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Study on 3D Active Cord Mechanism with Helical Rotational Motion

Toshio Takayama* and Shigeo Hirose*

Active Cord Mechanism is a mechanism in which the joints are coupled in many numbers in series, just like a

snake. Typical studies of the propulsion of the Active Cord Mechanism focus on the 2D winding movement, like a

snake. But Active Cord Mechanism may generate very efficient locomotion by introducing 3D motion. This paper
proposes a new kind of propulsion principle for the underwater Active Cord Mechanism, in which each articulated

body segment creates distortion motion, while keeping the whole body in a helical shape. The helical body will

revolve around the center axis of the helices due to the forces generated by the distortion motion, and progress along

the center axis of the helices. This paper also discusses about the design and control of a new mechanical prototype

to realize a hermetic underwater 3D Active Cord Mechanism. Finally the effectiveness of the proposed principle for

the underwater Active Cord Mechanism is evaluated by experiments using the developed robot.
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Distribution of
the normal force

Fig.1 Distribution of the normal force in creeping motion of
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Fig.2 Spirochete (8]

A helical body only Large body Small flagellum
(a) Spirochete (b) Common microorganisms

Fig.3 Comparison of the propulsive motion of the microorgan-
isms
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Fig.5 The coordinate system of the segment of helical body
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Supposed
Constant Motion

Fig.7 Total forces acting on a segment of helical body
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Fig.12 Actuator system of the HELIX using universal joint
mechanism
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Fig.13 Distortion motion by the universal joint mechanism
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t

Fig. 14 Non-constant velocity motion of the universal joint

Universal Joint

Bellows

Fig. 15 Torsional motion between bellows and body produced
by the effect of universal joint mechanism
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(Acnf’ated)

N
(Free) (Actuated)

Fig. 16 Introduced cross joint with 1 DOF for the new universal
joint mechanism

(a) Straight connection

(b) Twisted connection

Fig.17 2 Types of the connection of the joints

‘ Special Variable Cross ‘

#80

| Actuator ‘ ’ Connection Partsw

Fig.18 Unit mechanism of the HELIX
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Fig.19 Notation of the motion produced by the bellows
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EiOMMOMEL Bl F FHREMEL LI EL I L
TATS &N RETH H. HELIX (SR L 7- Bttt 3 —
Wiy FirE—FICLYEEILI—AHLYy FALHET
5T ECIEILERI A ERTAODE L. RELRAELEET
VT, §3TICHELALIICTI—ALE Yy FANERY R 2
WETR R ) ORI L. 20708, FHEOBEAREC
EEBHONIT—fEE Y FAOFEIILENO TS LT L
b, FIBERIRZRET A28, BIERIREA OBEED
VETHAD.

FOOARETIE, FTFPHICI—MH, oy FAOFIHIIZL -
T, EAOHMAE LIS A L2 AR T 2 HlHTEE RN, 2
WCHEE L 7o HT R A R L BRI 2 O SRR AR B R L) B
AR R MR Y v F R RE LTk s L CoOBERIKE 0
AifllHEARRSEZ EIZT 5.

I, MMAE o LISEREAE O IS LTI —fin Ly
FHENEDL)IZRILTE LD EHREILT 5720, HELIX
2 & BIHER) %, Y OEOEENZ L - THEAEEE, #
DE CEB) 2N D) > 7 EEONE I ES) CTHER L 72858125
BT AZ EE L.

T TR ORERE IO W TIE, Fig. 19 O & 9 2B E R Tz
BEETo8E% 1T, Thbb, KA LIREB oo
LEAFSIZED, BAE A% Z e LT, kB oz
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Fig. 20 Notation of the motion produced by the universal joint
actuators

ZEIH L CHE o T XZ FEIOAE 0 MES LD
DTHHETH, TOLE, ENERAESETITRE A O
Fx AR B OFEIERIIERT 27-OOEERIRTHIE; 3, X
#E ) OEELRTH E, Y @) OREERITH E, Z#
B ) OEEERTH EF 2BV TUTOL ) ITRT & HTTHE
T [13].

