoint?] #AZXS 1% 3. 207 24T +

AT,
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1 1 1 1 1
'29250 =100 =50 0 50 100 150 200

% 3.20 44 #3392 endpoint? A (Matlab)

O % Grashof condition® wW=shd 44 H3a:E= A3
At 21 EASHA v AR 2 AT 448 HAae

o=

ok 23 AAES o dAUSEs A ZolErE 2R AAEH
g AR 2xo] AT 22 AAES] A7|ek wdste] 74 3
sHE AT xFO2 12008t yFOo 2 5008t o]ojof girh. &X
NAES Ty BHEy A 2HoRE X AAFS contact line?
dol= 13002 FA8FHAl duty factore ‘:H}““JJr FAFSE 0.247}
Hojop sty S AWM= AW FA7F AT FE5EE AT
w], A@o] HZF3H endpoint?] xW& <Y é,:E HE Zro
2ol 7y A WEE fAEke] stk of7]elA = AWA ¥ rpmOl
12002 1439 e w, HE £%2 v, = 1.4 m/s o]1L IY &&=

e 559 Zoli= vy, —v, < 0.2 m/sE ASHE ST ol 5
AES a9 3. 21 FE=o yepdd
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< Desired Trajectory > Output point

Inéputépoint i:SOT
Y 120

< 145 _
ifeCtIOn Of move nt

BT | ——

Y (mm)

150 : ] e i

-200

1 i i I 1
-100 -80 60 -40 -20 0 20 40 60 80 100 120
X (mm)

o ol
PN

1 21 Tepll 23 AjAE9 oy WAYUSS A% 4E A9
A| A
3.3.2.3. 44 ¥ HA3}

= Al AbgE 4d Fa HAHE WES Hybrid Taguchi
Random Coordinate search Algorithm (HTRCA) [36]¢]|t}. o] W&
A F e dAE AAH olFofxn. A WA dAE VFo] He
A2 W gt 48 WA endpoint] HAHL wE g zelE
#Hastel= Zlolg. o] dAE FlA 44 ©PA°e endpoint #HA 2
G 71+ AFH FARIRIT. #HA Y] A AR dAE Aelskd
o5 ol @ & QU

min _RMS(15¢ deriv.;— 15¢ deriv.p)
Xiink€R®

Subject to Desired Shape
T,,T,, T3 >0 - Grashof Condition

FoA wAE Z4 AMe FowA R g oxE
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Harggozn AH AVE JE

i

min RMS(2™ deriv.;—

AF dAHE=S 2A

ok
ol

Agte] T oA wAE s ohdel gk

2™ deriv.p)

Subject to Xink = Xunk"

o] 44 ¥ HA3Z W AL
gt AHE Fael oisted HA5)

o
ad
1:1

1_.% LI
Swel TE AL Afuoe
2 gL w7 grd, =

106

a

gREo HA8 WSl &
HNsdths A% e 43

_]
So wla) s sEel g Atk Aotk At o A
e HAFEE Aol ohle AHY HE

B 4
LAtz pEEtE ZFHo] glo] o
=

kol A et Lol thdt 74

1ﬂw ﬂia 1S 0 Evbg
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o Input point @ —_—r

— Desired

=20} Ground Line |
=40}

60

=80}

¥{mm)

100¢

-120}

-140}

-160

=180+ 130 |

-100 50 0 50 100
X{mm)

w
\]
\]
kit
d
h=)
etz
1o

71 A4 @A) 44 "3 FHHsE Sl

3 3.3 HAghE 44 Hae] AA A

Design Variable Value

l; (mm) 58.901
l, (mm) 104.059
l; (mm) 98.169
I, (mm) 107.004
C, (mm) —104.059
¢y (mm) ~38.286
6 (rad) 0.0734

3.3.2.4. Tup¥ 22X AAE v dAYEFS 3xY CAD

flolX =9 AA ®WsE AT 1
s el

2]
3z CAD Solidworks 2014 X2 73S E3) A5}
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°lo] gl HAYZo] Awe HEzFHAUS uw, agPHo
Ao gHE 2o 7] YA nfHYS 2R IS & 9= U
o] Aeekch =3 AAl the) vAY%S) endpoint AH e $17]

2 1 9 o 2 rlo M

uheb Zhw Zedo]l mbwy] wige] AWl HEIE w, F
ARt #85 FAs dAds niEEs d& 5+ W s F7H4
Tx7F AeEsith mebA 919 e xS U F Qe dE-
MAYUSS 29 3. 248} o] 48 P39 FUt ¥AE A
skl

