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ABSTRACT

Biological snakes’ diverse locomotion modes and physiology make them supremely
adapted for environments, For example, moverments in soft groundsconcave-convex
wasteland, a narrow space, etc. are all possible. Snake-like robots with such high
environment-adaptability of & biological snakes have been widely developed.

To increase a snake=like robot’s environmental adaptability, in this study we
analyze influence of the inclining angle of slope to creeping locomotion of the
robot and derive its optimal creeping locomotion cirves that are adapted to the
given environment. In this paper, we have firstly formulated robot kinematics
and dynamics of 2=dimensional robot model, and interaction of the robot with
environment on a slope, and developed a 2-dimensional simulator to simulate the
creeping locomotion of the robot on a slope. From a viewpoint that the biological
snakes generally use unsymmetrical body shape which enlarges winding angle of
a tail part on the slope, we have verified the validity of the unsymmetrical body
shape applying to the robot by simulation results and experimental results. Con-
sequently, the snake=like robot case is different from the biologjcal snakes’ case, in
which the insymmetrical body shape which enlarges winding angle of a head part
is effective. In order to compare with the biological snakes, a dynamics model of
the robot has been hrought close to the biological snakes by increasing number
of links. While increasing number of links, the dispersion error of the body curve
decreases and the robot speed becomes faster, In the case that number of links
is made more than &0, it turns out that the body curve of the same tendency as
biological snake is shown. However, it is hard to say that same result as biological
snakes was obtained. A 3-dimensional simulator more close to the real robot for
analyzing influence of links” rolling moment is required.

In this paper, we then modeled robot kinematics and dynamics of a 3=<dimensional
robot model and developed a 3-dimensional simulator to analyze the creeping lo-
comotion of the robot on a slope, 1o verify the validity of this 3-dimensional
simulator, we have compared it with 2=dimensional simulator. From the results, it
was clearly shown that the influence of the moment on a slope can be taken into
consideration by the 3-dimensional snake=like robot model. By using the developed
J~dimensional simulator, it has verified influence of the change of the joint DOF.
Tn the case, steady motion and 2=dimensional simus~lifting motion were realized by
changing a snake-like robot’s reaction forces on the slope. In the case of steady
motion, it turns out that the movement efficiency does not change no matter that
the joint DOF is 2 or 3. In case of Z=dimensional sinus-lifting movement, if it is
made 3DOF on a joint, the moment concerning all DOF becomes large and reac-
tlon forces are not possibly distributed together with increase of the inclination of
aslope. It turns out that the case of 2DOF on a joint shows good result.
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Fig. 1.1: Capability of biological snakes
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(c) Concertina movement (d) Side winding movement

Fig. 1.2: Snakes movement
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Fig, 1.3: Snake as a biological machine
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(a) 1DOF Snalke robot (b) 3DOF Snake robot

Fig. 1,4: Snake-like robot
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E T — Mmpe1gsing = mpmiicrm
Sy = = ey
Tt — (Upnm=t) — lnm1) ) (SNt [y — COS Gt fricy)
JrlG(n—l)(Sinqbn—lffr:zv—l — ¢os ¢n—1fg—1) - In—la;n—l (2'15)
2T I ER M 3D v 7 i OEERLIEY) V7 i DBEMEE— XV b 1EY v
7i—=120 07 i 03 v i@ B L 3B s Ik 5 b
VNI TH 5,
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friction force point

()i HHDY v 7

'f

center of gravity

friction force point

b)OFHDY >

[

center of gravity

c)n—1&HDY >~

Fig, 2.3 Link model

13
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2.3.1 M7 OBEFRR

CETICE U 72, R, RN 81 2 8B 223 A, R B 1 28 )%
IR X DK (216) D P vy DBIHRA &K (218) D oBIfRA2EH 52 2 &
MTE5H. 2T =sing,; —csg; £ 5.

D71 =7+ %7 + Mo(#ho + 9) + M (2.16)

TeR-l B b Lo

Po € N2 K DIHEEE

D S N : BEIFT AT i e

Fr e R EEREIIE

Or e @O B XY A JIH
My € R<2.0p L g D2 % R $1T51
M € Jn: 814751

ge N2 HIJHE
BTN DO HEFE I
- T
T=|T1 T e Tn—]} E%n_l
- T
Po=|xo Z/o] € R?
v T W T
o= _(Z)O (b’n—l} c i
-1 2=y
D={Dp} e ™D, Dijy =41  i=j+1
0 others
I ={m} e R"
n—1 n—1
T = > T+ = Y TR+ e
k—itl E—itl
r={"ro} eR"
=] N1
Oy =t > (midgn 1l > my)sin(g = 6:)6%
k=it1 =kl
n—1 i—1
— (il +1; Y my) D> lesin(de— ¢)é
=i+l k=0

(2.17)
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Mo ={ Moy} € R

! T

Mogy =(males +4 Y my) [—Si CL} € R
k=it

M :{M@-,j)} c
.