E, — EFEICEF-9

Co%Cq + So? CoCaSo — CypSe CySs
=| CoCaSo—CsSs  CaSe®+Cs>  SpSa
—CoSy —S6Sa Ca
(12)

7272L, TZTCq=cosa, Se =sina & L7

—%, REDY) v 7 #iEOEiHES L, Fig.20 (273 &)
U oD3@HEENEFR Y, £ o OEEEToETHDT
b, Atk A DEERTAEB OEERICERTL-00
FEREERATE B BT OL S IZRETES.

EL= EJf E’W’Eifl

CeCyp  —CeSoCy+SeSy  CeSoSy+ SeCn
-| s, C.Cy —C,S,
—SgC¢ SeS,Ch + CeSy —SES¢SW + CgC,,
(13)

PUEISR LAV OIS I & 5 BEEERATHI Ey &, WNED
U vy RO ES)IC & 2 EEERITH EL BEMTRN
o, 2070 I060T50 217 3FIHOEE Eas
&, 29T 25 HDEH B2 DL E23/Ez2 25, 7231715
BOEHEz, &, 11T 15BOEFE E11 D Esa /Eiq 256,
iy LfE ZEMBAE o LIREREARKE 0 OMBE LTUT
DEHIRBTELIEYTDS.

—CoSy _ S9Sa

CoCy CaSe? + Co? . . (14)
= ATN (cos as-uslizz- GSI-Ilecos2 9)

—8¢Cp _ _ —CoSa

CeCy Co%Ca + Sp? . , (15)
&= ATN (cos aS-H;:s2 Zo-is- sin? 9)
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Helical Line

Pa

Fig.21 Discontinuous model of the HELIX

oo P 4Y
7 R

Lz Lz

>

(b)
Fig.22 Front and side view of the HELIX, which coils around
inscribed circle with diameter R

HELIX TR RI 2 BT A HEOEOHRD A3, Fig. 21
DL IZEEORLEE Zo 82T - 7-EEME (inscribed cir-
cle) IZHETAH LI IZKREHEZ I A NVIRICHIT TV b LBEL
72, FLTIOBIEOTING, NEABORETH S [t
BRI L, B1E% Yo-Zo FHIKEELIZLE, COF1H
EZ @Ml TATHL [BEDOWA v] D_OxFRERE
TG RA—=F|ZFHILELT.

LAl Eo & 512 HELIX ORhetiE 2 o, Fig. 22 (a) IR
L9, BIEEEORE T LHE P & P OLE% Xo-Yo *F
HIRELILE, TP OAPRAILTRTAL 8 &
L, $7:8H0D Zo hm~DEERE% Lz (Lz = L-cosy)
EhL, BRHEOWMBAR o LIZEAEOMME § BLUT
DEIZLTHETRTHS.

39, BIEEROEBEOBE OV EBEREE P, U TO L 5 IR
Ehab.

R/ cos(B/2) - cos(n - 8 — B3/2)
R/ cos(8/2) - sin(n- 3 — 8/2) (16)
(n—1/2) Lz

P, =

ZIT, MEHBEORSIMPL THLEH”H

L = ‘Pn+1 - Pn|

= /4R?tan?(3/2) + L2 cos(v) an

MBEOIID., ChERRATRE, B & v OBBEBUTOLSIZ
B )
Lsin(y) = 2R tan(5/2)

.3 =2-arctan (2 (18)

LR sin('v))
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oL SEHMMAE o 13

I TS ] v i
_ (2Rtan(5/2))*(1 — 2si2nz(ﬁ/2)) + L cos®(y)
=1-2sin?(3/2) sin2(7)L (19)
EH5ZHNBH, Z2T,
cosa =1 — 2sin’(a/2) (20)
X (18) AT
sin(a/2) = sin(8/2) sin(7) (21)

REL. FLTRK (18), (21) &) B rEHRTHL, A
B o PURHEHE R LM y OBBELTUTOL ) ITkE 2.

a = 2 - arcsin ( sin® (7) > (22)
VAR2]L? +sin?