[TTTTTTTTTITTTTTTTTTIIIITIIITTTIT s sassasrsn i ot o

O™ 3. 24 A HEe agd EE -8 wAYS

7% 3. 259 o] mpES wAsy] g WEo AP 119

IO )



Z}e o W ZAC 2 Matlabs TR 79E o] f38to] F7} @9 HolE

=
-
ZAs= AEUCIAS FRFeEAN A8

ab 4 3|
ok 4 o
b 4 22|
e 4 e
=

-2.28 deg 0.84 deg

79 3. 25 WE -k gAY Z2] Matlab T2 73S o] &3 A EHolA

ol Awe] H=5E o, #A] AWM we F $4E 2R
AAES] Tz W AE WAstAl o] ¢ 4 3= double—

wish bone compliant %5 1% 3. 263 o] A A3}

eto = g =

109 % A-I R+ Eﬂ (o]



a9 3. 26 AWM FTAES F5¢ 4 & double—wishbone

compliant 7+%
3.3.3. Tkl 2A} 23 X AE 349 CAD
A AFA AR FA WAUSE g dAUSFES TE3]

TAe =vpll BAR 2RO A AES ¥ 3. 273 o] 3x¢9
CADZ AA =it}

110 J A—] 2 Eﬂ .



567

223

185

9 3,27 Tup BA} 23 A AZ 9 329 CAD

Zrpl wAF 259 EAE= bodyl, body2, taild A FEOZ

FYHe] Gk 7 FAEE AxoolHd ATE WEZ FHuo]
SEHoR $AY £ YES At 2re sidez 2
WYAAN FYSHE 2% 0 Frold, FHS WAL det
9z FEE 48 P29 do| AR Sa AAstArh Be 4w
g Aed Aww FHE ol & UES 48 92 F7b A
9% Fokste]l AAsAY. 2% AAEY BAY v Aol
shock® F&ste] Awe] ol @& o] Fol @AM @A

X %% compliance WMAUSFS F7Fsiglth. 229 F FAI= 2.490

gol F Zo]i= 567 mm ©]t}.

2R 9 3. 289 AR 7 AAE FS roll, pitch, 259
b ARET x, y, yawd AFER SEEn 2o} me o
wAds Tl FF W, S oyvaw WF ARE A AE
wEgor mrhl FA4 A7 dee] 2% HY £ mRowe] AE
7Fede ATE Aot

111 , ,.«H 2 1]| -:fﬂ Tu



0% 328 Eebl RAb 2R AAE HAE WA 9 ARE

FA

ore] Aol A AAE Tupbll BAF 2HO] XA EFS B doA AAR
Azsta F AFE stuA stk 2R AAFY 2Ae &FuE
ABS plastico.® A& T 2R AAFS AL EF oA 3}
APE Fstr, 32 T ARFEE 2xkd FWHOE T&EH]
o8t FEAAS FrtE A TE 2RO BaAlS RS232FA WS
AREE A, A E IMUS 718715 o] &383th # AHE B35k
Trpol F=71Al e, nE A9 dEE 25 42 KBy 2R
Aqgste] T3 WIS fFASE 2 7HeAdS FAstuA stk

3.4.1. =rpl BAF 23 AR Al F)

Tebgl BEAR 2RO AAIES 2" 3. 299 ol AlFEHA

22X F 4dol= 567 mmolil #2223 mm, o] 185 mmeolth

o

2E AAF BAd: s, mE FAEC 77 BEIE 14K
AFE-# 91t (maxonAl, ECmax22, 15W). REQ 3 AFHLE Fo] wkel

112 A—T_.-t]
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Fru
e

>~
B
uid
1o
i)
i)
o
-
offt 1
iﬂi

1

= REE #H$ UEel 2507 dAH
A werow 3 M3t vy HIAQA 43 HIAE FEde s
3t} (maxonAtl, EC4pole22, 90W).