Mgy = mle® + Li+-4 Y g,

\

g-— _gsinw

ERSNB,

2.32 HAOEFRK

7]

Limila +1; Y mg)cos(gy =) j<i

k=1

T
ji
f=i+1

n—1
(Ml + 8 Y il cos(gj— ;) § >

k=1

O}T

Tf+5F + mo(gh+9) + mé=0

FfeR2: ) v 7@ B o

Of c R2 LB LT3 YA ) oA
mg € N2X2 . 0p, g DIRBATH

mec R0 qb DIREATH

FATHNDEF L

[ 7ol Tomm] T
I f— _fog _foi’g} € R2
L A=0 k—0
r -1 n—1 N
— Z(mklck + Z m; )t
‘= = T e R
= (miler 1 D> my)sud?
Iy parr) i
n—1 10
Mo=>» my [ } c R22
k=0 0 1

15

(2.18)

(2.19)



16 2% 2ourhaief T BN E b
m ={imy} €3

B n=1

—(mylei +1; Y ma)s;

m = = € R

(mj@ LY mee

k=41 _

ERSND,

2.4 fwO/Ry b OEEKROEE LY D&

(2.1) Sz &
¢ =E0 | egy (2.20)
- T
p— QSO " ¢n_1j| E %n
r T
=6 --- 0n—1:| c Rl
- T
ezl-nl}ewl
E — {E(z,j)} c %nx(n—l)
P 1, i>7&1>1
) 0, others
EFRED,

22T, Mo Ry FoRIBEANG 254, 0 Ry F OB 2 ENT 2 FikEE
LT 2 (218) X,(2.20) 1> &

Op = —my'meé —mg' (/£ +°F) —
= -m5'm(Ed +edy) —mg'('f +°f)—g (221)
(216) Rz (2.21) RUFRAL T
D7 + (Momg'm — M)edy
=174 07 — Manig ' (" f +°) + (M — Momg'm)Ed (2:22)

aﬁb@gnﬁib%ﬂﬁﬁmﬁvF@X%%%@xﬁﬁyﬁﬁMEﬁﬁﬁi
D(2.22) A 5K v 7B b Ly 7 gy EIHE NS,

Ko EH L Zgfa Ry s KB NV 7, K O MR EE, /A hEeE %
W5 Z Ik ) RHANC BT B I TN RNT ST RE & 75 5.
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2.5 X&O

AFETIE, RAICE W T2XRuE T VTR Ry ~ OITEEETOREAKXZ
L, R e Ry b OB, KB ML 2B L I s &2 HvS 2 ETRE
A TR BN RN HSATBE IS 75 B
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20 FHIE 3ZOouRHmre BB At

3.1 FUHIC

BAICEI £E— X v P OEDY VIV ETNVIEARAZEE T LI LT, L) FEHE
TS TE S X HICT B0, v 7 EFIVE JRICICHRR L, Rk T%
BIfENT 21T, 2 2 T2 RIGE TV DA & kR, AR Z2 ek L, 3 XoustfkE
IR B fENT %2 AIREIC § %

3.2 WEORY NETIL

L gRa Ry MEnfEo) v 7 28a2b0 8 LB 1 Bl Eo R &
¥ %.(Fig. 3.1)

2. WHu Ry b 1RED) v/ EZ¥u T2 Lick D, B HBE
2R 5 2 EDHBETH 5, (Fig 32)

3. BEIT 2RO MEZ BATH B LT 5. &8P TRITDOERNE D 354560
RIIEERE L 720,

Fig, 3.1: Model of Snake-like robot

Lo S ™

(a) 1DOF (b) 2DOF (©) 3DOF

Fig. 3.2: Link model
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3.3 REICKTEEEFELRN

Fg. 3.3 3D-coordinate on a slope

i+1

Fig. 3.4: Link model

eRa Ry F2EE T 2 RHEOMELR % Fig 33D L) ICRET 5. ¥ I R7
vl € 13, BRI 7 RV e, € 13 IIFBIEIAIEL 0, 2 T

li = Ri; (3.2)
R; = RyoRyoR 0 ﬁ Rio,) (3.3)
=0

LFER D, 22 TLLE 1ZIAELBMC BT ATEOMER 7}V, [EEESR 7 oL,
R0, Ry, R0 3HEMI T R v b kD284 3 H €% £ T 7 » OB R;
N33 13 HH o AlEEh I X 3 RS2 THTH 5.
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# Az E 12 P € R, IE P, IGERE P, B AE Py € 13, 8 Py, hink
Ji By &2 v

