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Statics Analysis of the Robotic Catapults based on the Closed Elastica

Atsushi Yamada*!, Hiromi Mochiyama*? and Hideo Fujimoto*!

In this paper, statics analysis is made for our proposed robotic catapults based on the closed elastica as a robotic

element for generating motions with impulsive acceleration. The proposed robotic catapults are just bended elastic

strips whose two ends are fixed to two rotational joints. By only driving rotational joints back and forth gradually in

order to achieve snap-through buckling actively, we can easily obtain repeated impulsive motions of the elastic strip.

However, the characteristic as the robotic element has not been clarified enough because the structure contains an

elastic strip with large deformation. Our statics analysis for planar deformable type catapults shows as follows. From

theoretical analysis, the shape of the elastic strip is stiffness independent and the actuator torque necessary to drive

the rotational joint is proportional to the stiffness of the elastic strip. From numerical simulations, the proposed

catapults have the structure that suppress the driving torque necessary to store elastic energy. Using these results,

we can indicate a design guidelines for compact and powerful mobile robots moving briskly.
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Fig.2 A series of photos showing impulsive motions of the several types of the proposed
robotic catapults based on the closed elastica
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Fig.3 Shape transitions of planar type robotic catapults based
on the closed elastica and its impulsive motions. The
shape in the 2"¢ mode has two extrema and the shape
in the 3"% mode has three extrema

MRS €528 T, KMEDEKEINEEESHZELZ L
T&%, INEBYET I ECHRFEIEEEHNZRIELE
BIENTEDL, EELIIZDI A TOBN—TERA ¥ /50
NEFIR Lk Ry P RIREL TS, 34013508 (9] 12
Y.

2.2 MREEOFEEREMAIL—TREKH 2/ b

TS ERE) O FE AR — TRk H & /%L M, Fig. 3 12
AT LI ICTOOREBI MR & F h 2 hEEHE Y & KEFEHE
DICFRILKE S72TERENT 2. FREERY L, FoRHE L B
DREEMAER T 5 &) (COEBEICEE SN 5. HiwoREs
ZOEE L TV < EHRFHYICHNTER S U, O8FIKD 1
RE-F2B3IRE—FOM FRIRIERT S, 2LTH5
FARIC % 2 EFIRTHWIIROB ) REARE L, MHRKE
WHRELZ 1RE- FORRKIZEHEIIERT S, 2054 THH
ImBRBYEL & AR, MU EBEEL R A L2 E K MERI s %
MEEICEETHI LT, #0ELUBNREIEEES 2155 2
ENTED,

2.3 ZTREEMEOBAN—TEREH R/
THEORN—TFEKA ¥V R, HTREKBOE
EAMOREREMEERIERVE ) ITERTAZ LT, Fig.2
R EMERE OB EIEEEE 4155 2 EATE S [13].
MAIREE D & T DI ERBAES = BRE) L T\ < &, FRIRF#E Ity
KMATREROEREE LS. T5LRITRT & ISR RK
WOHLMEIEL 20 iZ Lo s, 2L THERERDOLT &
DNEL o TV, Z0F MR ZERIHL TV LD
AR TROBY BENEL, o< HLuERICARICE
¥t 5.

HAOKRy bERE 26 %2 5

(theith
2 DOF joint) Pi

elastic

(constraint
torque)

X .

(constraint force) l —
. ®,= ®,
z

Fig.4 3-dimensional serial-chain approximation

3. EEFAN-TIBEICES<AOKR Y bHEINIL D
=RTESHEE
KETIE, HLV—TEHRD TV POEFT VLTS . HEE
HThrHERFEHRW L, WHELROKME L) v 7 CERELL
ESATIEET 5 [13] [14]. ZHEB 2 &L T XTOMN— TEEkH
SNV PERBETED L) ICZRTEMBELEF LV EZRD, B
DY BV L ERT 5.
3.1 EgF
BN —TFEKD 55V POEFILE Fig. 4 IR T. &) 07
X2 BHEME CEIICER SN D LTS, 2 HHEME
BEIGZETAMITERENTERINS. EHOEEYERT
AL, i HEHOY v OFWAE p; € R B ¥y £H
®; € SO(3) [15] IFRRTEHE2 LN B,

pi = pi-1 + 1 Piey, (1)
P, =®,_1R;;, (2)
G=1,---,n)