567 mm z//

&

223 mm

185 mm

Y
e e e e e mmmmm— ==L

ankle mechanism 4-bar linkage mechanism

% 3,29 vyl BAR 2] AJAIE Yl RE e HA 7

=

13 A=t

L



e wEe A%
AL A Qs
wEe 47 olde] 4ol s
W3 wEe) Bae @S Ay

t=]JTF (3.16)

7NNt mEY Ba, Fi AW WY, Ji A Mg
oulgttt. F Z=rpl BAF 23 AIAES] 54 | A= 2
23 Ajolo] Aol EAS L, o] wreko] g = Axg o] ok
x 8k BAS kel oa AR o thete] 2
o714 p I A e v Aol

F= [%] - [“k"";] (3.17)

NI\
o

S Bl Az BAASFE k=300N/mYS st nf
A pu=1% 7Fgstd, 23 3. 309 (a) 9 Zo] vy WAYZEY
AA 2 AHe] A zkole] oa] ¥ 3. 309 (b))} o] &
e EA7F AArErh 49E A Ay dest BE EA Hugh
0.557 Nmelt}, webs RE EFC] FHugls adste] 2 749 2H
TH FolA b AFTE 2,679 F WA EHE AAsa % 3. 49
g kAT,

o L B
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(a) m 15

01r

-0.1F

b)

Nm

0.6}

01 0.15 0.2
m

0.5}

0.4}

0.3F

0.2}

0.1}

0

\
AN

Input angle

1% 3.30 () =P BAF 28 A4 Ee & A8y AHte] A, (b)

doge e Sl AdE 28 BE =4

¥ 3.4 v Ry AA

Output angle

HE1 TE2
(RE25, 20 W) (EC4Pole 22, 90 W)
7]o11) 35:1 53:1
RPM 228 226
Ho EA 0.749 Nm 1.489 Nm
FAA S 1.34 2.67
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4<Ql ABS plastice® #A|&etaitt. 53] v A
ABS plasticx 7 A& AA7} complianced A&AS 7FA 1 Q7]
o] =A< FAe AQsAl HEWHAE d#e H2Ad o
AgFs 7HHA st 98-S st

a9 3. 3194 gl = 9le AAHH 22X AAFES bodylels
A9l Ao]7] Arduino Mega 270¢F s+ Alel7]¢l Epos2 24/5 274,
Epos2 24/2 170, 32l ZJAE TE7} gAE o] 3ith Body2els &%)
Aol719l Epos2 24/2 170, ng] ZQIE 2EH 174, g % HEE
277 dAEe] Qlom, mElee o AR HA Hol A orh =R
ANAES F HAFS 254 kegoli Z+zZb bodyl9 HS 0.89 kg,
body29] #=& 1.46 kg, tail®] AFE 0.19 kgl & 598 Zdz
TY3HA A== AT
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B e e

T T

9 3031 Tkl BAF 28 OAIAEY] 7

3.4.2. HHAE ¥lx 2 &% % 23

Tkl 2R OAAES S I9
o] gste] 1 felA Ryttt Ed=d
2 EEE -3 Aol 7HEste
o] PFEHS FAES X
g 4 qlxo] 530 mmoO|
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EYrd Foole «4Fuy Tvgdy LM 7lolx, IAEFS

o
ol-&sto] EX AAFS AFEE
AAEAT, Z2HE AAEFS 18 3. 349 Zo] AFE 5 A E T
roll, pitch, z%9 AHFE7F ASHI, x, v, yaw?] AFEZRE o]Fo
7beatth AR S AA = s e SR Y 73 0dEe

I
ol
O
r \ r
o
B
N
=
I
o
w
w
NG
o
U
o

_—
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o
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T
P
fabii)
o
=k
Bl
2
>
et
o
™
o2
i)
b
S
b
o
-
rr
12
i
flo
st
kY

1 T T W
2 3. 34 T
. AR B
X]-Elo _'_I_T: A
il , pitch: %) e
A 3] uA
B =X A
] A& (
X,
Yy, ya

T3 By ]
%7] yaw S
_}EE
EAASKCI R b -
i v ]Ez A B 13}Tj‘ﬂ’ a3
i I LL :
) 23 A A FO) L FAE 19 stef, =3 /\]xi]jjw] P
I3 &% = 3. 35 e L
o] Ega}nﬂ%w xﬂﬂao?u}yaw
a5l Z]lB]—l ;
: o =49
Aol
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%9 3. 35 F3 A A, Tepl 23 A AFE yaw

st 27] yaw x5 A FA = A

)
k
1o
o
o
julo
o

3.4.3. WA W B A|~E] 7E

Skl BAF 25 AJAES] 58 Bl yaw WE AEE 1]
A8t MM E IMUAIAM (Ruva Tech AF, RTxQ)E AME-3FAth AlE-4
IMUAIA S Fo EAS & 3. 59 Fa ik

it

¥ 3.5 IMU AlAe EA

IMU Al A
A&7 RTxQ
A 2} 3] AF Ruva Tech
7] (mm) 23x33x8
&4l RS232

Sampling rate 125 Hz
(1~256 Hz AH& 71%)