2ml

pi=mt) i (34)
Di—pot i(wj x1;) (35)
B o b S (@ X 0) 1wy (0 1)} 30

L4 3 (Fig, 3.4).
i H OB DA HER 7 b L w 1k

wo = 020+ Oy + 0-0€x0 (37)
w; —wp+ ZZ: é)jej (3.8)
=1
wp = Q;coexo]Jr '@Jegp + .00 + w0 X (Qy()ey()) (39)
+ Wy X (onezo)
Wi =+ i:{'éjej T wig X (0e;)} (3.10)
=1

ERIND, 2T h,0ip,0.0 13, 8 ¥ 7 DEB e epn,e.n € I 13LHE R
TR AIEERIS 7 1 Ly % 7 w0 = Guoeao € Fowo = wio 1 yoeso T 5.
%V ¥ 7 BLOMLIE pe; € 18, B Py, ML Pe; 13

Pci =pitlc (3.11)
Da = P; +w; X 1g; (3.12)
j_’jl- = jjz + (:d X lGi + wW; X (Ldl X le) (3.13)
Eix b,
F) v 7 BRI DO pr; € 3O, WEL ppy, IHREL By 13
P —pitly (3.14)
Pri = P, +w; x 1y (3.15)

L5,
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3.4 REICKBITZENEERT
341 Za—hkY - AA4T—DOFER

tLae
ws?
.
. .
-
el .*

)
e
I"‘
[
e

center of gravity

friction force point

Fig, 3.5 Link model

i BHD Y ¥ 21T 2 N8, B D 0E— A ¥ FOBAI S Za— by
DHRR, H 4 5 — DRI

fi — fipn + Jei + i@ —miPey (3.17)
;=1 =dos X fi (G =1) X (=fip1)+
(Iri — li) X feo = Loy + wi x (Liwy) (3.18)

ERIND. 2T, ;e RIFIBHOBFICGZA 2SN, n; € RBIZiHFHDOH
FICMAZREE—A Y bfo e B33 v 7 OEMSICE S A m &) v 78
BT c R332 olElET vV vg = gl—sing, 0,—cos L 1A ICE T B
HIMBEER Y b, 7272 L, ELDEER TOBEMET > Vv I G HEERETOENE
FUYNLERWTL=RIR Tb 3,

SEIHEAD MBS Oy = |0, Oy, O] € Re?, SETRLIE DI po = (2o, Uy o] €
R, BAI A IEEE § — [0, ,00m1] € R BIENICHAEI L 2E—X VPN =
[nd,- -, [, 3XtkEn Ry + o bR g = [6F, pb, 6T % AT (3.18)
Polgn Ry bR —X 2 FOBARRIILITO XY Ik 53,
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{njﬂ = M6 + Moo + My (g — ) + b+ Ke fe + Koo + Ko fo
1\~/[(q) < Ranxn—1

1\:/[0((1) c Rpanx3

Ma(g) € 133

(g q) € R

Ke(q) c g%%nx?m

Kno € RIx3n

f{ fO(Q) c Ranxdn

03 . e 03
Al, 1€1 O
M = Ag,lel A2,262
| An_1,181 e An—l,n—len—l ]
Agp
My = 5 |:exO €. 620:|
Apm10

LLLT RS i i
{ i }mm ==> M) _Li—lg)}
k=j

My 5—1 X 70

E’i ZZ:Ai,j(wj-l X (éjej))

=1
+ Asplwao X (93;)63,0) + Wy X (onezﬂ))

+ i:{ i {mk(i: b—lop)} x (Wi x (wy x1))

70 k=71 Ik

TS = dg) (e x (05 %)) — oy X (L)}

k=g

(3.19)

(3.20)

(321)

(322)

(323)
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g %] 0
K — [Eel:ox] [Eenx] . (3.24)
_[Een-mx] [Kepmt.nm1X]

ke = Z L—1y; (3.25)
pa
-

K= | (3.26)
| Es

Ko = |=30 04" =o' o =30 lﬂT (3:27)

i

1 k—1
A =) QU e O b —lew)Es
k=3

=7 =k
Fom1 i
= U+l 4 =lop)") =L} € R3x 3 (3.28)
=7 =k
Z 2T, E3 13 317 3AN D HAAT, [ax] 1F
0 —a; ay
lax]=a, 0 =a, (3.29)
—ay a0

LRENBERF P U 2 ATHY, N7 FADNEax b= [ax]|bHHEILT .