CITR I Y2 LEE) 7 RE, ex =[100]7 i
x HEOBEMNRT PV EERT. HHEOMITME po = 0 TH
D, ® € SO3) BEHBTOBILESELYRT. KEFNLT
FEHSERITOLY $o v ELSEH I L, FAINETS
[#ZRAE % £ — & TEEBI T A Z L ICHIBT A Z L ICEET 5.
R; € SO(3) 3% ¢ MEOEEATHICTH ), kXN THEZ LN 5.

Rji = R(ex,¥i)R(es,6:), @)

ZZT R(a,0) € SO(3) i3, Hfu#a [V IZ 6 FEES 50
EHA 2 RTITH%RY. e, =[00 1" 3 z HEIDBAE~NY
FVERT. 0, BEXW o (i=1,---,n) 13, FhENE i
HommTAEL L ERAEYRY. EEEEE) S OMTA
BE 6o, WANARE o V5L, EHEBRITOLES & 13KkXT
5z26N5.

@, = R(ex, ¢o)R(ez, bo). (4)

METOMIT, BRI 2L, T h<, SHEET—#
ThbEREL, TOHMERBELEEREN Kk, s TRT. 20
L&, HREEWIIEZONDHU LA LF— K IAATEH
Abhb,

51— 2008 F 3 A



172 W B ® = 2 W
k
K(0,%) =500+ 59", (5)

CIT, 0=001 - 6,)TER, p=[1 - Yu]TER T
HbH. —F, BHEHOFEOEENS M p,, AFEEXT bV
wn LHEEE 0, ¥ OBBRITARTEZONS.

R

T J e RO L, WS L v S & Sl BEE F oV
TICEBRT Y AEFHITH Y, RATHERALONE.

[@b,n X](Pr — Pr-1)

J= [[ab,l x](pn — Po)
Qb,n

Qap,1

[@:,1x](Pn — Po)

[at,nX](Pn — Pr-1)
at,1 '

at,n

(7)

abi €N, a; € R RENZFN  FEOMEOBITE X MR
nomiE#sy BTHEMRZ MLTHY, kX TH5ZON 5.

ap; = Pi_1R(ex,¥i)e; (8)
ai; = Pi_rex. (9)

72, [x] BERTEAZ M2 HERFATHI 2 ELEHETH
D, vi=[vy vy v,|T €RPIIHLTRATERSNS.

0 —v: Uy
ox]:==] v. 0 —u

Vg 0

(10)

—Vy

L7AoT, BNZ ML w ST 20EEE RO L) I
RiLTE 5.

[vx]w=v x w. (11)

3.2 Bh¥E
BERLUZEN—-TERS 5OV FOBHLTIOH D AVIRE
%, FHRMAE p. VHLME pa %, F-FELESE &, ¥H 5
BE O, 2D LI, FERCHED A=A X2 X" € R,
WHEMZ r=[nnn|TeRWEALTVLEART. #
LR Sy ZMLTROICHEIN Y 7 MBI LD, T
REHYOF LMW ST EE L - REEE* £ — 5 THREIT 5
ZEIHIET A (Fig. 4). REAFOFEEL Y, BRI
BT, HRFEHEYOMMRT V¥ v VI X AAEREINE V2
CHEDANBLIUBEN Y 7+ OBICREAH Y LD,

oK T p ||
Pn = Pd (13)
Qn = §d. (14)

X (12) IEBEIAVF-OBBEEG L L TERTLHIZ LD T
2. ®X (13), (14) BERFNIB L LLICHT 2HELS
2ET. WED N, 7 EEEHICIEIRATEZLONS.

JRSJ Vol. 26 No.2

— 52—

[ J NI

(theith
2 DOF joint) P;. a.

T
constraint
torque)
y
o =@,

Po Z

Fig.5 The balance between the it® 2 DOF joint stiffness
and constraint force A and constraint torque 7T in 3-
dimensions

Al o\, [ k6
o2
X (12) 2 KMEHICB 2 &8@E ) 0H0$ ) ERITE T
5L, XXE/5.