=74 ¥4 + 180°
AU E 0.1°
A 17 g

dd 919 IMU AlM = roll, pitch, yaw W& ZtE F74o] E5F
120 AM=T



7bsstth. Roll# pitche Ztee 7HEE AAE F 3l E
AMAE Fdll s RASA "k AW yaw W e E VSR
ANE E3) =Ast, 8 A7 opd A7) AMAME E3)] BASHA
dof. 2 Aol AREE 2R AAFES] Afels EHOlA sk
A7)l A& Aol Y E T Avta BAdste] REY] T

v
o
4
oy
S
>~
=
ofo
off
o
£
>
N
o
S
fo
(1
off
o
X
4
&
off
L

27170l IMUAIA 9] A 2}7o Y& F& A
AlAFo] dAle] HAE MAE ARESHA] dkevhd, APl FEgE
w2 gkol IMUAIA G] yaw W& 425 IUE ARS

Ao = HAE MA ] Abgo] E7haerlr] wiiEel F7EAQl A A7t
7l 28y ARE 75 X7 dHdE yaw WEOE
slAstE Fol 29 3. 369 22 9 WIS yaw HFNA rolld
wgos wWEste AAE A, IMU AAME ZFaste] 7]&7)

ANE B yaw BB A2 Sk
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Gravitational acceleration sensor:
Yaw angle = Roll angle
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Right foot contact

1 DF = 0.246 .
(Lizard: 0.24)
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79 3.39 TubW BAF 23 AAFY @y Adyte] A5 1 E

w3k 3 HAE 3o A9 Alo]7]Q Arduino MegaolA Hodl

A skl olel &9 Ale171]l Arduino Mega?l

k¢l Aj7I2e] ¥E @ EH encoderolA Hul =& EE AA
ks vlwatel 18 3. 400 1HZE ZA ST

125 ; _H 2 1]

B o9d Wy gte thel, s, meld 7 Rest Ads sRs:
Ql3s}ar



240

220

200

180

160
0.55 0.575 0.6 0625 0.65

left leg motor angle
500 /
300 ’/M
~
100 /
100 02 04 06 0.8 12
===-=gdesired angle real angle
right leg motor angle
100
100 04 06 /e'a/ 1 12
300 \
200 \

===-desired angle real angle

waist motor angle

66068 0.7 0.720.740.76

= = = =desired angle

real angle

tail motor angle

6063 0.7 0.720.740.76

— ——-desired angle

real angle

2% 340 29 Aozl mE W gk (e
ZHOBEA 22) W

126

>

)3 RE ] A




3.409 =& HH, BEO Wy #s AA el o 40
2 %S gt RS g5k, BEHO A Aof7F AgE

AT A1 AAAE WA dx 2ol Age
}\ =

T FASE Zlol Bbsd AAE #lstaa 19 3. 413
sle], g el F290] = A

71 %o body29 yaw We Zt=E mj=w wlo} =8 WS Fy,
neE i fAsE A4S FAEAT Body29 yaw W ZEE
IMUAIA 2 sz ol g w1 & £29 F7|Z2 Ao ME4=R
st Fket PD(Proportional—Differential) #lo] 4-& 21 (3.11) %
atAl 21 (3. 18) 2= RIS

olft
e rl

ANnGwaist,tait = Kaangvelyoays + kp(ANGaispody2 — ANGrearpody2) (3.18)

AZNA angwaistran< S, AElo] w2 XFE FA7]olv}. a8l
angvelyogy, = body29] yaw W& ZEHLO|IW, anggispoays & FE
T W, angrearpoayz = DA body29] yaw W Zo|th kg &
differential AR #k, k,+= proportional A%l g5 &mlgtt}h. of 7] A4

angreal'bodyzl;__: }\E])\]ZJ——O] O‘I—]/‘IF,/‘I— ‘:‘_]__ ?7]% ‘:‘__ EFI_"O/] 7'_11_5% 'O/]U]‘:‘J:T:I—
A A S S s, 1y s4dE % FA W A4 IS

9 3,429 2ol FEIT

127 A2 | ol



oft [

%
%

& —

R0

128




| = .
o S | — o
t - Ny

NVHM

129




AAR F3 w3k {Fx]7F ZHJEAE Atz T3 wEks
oJulsl= body29 Ztxel s 19 3. 439 yEhdla, 3,
mE e Aol gl AdY wlws] BEotuh wlw A 3, xelo
A dol Q= AFod= AlFSE A 5x7F HI] Ae| F3 ko]
o5ty HEol oA gAR Y, mye FAYS FI T WIS
Aolst AS-ole= body2e] vaw HE ZterE E3X ZFEel 02 E
7o 2 F714Q 2AYdS ¥t F3 WIEds fAE e AS
glsk 4= AT