3.4.3 MLV DOEFRRE
SR, D7 7 F 2= HHIMTHAETRE IV m LE—XA Y b n,; Il
n=eln; (3.30)

OBRDH 5 2 6N (319) DE—XA Y b N ZEHTHID enx3nic & h %
BT 27 S Ve T 2 LRI P VY T = [T, e L € RO




% $3E 3L TR E R
LEXND, CHE DN LY iR
{;} = D(M6 + Myby + Ma(g — i) + b+ Kefe + Knono + Ko fo)

— M0 + Moy + Ma(g =) +h+ K fe + Koo + Koo (3.32)

M(q) € R+2)x(n—1)
Mo(g) € Rt23
My(q) € 1123
h(g,q) € Rt
TKe(q) C Rinx3n

3.4.4 HOEFRN
~ErARy FREDOTDHD G0z (3.17) 205

Fo=VO+ Vb +Valg—po) +u+Kefo + fo (3.33)
ERIND,
Vi(q) € R (n=1)
Vo(g) € 733
Vu(q) € 134
u(q,q) € N3
TK.(q) € ¥
V=laixen, s Qoo X €0mi] (339
Vo— [ao X €0, Qo X €pn, Qg X ezo} (3.35)
n—1
V,= Z m;E3 (3.36)
i=0
Tymm]

u = Z{(}j X (wj—l X (éjmj))}
7—1

+ag X (W X (9yoeyo) Tty X (ézobmezo))

n—1 n—1
=) {lwix (wyx (Y midy +miley))} (3:37)
7=0 k=1
"Ke= |Eg, -+, Ey (3.38)
a;= ni:( HZ_: maly + md i) € W (3.39)

k=j =k+1
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3.45 BNZERI

K (3:19)4(3.33) %, 41 - Sh'— X v b DM E LT Sy, fooTt, N ZXE T &
LTE Loz EBEMiAmImEE g, JifiE - ZRDOIEE 6,0, BAfitL 7 o
BIfR I

p
7| |M My =M,| |4 M, h K
LJ{V W)—VJ ;;+{WJQ+LJ+@KJE (8:40)
0
. [Mg Mo, Mp} ol =M,g+c+K.f (3.41)
Do
L F B,

3.5 WEHZE

L 7By AR (3.41) 52 & ALIE O BIES) 6 % 5.2 7236 2 N e BT
20D LY EZDEEDA~ER Ry FMEEHOESE Gy, ph ZEHT 2. b
DO f R IEET D E M VY T LRHOES G, 6, 13

-
Oyl = Min (Mo —M,g ¢+ K.f) (3,42)
b
B, E
- 1
Mip, — { Onn My, =M, } (343)

ERFED, TITMypg E R TH L, Ik D, ErRy FoBEi b L2,
KB ZHH T2 2 EDTE S,

3.6 N7

WERI T Ry M IINTEREL & i L 52 L) £y € RO IEIEPT fy,; & BEER
N e ho

Jei = fibi + Sy (3.44)

ERED, 22Tl € WIZEESHOHPALGHRT SV TH B0 v 7 DM

SR BB fr BT, € Re® LIERTT N, € RS OISR 5 L

Iri = fiti + Jim, (3.45)

L%, T, [ BERATRERENIORE S, [ IR AEREIORE ST
b5,



28 B3 3 JOLAEE TR B AL
3.7 XEH

AETIE, e u Ry b0 3RITHHE TR EIENT 2 g 1T 5 720, AKX %
R L 7z AKX Slpa Ry b oEE R OB bV 7 28N TS 2 ESTE
%, & o T 3RIuAHAMB TR BT TREIC 72 5,
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4.1 FUHIC

MHEICB VL TAEY ORI, RO DL QD 2KREL T2 L) BAREBSERTEIKR
ZHWTw3, 22T HEo Ry F o2 ERMT 2. £, o Ry b
IFAHTEREL & OMEAEHIC X DITREI L TV 5720, Z DBREIDE T ULELT ),

4.2 {NFEHRR

WEHFEE L T\ % & & ICH R DIPIRZ (Rl & W5 ok TRihE & LT,
5 F CRA e PRED e ST E 72 41 213, N. Rashevsky 1 = AJI1C & - GERIZAT
W [24],.Gray & Taylor & 13 IESEHEEIRRIC & > GEEIL [25], # b &Kz B 5
TEDEENC DWW TEM L 72, F 72, HHertel (&, FRIIE % x il & y 6il/7 100 0 1E% K %2
AL 72 Meander &9 2 MIFRTEBLTE 2 & L7 [26], T ITxt LT, M
EoTruy A4 FHIFRIC X 2 BBEUEDRL % S 27, S SIKAHS Tk 5T
P =R/ 4 PR E S N (1), 2 D22 DR ORI, EHIRIROPIE T H
52 TR, K DRSNS IR EAS A I & 7 2 X9 ICHfiERR IS o 72
HEZHHL T ERTH S, Z 2T, AR TR Ry P OFRBHhft L LT,2
RIWKFH ETECHAIN T 59—/ A Filiftz RHner i@ 4 2,

4.2.1 TEFRGAEF LR

KBTI, < b DR R ER A R T 5 (Fig 4.1) % —
/4 Rz AT, RIS IERIEL T 0 X 5 AR TR,

(sp) — = 2T i (2T

SO —_/ A Ffifgziefia Ry MGEH T 5 729, fhiftz ) v 7 Kol L

B UXR 50, 2 2T, MBI 2 SFRIRR IS T e 2 s e 25 v 7
RS 270 AT ORD &) IcEALT 5.