(15)

(16)
(17)

kb; — al i {(Pn — Pi-1) x A+ T} =0
s — api{(Pn — Pi-1) X A+ T} =0,
(i=1,,n)

#® (16), (17) &, i EFEOREOMT - ENOBIME bV 2 A5, i
- iEROREEEN Y PVIERTAFEOBME MV ¢ LHE
HADBTE—ALPEHNVE)ZLERLTVS (Fig.5).
BEHEDETFNVIIBIT AL — TEEKD ¥ 3V P DFRFNS
A—Hx, VORI k, s, WABOER py £V VI RE
L=nl Th5.

4. FEEMERAL-TEHH /UL OOKRyY REFEE
U T O4SMERRAT

MECTRD-EHEIUEFVERVT, BELLFEERR

- BV = TREA ¥V M L TENEBN 21T . FEEER

RIEAN — TRE A 7750 P OEMET VL, KRR T =0
ELHIDH Y G (16) OFBERATEZOLNS.

k6 — ey {(pn — Pi-1) X A+ T} =0, (18)

TPEHERM T, EHOMITICHEYT 2 REH# ab,; 13X (8) &
DHERRZ Pl e, E—BTAH. /2, X (4) &b, 6 %1t
BT EPREAICAET S REME LY E— 5 THEHTLHI L
T 5.

4.1 PIENERE) hIL U L HERFHM ORI & ORI
BELEBEL—TERD 77OV b % 7 B N EE)
13, BeEEEES LTS L TERT A WIRFERWORY
BOBEICEVEL S, RUB ) EREIHFRERY A LAV F—
BICARELRTIRIC B ETRETHDT, RUB ) EEL
L 55BIIRATEZONS.

|H| < 0. (19)

Mar., 2008



BV — TEEKA ¥ 300k OB SR 173

CCITHER 3 ¢p=0 %L1 HEIRILF—DBES
#3X (12) 2 2512 6 TRMS L7 Hessian 175 TH B, F

HERHO#EEL 0V F —omE&A4EX 12), (15) &1
(XA TEHE2ZHNS.
{I = Jf (Jedy) T} =0 (20)

CITI e RV IZBMITHIEERT. J, € R 3va sy
B J OFBRHATH Y, J OMITERICETIEZTHR S
A28 %Y. X (200 &V, TAVF—OBELRELHET
O IR k ITEKTFE L2 WZ EH9H 5. Hessian 1751 H 135
(20) ZEIZ @ TRMST L TRDOBDT, RUBY EEAEL
SHRFEPOTIKS T-0M b 1TEKEL V., ZOKELH
W, BIZUTOHRENEO NS, EHEORITTEE OERE kL
7 10 13, WITHEEOBIMIZL B2ETHE%MHTH DT,

T0 = —k’91 (21)

BEO VDI LICEETS. ThE, HREKYOBMEEML%
W= TR E RO ) EEAE U ARRIIREICKEL 2o
T, BEEGEHETERE) ML Y 10 BHRERYORIEDO I
oI5, LoT, BIGORLLHRFEHEY 2 HV L L X, JE
R 5REN PV 7 I EHIRERYORBEOA D SH A Z ENTES,

4.2 HREBKMOTKEL LERE bV 7 DE(LDOREFR

TIREBRP OTIK & GBI RISZRAET OBRE) b L 2 L DBIGE % 5
T. 9, FREEBREER L. S0AvESRIEr=024L
72X (18), (13) THz2o6NA. EHEOE 1 BEHICET A HO
$ih ez, X (18), (21) LA TH2HNB,

To = —TgA2 (22)

IIC o BEEOTREMOERETSH ) py = [£4 00]T %
7% (Fig.6). $10&vt (22) 12, BMEMB LY o L F
SR BWES Ao 12 & BRTBE O EEH e, 1Y DT —
AR EORNECEET. —F, i WHORE 6, HEO
LA, HOHYEVRBRRTH 2 51D,

e; {(Pn — pi—1) x A} = 0. (23)
Y
i
g :
o 1
/ :
/ Elastic strip '
Do) 0 A 'Dp =Py
£ =
\ = o
Virtual link

Fig.6 The relation between shape of the elastic strip and con-
straint forces of an active-passive type robotic catapult

THessian TSN EEM D HKE - TREDER L L RO 2+ Fikit,
ZiN Y FOIRBRERLEET I2BICE CHV SRS [16] [17).