IZAZAEZE 6 122V TiE, P, Poy1, Page =20/
BAEET AFEE Prt1, Pri2, Poys D=20BE S
By H5FEOBETAEL LTHETEL. LrL, —AxOBER
TIOELFETLORFERTH L0, 1FIC n——1®ﬁw
THETHILIIL. ZOBHE, BE P_-Po &M PP,
P Xo BiE D IZEEER E o TWB I E RS, Hi Po-P1 A5 2
B L SPATIC R B 912 Xo BRI D (0 v RUEEES ¢ D L,
Fgﬂ3®l5K$EP4JMP1ﬁiUPprﬁkL%%

FHICHEIK LAHZE 6 45 XoYo FEH LICHRETHETH 2.
ZDL EMEEE Py, Pl dEREFR
P, =E" Py =(R,0,P;)"
1 1 ( » Yy IZ) (23)

P, =E".P,

TRENB7D, UTOMBRREBESICHETETH S,

tan(6/2) = [Poy|/|R — Pyx|
_ |Rcos(y) tan(8/2)(3 — 4sin?(3/2))|
h 4Rsin?(y)
(24)
ZLT, X (18), (24) & B RHETH L, Itz § S

WHEYE R LA~y OBBRE L TUTO L) ICHETE S,

A

Py | Yo

Pﬁ{

Fig. 23 Projection of joint posture to XoYy plane and the angle
é

BADKy bERE2 %55

L
§=9. . . si
arctan (2 —f *Cos7 - sin 'y) (25)

MEDZ EHS, $1E R TUf v OBEHEELID 2255
HE w TR ER 21T L ZDE n HOBE ORY ¢ 12
BUAA () EA &R, UToX)c5rnidlnwat
BHN5.

(t)—arctan( sina -sin(w -t +n - J) )
8= cosasin®(w-t+n-8) +cos?(w-t+n-d)
(26)
_ sina-cos(w-t+mn-4)
€n(¢) =arctan (cosacosz(w “t+n-8) +sin?(w-t+n- 6))
(27)
7272L, TZTa, 613
.2
a=2 - arcsin sin” () (22)
VAR?/L? + sin?(v)
§=2-arctan (2_LR - cos~ - sin 7) (25)
ThH5b.

4B, TOLIDHELIX O&R S L& & q (SEMEHEH
NTHb%5E, UTOL) ICHETHETHS.

S=(N+1)-Lz
=(N+1)-L-cos(y) (28)
=((N+1)-8)/(2-m) (2)
29
= (N +1) - arctan (QFR sin(*y)) /m

%8, il s HELIX OEBRTIX § HEESH, o, w D
INT A=Y R RS THKFRAS €72, ZOHE, na(t),
En(t) 13X (26), (27) HEERT D, Z20L EDHEFRT
A—% R, v LETHARS S, Ha3fhqld

~ = arcsin (sin(a/2)/\/1 — (cos(a/2) - cos(6/2))2)

(30)
_L ~__cos(a/2) - cos(6/2)
k= 2 sin(a/2) 1 — (cos(a/2) - cos(6/2))? 3D
S=(N+1)-L- cos(a/2) - sin(8/2) (32)
/1 — cos2(a/2) - cos2(6/2)
= (N + 1) - arccos(cos(a/2) - cos(8/2))/m (33)
L5260 5.
4. HfEL 7= HELIX TOuixER
4.1 KEBREH
UbEoEHE%5CI210 2= v b HELIX * #EL, 10 BI&S