sp) 1 I (4.1)

stap, 5l
%@m/ () (4.2)
stsp,_+31
st+ilt-k1
A k(u)du (4.3)
SH=)1 A
04(s) — —200sin( S0y sin(ZhnT g ZBnT | g (4.4)
n L n
N _4Kn7r . KT 2Knm 2K .,
0;(s) = - apsin( - ) cos( st 7)5 (4.5)
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. 4K, . K, 2K, 2K L
Bi() == = agsin(=1) cos(“s + AR
SKEm? Knm . 2Knm | 2KaT . o

+ 75 Qpsin - sin( 7 S+ - i)$ (4.6)

Fig, 4.1: Body curve(symmetrical )

4.2.2 ANERBAF IR

FHAIC B W TEY DI, RO TTD ) 2 KRE T 5 X)) BAERLEEER
EZHOGTW S0 g 42108 X9 BEHO LD Z2REC LAY, WITKRE
ROJTDLRYKRELSTELLIICTE. 22T HMCRD Aoy 2B 2 & 1cZ
ftcEs k)i, Z20HEa2R8 Lk DREITERL, EXMLL b D2 DT IC
N

ﬂg:-%@amffnmﬂ%ﬂw2§f@+Kﬂ (4.7)
a(i) = 1%01“ +ag (48)

F7-Fig 43R T X ICBRBEDEEEZ 2 2 L TR RIFBEZ Enp 2 Lw
bk 77 AT HELEEDTOSNRY) ZRELSTHILENTE, I F
AT B EREBEDTDL RN ZRELTEHILENTE 3,
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Fig, 4.2: Body curve(unsymmetrical )

00=45, K=0) m—m
00=45, k=-3.5 s
00=45, k=3.5 === 1

X

Fig, 4.3: Unsymmetrical curves determined by the unsymmetrical factor k and the
mitial value of the winding angle o
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4.3 —0OYVEEHRH

WERI T Ry b, MO & QR Z RN L C TR EIT 5720 7 —u v B
VT, BN 2 2 TG B BT I, R R OB o 2 2 Ty — 1 v
#3,

o —%MS Ini |f| < Vi static firction force
f —sign(UDpfni V]| > V4 dynamic friction force
(v =1,n)

DEICERT I ENTE S (Fig 44,Fig 45), & 2T, fus, tup VFEERIT I FHEERE
FRA - BHBEREARIK, phr,s, D 1 VERIT I EHEEHEEAR AN - BEEHAREL Y, I3 FEIR & €
FMUET 2 72 b DEREERE L BB OBIFEIE TH 2, £ 1o, BETIA, BT 0
i

ot =n! Py (4.10)

TH 5.

maximum firction force

-
|

vV y

static friction \ /l'ynamic Jriction

Fig. 4.4: Coulomb friction
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Friction force poi

Fig, 4.5: Friction model

4.4 FXEH

REECI, BT Ry F OWIIIERE ¥ — </ 4 Filligz e CER L, 41
DR BET 3% 9 £ GEBICE 3 X 510 Lo, £ 7, Hilfi & O figher 7 —
oIS & D F AL L, MBS R E AL L 2.
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MHEICE TS 3R TieB AR

N DIEB) AT
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51 EUHIC

HEICEI L 2B AR A HIC LT 3ot iia Ry + OB AT 24T .
CoLA, Ry FORY V7D 2RI EFICHEML Twa L) Rz
52 %, ZOBATH, MHZEIBICAEL 28— XAV POWELERT L2 L0
TE 5. AW T3 Xt v Ry~ OBz il 2> & OFL I DBl X D T
T %, Z 2C,2 Xousinus-lifting 3E &) & & 5B 2 B E IO TE AL
ER-E

5.2 ENHZRE

Yo LS, R Ry OB L oBIRE LT 5. 000 EHTIOBIRIE, &
(344),(345),(4:9) & D

foi = INifei (5.1)
LR, LoT
fe=Ffy (52)
feO . O
F o Jel “n
e = . € ph (53)
O f:a,n—l

LR 5. 22T [ vee s S f ERETH D, Tk D, FiIEREET UL
AIE—=ITKkE 5.
R (3.42) K hita Xy b OB EREAR LI BRI

T Ar | br
Gl = |Ay L Fefn + | by, 54
h Ay, by,

L5, 22T Ay € ROTDEA, € RO® A, € REC Bz TNk
Ry OB NV T, SeUEALIE O KB b, ST E DO NREE py & 54T fo OBIR
ERTIITHY, by s € R byt € B, by e € RS BZNZT1 i
1B L, FAIEECIRE 2NN f T X5 RVIHTS 3,