HAOKy PEREE26 %25

— 53—

$ih & (23) 1, WEHRZ PV A DEED i HFHOM
B LB ¥ 7 KM E TOMERS bV (p, —pi—1) DI E
E=BTHILERLTVA. 6, BETHAHMEIL, EETH
S NIHFRERYOEME pe = [2c v 0T THB. £oT
PRI 7 MV X oA, EHE p. 2ZEICELTVWS, &
D% Fig. 6 1273 F. KH D Virtual link 13, FEHEEEL %
FHED g THHEBRTOES & ZHICELEY ~
7THB. LoTH (22), (23) £V y. & X KRBT ED
THhE, FRERYOLEME pe 55 BEEES) V7 OEAL
EHBZLNTES.

RIZ, FmERBIRIOSGEEE X 5. #90 Av&tiaR (18),
(13), (14) THz 6N %, WimEREIRID — DD REZEEIE, B
WIZBOS AN R LA TEI AT O T, KRXAHK Y L.

T3 = —7T0. (24)

i=10LE0NDHYEVR (18) 12X (24) ZATHE,
M TFEIIBELD, FOBE, WIEIRZ MV A X x#EEE
AT R D, —75, HED 0 DEEHTOHOH Y SRk
RXTHEILNA.

Y1 + 73 =0. (25)

ORy bAZv ML, EEEEEH B OB oo SHIREEHY O
R3S LTEVYOT, EHOERICIZSNLMEHRZ F
VXD x AHBES M EEICETH L. WEEMAER (24), (25)
£0, TWmERENRI OB A b i EREN R & [ARIC, ZHIE p. D
y S ye 2ERE MV 2 DL L BB 5.

5 ¥ @ & ¥

METIE, FHERERBOBAL— TS ¥ 5L M 3BT 2
TRREYORIREWENRZ PV EDOBBRERLY. AL
BN T 5 SHEARE 0, WEH X LBEINVY ¢ OfF
3R (18), (13), (14) 2 HEBITHICKD B LIZTE 2\,
FITARETIE, Y 32— a3 vy #HOTERE®RY O
FERELZ KDL, ZOBE, WEARZ L ETHILT LI &
T, BRE) PV 7 DAL ERT. BE I 2L -2 a v %2479 7
DIZ, KA THEZH6NER (18) D#ftREHZHV 5.

0 = %e;r{pn XA+ 71}, (26)
1
Oiv1 = 0; — EezT{(pi —Ppi-1) X A} (27)
(i=1,--,n)

KX (13), (14), (26), (27) *HAVTHEFE LTI 2 LT,
No#) GVEEEEHLZTEHOBIREWENNZ bV ERD
5. B, #itRid=a— b rBEICE ) BERD .

5.1 HREKMOMRKEAL

NDGY GV a il TEHEOTARENE Fig. TICAT 1y
ZRETRY. KIS, ROB ) EEAE L A EROFAK (snap-
through buckling shape) (Z#+9 2 RICEEI DLE# (Virtual
link) EHHHRT PV X ERLTWS., HIRESHOBE
WORT MV X OFADPFHERERDOLE#MAE p. ZRLTVS

2008 4 3 A



174 i B OB £ Z

LN, TIREEBIDEEI, WEDIRY ML omEEE
ZAFETH L. WHEHIRZ PVOE{L% Fig. 8, Fig.9 2% h
FHRT. B2BTHRNLIHIZ, AL— 7¥ﬁﬂ7ﬁw}m
BRI R E B & AR L /212 e Bh M SR B BT & KUxd A & 12

Virtual link Final shape

Snap through
buckling shape

Constraint force

Initial shape™

0 X

Snap through
buckling shape Constraint force
yector N

Virtual link

Initial shape
0

Fig.7 Stick diagrams of the result of numerical simulations

" @ ®

Virtual link "