<Yaw angle of body2 of prototype>

BE Aﬁﬂ&ﬁﬁﬂﬁAAAAAAAAAAﬂAAAAJ

0 5 10 15 20 25 30
Time(s)

Control pelvis by the waist, tail
"""""""" No movement of the waist, tail

% 3. 43 518, 2y FA%de] v Tvbl BEAF 2R AAlE 7Y
gt Se, mAE olgetel 7Y PFL Aold B body2o
vaw W& ZHE WI OB G Ale] gt A, Tk A4 Aol

[e]
A%

Tt F3 weks fA gk Aoyt o] Fo AJAE

3.24 9] simulation®} body29% yaw Wek zZt%= 7kS 19

3. 4404 Hlwa] Bgrh 18 3. 449 gz Fadd £ glEol,
[e) T

Agdold gkt A glol @As AXSAE AW AFA
Wgetn, HEE ZEd 0% JlFom A%s Fu 1wl
FATHE RN Aol HEaes A9 + g

130 AM=T



<Yaw angle of body2 compared with simulation>
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Abstract

Design and Analysis of
a Lizard—Inspired Legged Robot

Jeongyul Kim
Mechanical Aerospace Engineering

The Graduate School

Seoul National University

Animal inspired legged robots have been studied widely to
overcome and adapt efficiently to various terrains. Animals having
legs can be divided into two categories based on their basic posture,
which are the upright posture and the sprawled posture. The upright
posture has an advantage on effectively supporting their body weight,
whereas the sprawled posture has an advantage on overcoming
obstacles.

For the legged robots, if the size of the robot is small, the
obstacles of the terrain become relatively larger. Then the sprawled
posture robots have more advantages than the upright posture robot
in such scale. The lizard inspired legged robot has an advantage in
overcoming the obstacles of the terrain. Therefore, in this paper, the
locomotion of a lizard is analyzed and from this study, the lizard
inspired legged robot is designed.

For the ongoing research on conventional legged robots, most

of these area sprawled posture legged robot which mimics the

142 ] 2-1]]



locomotion of a cockroach. Since the cockroach has only one body
segment, studies on cockroach inspired robots have been focused on
increasing the velocity of the robot rather than analyzing the effects
of body motion. For the upright posture legged robots, it has been
studied mainly on mimicking the gait of the target animal rather than
emulating the relationship between the body motion and the
locomotion of the animal. It is noted that replicating the locomotive
behavior along with the body movement of the running lizard has not
been ever attempted before.

In this paper, the principle of the periodic body movement of the
lizard is verified by analyzing the relationship between the locomotion
and the body movement of the lizard, utilizing the dynamics model
and simulation. The lizard inspired legged robot was designed and
experimented to empirically show that the principle of the lizard’s

body motion can be applied to the legged robot. As a first step, the

dynamics model of the lizard was established for dynamics simulation.

Taking advantage of such dynamics simulation, it was shown that
either the torques of the waist and tail joints or the ground reaction
moment (GRM) are necessary for straight running of the lizard. By
considering the anatomical structure muscle of the limbs of the lizard,
it was shown that the GRM is limited in magnitude. It was also verified
using dynamics simulation, that the torques of the waist and tail joints
produce the required moment for running straight, when the GRM is
minimum. From optimization of the dynamics model, it was found that
the S shape body movement is produced when the sum and the

difference of the torques of the waist and tail joints are minimized
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and when these torques of the joints produce the moment for running.

For the design of the lizard inspired legged robot, the dynamics
model for the robot was established in the horizontal plane. The
method for modifying the running direction of the model was
developed using the torque of the waist and tail joints. Running
direction was maintained by the torque of the waist and tail joints,
controlled with the yaw angle of the lizard’s body. The lizard inspired
legged robot was fabricated using the four bar linkage optimization
method. The robot was experimented to maintain the running
direction using the torques of the waist and tail joints on the test—
bench. As a result, it is verified that the principle of body motion of
the lizard can be applied to the legged robot, which is to maintain the

running direction using the torques of the waist and tail joints

Keywords : Lizard, Bipedal gait, Legged Robot, Dynamics simulation,
Body motion
Student Number : 2009—20660
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