5.3 2XTTVFHEHDHMEEH

eI Ry B2 Ron T CHE) 5 72 9,7 il5 1A O MEES), X, Y A D o
[M[HSEE) & 3 D DKL ETH 5.
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VA I NBERDE L E3AR
n—1 n—l1
'O fat> mg)=0 (5.5)
72=0 —0
X, Y Hil 0 [l o Hy g St
Tpmm] 1o
'O (pri=po) X fu+ > _(poi = By) X myg) — 0 (56)
=0 =0
Ty n=1
IO pri=po) x fa+ > _(Poi = o) x mig) =0 (5.7)
=0 +—0

%5, 22 Ca, kW EZNEFNX,Y, ZHOHLRT S LTH 5, P EDH
HEMAE2 TR T S L

Aopfn=bop (5:8)
iT((pfO _pO) X jieO) 2" iT((pf,n—l _pO) X f;e,n—l)
AopA= |7 ((Pro—p0) X fo) s+ » F((Dpnmt =D0) X fep=1) | € RP"
1 e 1
(5.9)
Tomm] n
~7(Y (Pci = po) X Mig)
)
BooAd = |57 (pei—po) x mig) | € ¥ (5:10)
=0
n—1
—kT> “myg)
L =0 _

THD, INE DI fiv 1 EELD 3 2DEMEZ2W 72 L TANFHHICEZA 5 2 &
BTE5,

5.4 MA—1kD%

BIfii A EA N 72— & L IDER DS %2 € T WAL T %, £, lBOEH
DEFNIMES RIS AMINTE3HDETE.HNICEn=30EHERD %
7o, COHFNRNZRET S, ZIUX, ROE MLV 2B L L\ dEH 4
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body shape large curvatu

small curvature

—p- NOrmal force from ground
Fig. 5.1: Steady motion

HEENE L T b EEZ NS, L7, PiITIBIFADEAEND D, £ 72 2 RXIuDH)
WD o, P ofi/ g 2 KEtHERTEIC RS S 5.

max  fyQfn,Q — diag{l,-- ,1} (5.11)
subject to Aopfn = bop (5.12)
Tinin < ArFofn +b; < Toaw (5.13)

Sv>0 (5.14)

5.5 sinus-lifting E&}

sinus-lifting &) & 1%, £V D EHEE B BIR ICEIH S 1L 2B TH b, Fig, 5.3
R X ICERBoTo Y — 27802 2 ) B, EER L DIEE EIFTw 3
DO E, ZDEIICTEIET,ERNTE>TH EBWRDZELRT
WIRTEIEARITFR DO iR 1 & e 28 IcAE2EH T 5 2 & THIERD 24 7%
(95 EDTE S, 20 sinusifting sz v 2 2 & THREGER)2IA[FEIC &
20 RHEZ EDIARD BULBEICEWLTIE, BRI Th B EEL SN,

sinus-lifting (2 B9 3 2 fERDIIZE L, Z DIRETZIR % % FBL$ 2 7 o B
AN ZEHRT 560 [ R])2 X0 FH LT Ry MR EOAEEEZ A LS,
REITIL % RISOEIERR CREET 2 b D [29] 23 % 23, BEIREEIC O \W T DR
iz Tnuin,
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Fig, 5.2: Sinus-lifting motion

AW TIE,2 FRIGFEHIZ BT sinus-lifting J#H) 2 i1 DRI & b ' 70U Z
119, % 2 C,2 Xt sinus-lifting 3E 8 % 171 O 5 AR T ISR T R i 2R EE £ % v
TET LT 3. & > T2 X0 sinus-lifting JEBZLLT D X 9 722 2 KT RTE I
BHTAZENTE S,

max  JYQfw. Q= diag{s(so) res)% e S hsn=1)} (5.15)
subject to Aopfn =bop (5.16)
Tin < A7 fv +br < Tonae (5:17)

Sn=0 (5.18)

body shape large curvatu

small curvature

==p- NOormal force from ground

Kg, 5.3: 2D sinus-lifting



40 H5% RHAICET 2 3T R Y b OEBIT
56 FEH

fgRla Ryt OEE) 2 2 XTSI L TfT ) 72 0 DEFL 2 17\,3 Kotk
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6.1 FUHIC

HE £ CIZEH L 72 AR 2 B 2200 & 3 RouD R TR BT S 21 —
YxREFEL, Cns 2 HOTER e Ry M oREETEEZERT 5, £9,2 X0
RIAMEATEENRITS S 2L — 2 v ROFERIERIC X > TEY ORI v 252
WD) ZKELT 5 L) BARERETEIRO AR 2 BGEET 5.