P

Elastic strip

Constraint force
vector

[E N

BT AHZLT, BUBRKESIEEESNZERTLIEHFTES.
Thbb, H5 $o(6) 123+ L T2 DHRERW LRI FE
5. EhDSEHETRLUZHBRIE, BTEHOLE ®o(f) I
WEHL ) —ODEHMOTKERYT. HRBEOHEIIE,
RERYET — FROMPFRKL?S 2 KE—-FTHH S F%
EhEBRICET 50T, ZTH#A p. PHRITHE D HHIK
FHP ORGP > TERL T, ZOLEHENAD ¢
HHEBES M OKEXEE BTy FAKSD A2 DKE SHHEM
$50T, REBEHOHDH Y EVR (22) LVEH VIO
KEXIHIMT S, LAL, S512 $o(6) 2HILEED LT
KERYEEDN y HOEORMEICBELEDLDOT, BALT
W7z ye DEIL A DAEEDEAT L. Lo TRUBY KR
HSHE U AENCERE) MV 2 3R 5 (Fig. 8).
MMEEBI DG &1, HIRFERY T — FROMBARKRD 5
3KE— FTHH MFRIKIZENT Z20T, 2EFd» KM
pe IARTHLE & FEME D SFHRFERY O PO EIE@ A T
BlELTWw, L, E512 &o(h) 2 ELE €S LHRE
YRS y MIOEDM X IZBE LIBD DT, y 13E LI
5. —F, WEHXZ PO x FEBES A &, Fig.9 &9
M pe DHRFRY O LD > T D & S ITHEFAHN
T5. £oT, R (24), (25) &b, RUOBHEEIEL D]
IZERB MV 2 IEEA T A, SOEENS, FEEREBALV-T
FokH 250 NI IRERBI R, MImSRE R IS RFERY DL
MEOBE 2SR MV OELEHD I LA TE LHHMID

Time

) ) o ®)

9 (10)

... Snap-through
“.. buckling

Fig.8 Deformation of the serial-chain and visualization for the constraint force of the

active-passive type robotic catapult

m p— @ fwwm @

Virtual link

P

Constraint force
i vector
Elastic strip

Time

®) Ea o 0 ‘w””w ®

s ’ (10)
“.. Snap-through
buckllng

Time

Fig.9 Deformation of the serial-chain and visualization for the constraint force of the

active-active type robotic catapult

JRSJ Vol. 26 No.2

54—

Mar., 2008



BV — FFBA & 700 k OS)EIRAT 175

L2535,

5.2 BAIL—TFEAHZ/NIL MO ML IIGIEE

A OWHE g L) 7R L Ol azy/L #BEELT,
TIRFHRY OHMERE kb #2372 &D 0y I2HT 54
W Ap EHPELANF—OBILERT. H RO R
Fig. 10, Fig. 11 (22N ETHUuRT. FimbREio & &, RUOEBY
JEJRIC X BWME DY v v THEDE L7 EEDIS 0) DEALIC
FLUTHHET Ao (EEIL T LAY, ROB Y EEIEAH: L 5 #i
WA LTWwa, 2, BRE) bV o SROE O BEFE A L B
BCHAT A2 2#FRT. ZRICH LTl R LE—1F, R
OB RS L2 EB» S ROROB ) HEIEAH: U5 F CH
AL T b, RICTHSEREN R OFE R % 7%, MRS R (=
B FHRAMEREY N V7 13 OBLEREMET AL X —DE{LE
Fig.12, Fig. 13 ICZNEHURT. KLY, ROB Y EEAHE
CBHNCFRBOBRE) bV 27 75 HEAS LTS, XoT, R
T EDBREY bV 2 b 5. BT AL ¥ — L, BimERE)
B FRRICR OB O FEIR A U 7218 a2 & K O e S BT £ CH
FEMLTWa, b LEBNTREFEICZI ALV 2L LT
DOERE) bV HBSHFIEINT 5% 5, ROB Y EEIE L B
KoL ZEREY MV 7 SRR & B, WRIZ, ARFRTREL
TWAHAN—=TFEKA 779V ME, FHREHEWICZ AL F—%
HR B 12O\ ALE R REBY ISR ET O BREY bV & & B9 B Rk
EROLERD. F72, BABETRLAEIIIZ, WFhomHk