(11 ) DOFIKEEB)IC & Y KF TORGEREHE DR ER S
fTo7e. IREEAIARE & 1EERFIC 60 [deg) TEIEL, MRikERT
BE o DA% 0~30[deg] IRfLS 7. T & ZEhEERIT
£ (33) LV 18~2%LkKTD. ZHIFFig8ITRLAL
Iz kl:?‘ﬂ’)% DK IZDWT Zo B LT XoYo DV
S h. HE—ZORFET XoYo HADKE L %5 K[Q(Fx))
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Length | 1870~1648[mm)]
Diametert 80[mm]

Weight | 8[kg]

o 0~30[deg]
S 60[deg]
Period | 1.8~2

Fig.24 Swimming motion of the “HELIX”

122V TIE, Fig 6 12R L7z & ) & Y-Z FERNTOIL
EB AT B, WD SZIT A X @HRON Fx 2°Y # Z
BAMON Fy, Fz ERTHFIASWEER, TOREESE
SPEFH L. 7200 v = 0~28[deg], BIEHFER =0~
61 [mm], EfTHMES S =1,870~1,648 mm] &% 5 Z kit
b (32) oFHshL@E) THD. RERTHVZATD
Wi, F b ZE S 20 [mm], & 110 mm], EE 2 [mm] O
EAROWRO L Y v TAT, KEIZ 4T OMIZH->72 0
FUCEL D T 72, SRimER IR Y bu—2 &5 0320
ZEBAEEL, RREVHEAE o HIREEE v 2ERT
FORT AL BB LLHBEA T Y o — 72 BEER L= N =
a4 rroa—my FAFEHL, ThE KEEBRICES
52 L CEEERIEER 2 AT A s L L.

4.2 EBER
HELIX T XRTOHBAE o YU THLEHEC L O

KEEHD S, FifIAE o *2t3¥5ZLTFig.24a 0L )%
BRI A LS 7, e E FOMS Z THEM#ETE 20K

BEIZ L CHFIEIREED S is8nEB) 2 4G 5 &, Fig. 8 II/RL
K[Q(T7z)] OFHEHERD & 9 ([CHASEI R O@ME ) (2
Lt b Z L2 MERA L. LT, EMAKE o 4 20[deg],
IREEEE w FH 2[rad/s] ICLTFEMT & Fig.25 D& ) IS
# 15 [cm/s] CHRSEMEEHEE LT T L AHERRTE L.

nB, RRLOWDIATo BN TIREFHPKELTWDHY
HEOREREHEEICOVWTEE LA, LrL, EBRICRIELL
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=,

HELIX (3&FHEI 1 LY /AS REO—EFAKEICHETL
F o7, ZORKEER, KEICH IS OKE ) ARDKE AT
BLFORICIHEELTLE D &) BHEPBEI L.

5. fawmESRORE

ARFETlE, BARARICEET A= RTERZT)dDE LT
WHEMTHEAYOA—F IEAL, ZOBIESHO G %
Hi L7, LT, A¥OA— ¥ OEETd 5 EHEEIEESR) D
JIFRIRN 247D & RIS HE ST 2 1T, COESh % IR
HERICL > THBTAOOFFEEFERL L. &6, %
THEIDEERY a4 v FVERET, ST 7 Fax—5%
EEHRL- 2 HHEESZHEEL, #0502 BEEEES LK%
o 82 E [ SR 0k % 47 O R IRAEBI A HELIX % 84EL, Zh
% F O TR IR BR & T VIR ETS L EE) 12 & o THAE [l dndE
EDPITR D EFHOLMITLT.

FAEGBESIUTOL ) 2L EDLTFTETHS.

(1) A¥oa— % B ER R K &~ RO T k|2
M35 L) ERNELEET).

(2) A¥u~— % B OBBEREREK T ) BICEET 2
DINT v A% ZEBE L REEKROMET 21T

(3) ZFIKAEENE HELIX O/KE) ) HOBLY 1) fikis £ Dk
WEREHEICHET AR ET).

(4) ZHEEEE HELIX O/KF T BIE L BRAEHIE > 2 7 4
% E A LK ERZIT.
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