3 XILORAMEA TR BN S 2 L — % 2 v Chodiefriiit o8 % L 2 %00
PIaL—FROERERE OLKE L, Z O EBEET %, £/, Ao Ry
FOBffio HHEOHAGHLE ZZZ, 21Ul k>TaRy FOEEIZED L) &
WBE RIET hRWGEET 5.

17

6.2 2RITHRELITREET Il —

RSB T 2MEH 0 Ry b OB 2ARNT T2 v T 2 ZouRHmke T BT
P Ia L= ZFE L AN, FERED T X —F LARERBED 8T X — 5 K
R D 5 X =2 TH U, R TR BN S22 BRI F oy 2 igia Ry
N ARG DIEEE, FARE E 7025, 22T, R S 2L =228 W T, B Ry b A
T DALE R O Z & A 7 —BAERE 2 R L SEEBfENT 2 AlRg 1 L Tw
%, FERRGAE L UTEB T X —% 2 F o Ol 1A 4 = 0.2,S TBIRE K, = 2
&L, RHANZ BV THREDRKIC % 2 BB 2 RE 2 A e LTEBT 2, <
b i DEGEE N, — 2 DFEROREIC B VT L b A% (deg] 2> 5 180[deg] £ TP
HCRHEEEREPR KR E %2 5 &9 B AZESEEEZHOTEN L TY
%, SN EEEGRE L LT, RHAZ ML T 2 AR & eRIBEia R v b OZH)Hii &
DEEEE) ) %2 H L, BER A2 5. 2 7z,

3

Table 6.1: Parameter of Snake-like robot

n Number of links 12
m  Link mass|kg] 1.62
I Moment inertia of links[kgm?| 0.03656
[ Link length [m] 017
lo Distance from i=th joint to the CG of i=th linkjm] 0.065
Il Distance from i=th joint to the friction point of i=th link[m] | 0.030
p+  Friction coefficients in tangental direction 001176
iy Friction coefficients in normal direction 0.52N
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R 2 5 2, A2 BEEYT 5. % 7o, AER 2B 056 T, el o
DR ZREL LEGERHEIIRDOTTD S ) KRE G, $ENLTE
DD ZKRELTE0 L) EELERICON TR T O G %27 2,

b ZANEN ;o

>
(]

120 = .
3

80

40

optimuimn =

O 1 1 1 1
0 10 v [deg]
Fig, 6.1: Optimal ap and ¢ (symmetric)
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Fig, 6.2: v w.rt. ap and ¢ (symmetric)
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Fig. 6.1,Fig, 6.2 1257, @B AMMIIERO B A1 1 00 2L X4 3 2 L ChgH D
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HEATEE) L T 28672 Fig, 6.3 108§, A3 10[deg) TH 572D, (D
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kit 2 7256, ) A RHIRITBE TETw 23 2 Lvbd 5,

¥
ot Al
"
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L)E_,LJD =

Fig. 6.3: Simulation to show creeping locomotion on a 10[deg]| slope (Symmetric
case)
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REIWPCAF AL ST ETCOFEFICB LT T 7 ADMEEIS>TWE I L5,
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& ' unsymme'tric body curve ——
.g. symmetric body curve ------
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Fig, 6.6: Comparison of the velocity between the symmetrical body shape and the
unsymmetrical body shape
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(a) Symmetrical shape (b) Unsymmetrical shape

Fig. 6.7 Joint torques while the snake-like robot, creep on the 10[deg] slope in the
optimal body shape

11_'3/'

Fig, 6,8: Simulation to show creeping locomotion on a 10[deg] slope (Unsymmetric
case)
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6.3 SEHEERR

MBS S 2LV —va VERORE» S, Ry FOBA TR, EYOlE L
BT DO KR Y 2 RELT 2HIBOMHICE O THSTH S Z L0 ER
7o, Z DA ERWEET % 7 O ICHEBEFERZ T - 72,

6.3.1 FHEHEDHEE
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Fig, 6.9: 1IDOF snake-like robot
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Fig. 6.12 Experimental results



Fig, 6.14: Experiment to show creeping locomotion on a 10[deg] slope (Unsym=-
metric case)
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Fig, 6.15: Influence to body shape change due to the link number
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Fig. 6.16: 3D Snake robot, simulator
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Fig. 6.17: Comparision of simulation and experiments
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Fig, 6.21: Steady motion (10[deg| slope)