snap thirough

/ buckling

=3n/2 -m -n/2 0 /2 s 3r/2

Fig.10 6y vs constraint force A2 with variable k of the active-
passive type

snap throug]
K(6) buckling

-3n/2 -« —n/2 0 /2 ™ 3m/2
(0

Fig.11 06 vs energy K () with variable k of the active-passive
type

BADKR Y PEREE26 %25

DHBETEH, RUOBVEESELDLEED 0y 3L TV
WZ EDHERTES.

5.3 FEEMEEAIN - TEEHHZ/NL b DOEEHES
HIRFHY ORI £ *FEE LT, WAoo L wRERy
DRSO zq/L % ZALS 23560 FrimBREh B 513 5 Hy s
7 Ag LRI AL F—D%(L% Fig. 14, Fig.15 (2R, ¥

&0, za/L BEACSED L, BEEY PV SR L B B TRARAEE

b3 2 enahsd. 72, RUBYEEISREET 2 RFE#HK
MOTARSZALT 2 DT, EXONLHETRLF—HEL

i i i i i i i
—-3n/2 -« —/2 0 /2 P 3x/2

Fig.12 06y vs constraint torque 73 with variable k of the active-
active type

snap through :
kg N

K@) .

1 I I I i
-3n/2 -7 -m/2 0 /2 g 3r/2
o

Fig.13 6o vs energy K (6) with variable k of the active-active

type
! T T l T
xq/L = 0.56
[ e P e L R N S L S 4
xq/L = 0.78
E YR B O W <0 < S i
+ snap through :
+ buckling
'
—0.1 e b N e g
I 1 I I

i
— /2 0 /2 ™

6o

Fig.14 6y vs constraint force Ao with variable zq/L of the
active-passive type

2008 £ 3 A



176 1]

e

snap through : A

buciling: Xq/L = 0.64: v

0.15 _: .................................. p A LIRS o
: v

- —n/2 (I) /2 ks
o
Fig.15 6p vs energy K(6) with variable z4/L of the active-
passive type

0.8 T
— Active—passive type
===« Active—active type

0.6 /i

1,/K(6)

0.4 .
———/ ,4'
0.2pm=e=22l0l
0.08 0.10 0.12 0.14
xd

Fig.16 Energy efficiency against the distance x4

Twb, 22T, L=90[mm] & L7k D x4 (2xFF % ERED

M OBRKE ™M EEAONIHEHI AV - FFA. &
B% Fig. 16 IZR7. Th& Y, zq/L D/hSVEE, /MEVER
BN T RKELBEYIINE—2BOLNLI ETH 5.
L2L, zq/L 2+5/h8T5E, RUBYEREzEESYE
BITIELOBMALELT . $/2, z4/L 2/h3<KT5
L, RUBYEEIRET S T TOHRERDOTRIKE L
BT A0, BINEEE25 2 AHEWICHEML T EHIRE
BYORRDPEEIL L A HAICTERFLETHS.

INEITHESNIHRELS, HREKYORME £ &, WA
PR oy EHERFHPOES LIZEWICHMTIZERET T LD
TEXLNDT, BLV—TFEkH /50 bDOFZFEHES RO L 9 12
FEEIZY U TINIIEZBILNTES., Thbh, FTUHI,
INEVERE) NV 7 THREEFE LR ESN IS E BT AL ¥ -
REZONB LI, BHDI R DEFTTEL LI R, TE
BIEF/NE R zg/L BR, KIZ, I REEELRVF—
REZDO, TI2Faz— 9D RETELRKRERE MLV Y
TEETE 2RIMOFRERY *HETS.