curvature

o 11— 75 40 o T 78 40 T T 7
AN EAVE N EA, N Ear
] 4 " \‘Y 25 % ,' ‘- " \‘Y 25 % ,' ‘\ ,' 1 25
; i ; o § 8 AN fed o 808 [ - frnd 0
/ | ; € = iyt o < = A / 4 /
H L ! 5 £ H 5 £ i} ! Y !
{ 4 | -4 -25 5 i \ ’,' 4 25 5 WW 25
Vo 2 i L € Voo Voo
/ \ 45 / \ -5 Y/ VSoo®
N/ AV N/ AW S \
I I I S I e P S W e
0123456788910 0123456728289H10 0123456788910
time [sec] time [sec] time [sec]
(@) fno and Kg (b) fnv12 and Ko (c) fax and Ko
Fig, 6,18: Normal force and curvature(10[deg] slope)
T T 10 T T T 10 T T
71 713 — 721 —
L | 5L 1 5L
s ;o BPUAPEPEP o e ——
I -
L | 5| 1 sl
Loy ol ol
01 2 3 45 6 7 8 9 10 01 2 3 456 7 8 8 10 01 2 3 45 6 7 8 9 10
time [sec] time [sec] time [sec]
(@) 71 (b) 713 (©) 721
Iig. 6.19: Pitch torques(10|deg| slope)
T T 10 T T T 10 T T T
72 712 722 ——
L B 5 B 5
] E 0 Mwm E 0 W
- =
L | 5| 1 5L
Loy ol ol
01 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10 01 2 3 4 5 6 7 8 9 10
time [sec] time [sec] time [sec]
(@) 7 (b) T12 (©) T2



6.4. 3XOCRHAMETBEMEN TS S 2L —v a v 57

6.4.2 BEHOEHEDORLICKDITE
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FDART X =7 Z TN 2479, L PSS 7 A =8 2R,

Table 6.2: Simulation parameter(2DOF snake-like robot)

Shape of a unit Rectangular solid

Link length |[m] 0.158 x 0.07

Number of unit n 10

Mass of unit m [kg] 0.5

Distance from i-th joint to the OG of i=th link[m] 0.0M

Distance from i=th joint to the friction point of i=th link[m| 0.136

Hiction coefficients in tangental direction 0,.01176

Hriction coefficients in normal direction 0.5294

Limit of torque 7 [Nm| +20.0
ETEE)

FEYUEE) TR O A A D 2 28 2 TR TR E S ¥ 72358 DR R % Tig,
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fifi & roll WHOWMITD F V7 Z2fli>THUE 2 LD 5 2 &2k 5, TOLATIE,
TEYERTH 2 2 &h S iitzs < ) £, it RHAEE S I B A3 2 B
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Fig, 6,22: Influence of the change of the joint DO (steady motion)
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A.1 2DOF (yaw,pitch) steady motion
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2. 2DOF(yaw,roll) steady motion
A.2 2DOF(yaw,roll) steady motion
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A.3 3DOF steady motion
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A3, 3DOF steady motion
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A4, 2DOF(yvaw,pitch) 2Dsinus-lifting
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A5, 2DOF(yaw,roll) 2D sinus-lifting

T[Nm]

T[Nm]

T[Nm]

4 5 6 7 8 9 10
time [sec]

4 5 6 7 8 9 10
time [sec]

4 5 6 7 8 9 10

4 5 6 7 8 9 10

time [sec]

T[Nm]
o

3 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

time [sec]

3 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

time [sec]

3 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

time [sec]

3 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

time [sec]

T[Nm]
o

Fig, A.16:

4 5 6 7 8 9 10
time [sec]

Yaw ‘Torques

91



EES

7N

M

fF 8% A  BIETHMEZ2 2 S GO DOHED IR

A.6 3DOF 2D-sinus-lifting

92

ainfeAaInd
wn wn wn wn
N o o o o 1o 0N
LT A
i
[£€ ]‘.h\
|f .XﬂhJ/u
k. A
L P — 4
L .&%Fﬁ
w‘,\f/ ,\kw
_l/ 1 1

[N] @040 [eWLIOU

aInjeAIND

[N] @040 [eWLIOU

aInjeAIND

[N] @040 [eWLIOU

2345686 78910
time [sec]

1

2 34586 7 8 910
time [sec]

1

234568678910
time [sec]

1

8InjeAINd

[N] @210} [RULIOU

8InjeAINd

[N] @210} [RULIOU

ainjeAIND
) 0 0 )
T T - - T

T T T T T IS
[ r———c i
w\“'v.._?\.‘ T e
i =
e

.22 i
|Iﬂnﬂﬁﬂ
. T
= ) _lllf
IM“.\.J‘W
el o 0 o 0 o

Y « - -

[N] @210} [RULIOU

2345678910
time [sec]

1

6 7 8 9 10

2 345
time [sec]

1

2345678910
time [sec]

1

aInjeAIND

[N] @040} [eWLIOU

aInjeAIND

[N] @040} [eWLIOU

aInjeAIND

[N] @040} [eWLIOU

2345686 78910
time [sec]

1

aInjeAIND

2 34586 7 8 910
time [sec]

1

23458678910
time [sec]

1

[N] @040} [eWLIOU

2 3 4586 7 8 910
time [sec]

Normal force and curvature

1

Fig. A7



A6, 3DOF 2D=sinus-lifting
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A6, 3DOF 2D=sinus-lifting
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