Wolih, HEEERE . EHRREPORS L 2iROTL
¥ 213, RUBYEEHI AL I2BRE AN F—OBESEEZ
W7 THERFEDORAIKIIEL L v, F/2, BB VS L
REHY ORI IIBIBEEHEDT, T/ F 21— 514

JRSJ Vol. 26 No.2

= S N -

LTEE LIRS RERY * KBMES BRI LA TE
B, EHICHN—TEEKA 5L M, HEIALF-(FZ
570088 bV 7 2 HHIT 2 BEEFONT, HEOKIW
IANF—ERERT A EHPREL/IROBIO KR Y b TH
BEnEEER R EBRTARICARLELEZONS,

6. & b Y

AR TIE, 1 77V AROBREILEEEB) 2 AT 572
HOOKy PEFRE L TEZELPRELTWAEHAL— TRED
TV N DBENFBTEIT o 7. BHEBITOER, FEAHA
N—TEEA § 700 M L TROMBDE S W7z BRI
&0, HREHYOEHERIIBME KT LN E, £0
R, LELZERE MV 2SRRI REIT A E LML,
XSIHEYIal—Yarvilky, REOEHTREELRY
BV — TR NN I DN ZANF—2EZ L0 LERER
B ML RHEIT AEE RO EEHLMILE. ThHD
MEAFBALT, 387 PT/HNT 7NV HEMOKR Y MIAT
LiREHE R 5 R 72,

KT BEREHCT, RUB)EESRET 5B
B OAEY KDDL I ET, TRy b F 3L b OBREREE
BORES LI %3 b a—L$BIEHRTEL, LL,
Ty FaL— ¥ REMICED LIBEICIE, WIREROEN
DEBIZLY, BHEBNOKRERL LTSNS L. 1272
L, RUBYEESEET2EANL, BERGERELRS L
KELEE MV AERSN, ERENEEI/NS L BBDT,
REHRY I CROBY) BEIRET LA I SET 7 F a1~
YEWS L NERBI L7 XL IFEALTEDLRVWEELILNRD,
COBIZOVWTIRABRBICRETLLENSH L. T2, OF A
FHANC & - THROZLUULARTV I L 5BHOFETDH
B, 852, MERYICHT A=Yl — 5 O [18]~[20]
ZEICLT, V- TREYIIT A EROBELBIET

2 £ XM

[1]) H.C. Bennet-Clark and E.C.A. Lucey: “The jump of the flea:
a study of the energetics and a model of the mechanism,” J.
Exp. Biol., vol.47, pp.59-76, 1967.

[2] J.H. de Groot and J.L. van Leeuwen: “Evidence for an Elastic
Projection Mechanism in the Chameleon Tongue,” Proc. Royal
Society of London, B-271, pp.761-770, 2004.

[3] U.K. Muller and S. Kranenbarg: “Power at the Tip of the
Tongue,” Science, vol.307, pp.217-218, 2004.

[4] F.E. Fish, A.J. Nicastro and D. Weihs: “Dynamics of the aerial
maneuvers of spinner dolphins,” J. of Experimental Biology,
vol.209, pp.590-598, 2006.

[5] M. Kaneko, M. Higashimori, R. Takenaka, A. Namiki and M.

Ishikawa: “The 100G Capturing Robot—Too Fast to See—,”

IEEE/ASME Transactions on Mechatoronics, vol.8, no.l,

pp.37-44, 2003.

F. Kikuchi, Y. Ota and S. Hirose: “Basic Performance Exper-

iments for jumping Quadruped,” Proc. of the 2003 IEEE/RSJ

Int. Conf. on Inteligent Robots and Systems (IROS03),

pp.3378-3383, 2003.

Y. Sugiyama, A. Shiotsu, M. Yamakita and S. Hirai: “Circu-

lar/Spherical Robots for Crawling and Jumping,” Proc. of the

2005 IEEE Int. Conf. on Robotics and Automation (ICRAO05),

pp.3606-3611, 2005.

(6

(7

Mar., 2008



BRIV — T FMk A & 70 b O# S FIRAT 177

[8] H™, JAH#E : “FRHE# S v~ 7 TRy b Airhopper D% 5 2 #
HnifEERPRB O EI, aRF 1 2 A A bu= s AFHEE 06
AR OCE, 1A1-D28, 2006.

2k, L, B, A BV TEREA SV LB A LV A

Bk oKy b2, ORT 4 2 A - 2 FEZ 7 AGEK 07 HiEHR

X4, 2P1-A09, p.4, 2007.

[10] K. Suzumori, T. Maeda, H. Watanabe and T. Hisada:
“Fiberless Flexible Microactuator Designed by Finite-Element
Method,” IEEE/ASME Trans. on Mechatronics, vol.2, no.4,
pp.281-286, 1997.

[11] H. Wakamatsu, E. Arai and S. Hirai: “Knotting/Unknotting
Manipulation of Deformable Linear Objects,” International
Journal of Robotics Research, vol.25, no.4, pp.371-395, 2006.

[12] V.G.A. Goss, G.H.M. van der Heijden, J.M.T. Thompson and
S. Neukirch: “Experiments on Snap Buckling, Hysteresis and

[9

Loop Formation in Twisted Rods,” Experimental Mechanics,
vol.45, pp.101-111, 2005.

(13] WH, i, B4 ZHBEL—7FE&kH 00 b, KT 47 R -
A b=y AGHERSR07 UK, 2P1-A08, 2007.

(14] WLH, 2, A V- TFEKD 500 MO, % 7 [0

AT B By SR RS (CCS2007) #iEaH L&, 2007.

[15] R.M. Murray, Z. Li and S.S. Sastry: A Mathematical Introduc-
tion to ROBOTIC MANIPULATION. CRC Press, Inc., 1994.

[16] &F : “ZHNY FIZBF ALV AAZ AL, BRTERY 44
&, vol.10, no.6, pp.739-744, 1992.

7] #H, &7, B NFTLV) Y2 T7—LD5A VLI varT547
> AR (55 2 W), HABWFRHCE, C M, vol.55, no.515,
pp-1690-1696, 1989.

[18] H. Mochiyama and T. Suzuki: “Kinematics and Dynamics of
a Cable-like Hyper-flexible Manipulator,” Proceedings of the
2003 IEEE International Conference on Robotics and Automa-
tion (ICRA03), pp.3672-3677, 2003.

[19] H. Mochiyama and H. Fujimoto: “Robotic Manipulation of

a Hyper-flexible Body,” Preprints of the 16th IFAC World

Congress, Tu-E19-To/6, 2005.

H. Mochiyama and H. Fujimoto: “Damping Manipulation of

a Hyper-flexible String-like Robot,” Preprints of the IFAC 3rd

Workshop on Lagrangian and Hamiltonian Methods for Non-

linear Control, pp.221-226, 2006.

[20

IUEAES (Atsushi Yamada)

2001 F44 R LRSS LAE0ES 1 S TR A
¥, 2003 F44 0 R TR KRR TR RHEH
TEHYEERTEEE T, F4E L) e
¥, BHECES. R LA O 71 7 20
iR AN (HAT Ry b4R¥AERE)

BEAZEME (Hideo Fujimoto)

1970 F44 i B ARFE LA MM TR, BT,
LB LERFHE, bYW T /25—
£, HALEMEMIER (BHE). BR¥E LM
DI, URT 47 X% EIZBR AR, LAt
ASME REFHmXE % EEHZHE. Arva—Y
v r¥aaR, SICE BBHS, CRHARHFHTE
WHERRLRFERSZR. BMES 0D ) AME Hlh# 2 8
&, SICE HiiXf LR % L. BAREMY &7 20— - 55
. (HAOKy PERIERR)

HAOKRy b4k 26 %25

— 57—

2l ¥ (Hiromi Mochiyama)

1993 - RAFH KF B TR ER L¥R%¥E. 1995
A RF BTN LR E R TEERE T,
1998 At RE G Bl A HT KB KGR EL #0078
FHE LRI T, FERKFT. 1999 5
FRFRE T FEEB T, 2000 4E R S 2
- - T LT RLERR. 2003 444 R ¥R SERR T2
Bl b 3 5 B EEHEEBEEZ. 2007 EFMERFERTRE Y A T LR
TR ERERIE. BEICE S, FHRO Ry MEORFZEICiEE. FHl
HEhHIH S, BARBMES, HARMER %54, IEEE, Society for
Neuroscience xH. 1+ ([FHES). (HAOKRy F#RERR)

2008 4 3 H



