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Figure 1 Mechanism of the snake-like robot

Manipulation

Locomotion Reconfiguration Manipulation

' ' Isometric
beddi
[al, a2, &8, oA, ..., 2" 0,0,0, o, ., 2T |l—— 8 a4, ..., 2"
Embedded
submanifold Submersion

B 2 sHHSRAMREAILAXER

Figure 2 Mathematical relationships of the configurations
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3 WENFEABNSRIENEHFRE—XF
Figure 3 Kinematic unified relationship of the snake-like robot between locomotion and manipulation
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FERTRREE, BT DU S U A R S5 R g TEA LA N A TE 0] (Q, M) J&—7) Riemann Hi/E.
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ARET VR4 T WU 31 1124 55— Christoffel 755 R IACH AKX M S .
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jk 2 ‘
l=j
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Adi(H) = ’ ’
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3.3 'Xh

M TR AT 0] LT X Y ([Ya, ..., Yo T) ST DA R X 7Y (Y, ..,
TY,|T) FIHLEE N S PR AH B R E - SRR X Y (FYa,. . YD) B, Bl Y = 7Y + 7Y
I AL N b T2y R A e s S AT R R 1)k sex(3) ¥ BICE. W]
DUAE Y FE AT 32 B2 Wit w0 (B2 WLSHE Cartesian 25 [F] R HLAS AN S BB B0 ) il & W
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G o RIS Q M3 @ AR, W da® )" CZEE] T*Q WIS @ MM Wy’ = gsu N

Cartesian 5[] SE™(3) HIH @ ANAAR, W dy' J& B3 0] sem (3) AR & L. NARRR &R R &
DI wr BRI SO~ 0T

v (w3 (w2
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SE(3)
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HRAR IS (18) 4SBT Ay MR I S R B 6 2 S A 0 o X4 3 3 A -
IR R o ERP XA
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A 7 28§ AR S A B 5 T 27 B 08
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Kb fi— 5 0 DRI ). PO EBNIIINE, B fL = fo = 0. 4k SnT
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855’7; . éS,jES,i, { 2 ja
ori

0, i< j.
BBV T = EC K2 L1 NS R A (O 7

it 3.3.1 D5 AR WS C R 1 P

i 3.3.2 MM ¢ & c1 &R (20), (21) &1, M < W TY 5 Of K

3.4 BHSREMNE
W L B 55, KX (7) PR E SRl M, HEEI NS N ) S EAES) ) R T
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SRR AL 27 = 4,...,n) AT 2) PLEE AR BN 53RN PRI A2 TR A ) 1 3
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V£ 2 (I Saito 25 Bl Transeth 25 15, Zhao 25 [6) ZEWFITIE NS N Sh 1 4RI, JHL 2%
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ZMk]mJ +ZZF“’€$ i —
=1 j=1
(ZMWJ +ZZF”M il +QZZFUM xﬂ> =0 (k=1,2,3), (23)
=4 j=4 i=1 j=4

o BENITHE 4-n

ZMk]x3+ZZF”kx W Ty, =1 (k=4,...,n). (24)
i=1 j=1

3 (23) FERATXT T A0 FE KA Y. A7 T4 A NS B CLAN T L R, LB AAE S R ARRR &R RIS SN, Msxi.s
MBS A PR AL A, AESTTAEERE A T My A Moy R RAE o° FK, Mz HOHE.
A5 3.1.2 Bl My3yan 5 2t 22 R, MKET (22,24, ... 2™), JTEA My3xa., DUE 23 IRREE
B, AR SEE 3.2.2, Ty (k = 1,2,3) A& 2% [ ;%z. %%Uﬂﬁ, HZ5e 3.21 %0, i = 1,2 (8%
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n .. 23,3
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=3 .%3 0
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fyp(at, 42,43, 2t 22, 23) ¢Fy (i3, 23) 0
— | TYa(it, @2, @3t 22 2%) |+ | cFy(id ) | =] 0 |- (25)
ys(at, 42,43, 2t 22, 23) ¢F3(i3, 23) 0

TR IR (25) S5 A0 A 4 AR (23) HhEE S AdE S rh &0, W EH T (2, 22,23) |k
(PRSI 7 « BHR T RI RS0 7. 3K (23) 8K (25) HAEANHLER N R R BIEAR AR R i X ALY 71
IV TR, 558 Z 7 1T T RE L. BT [ Moy # 0, 3 (23) 8L (25) AT (2h, 22, 23)
(1) B o3 T R

X (23) B ITENLSS NS ANEEN 1157, X (24) BB BIN LB T 5. FEaMBs) )2
TR BT I 71,70, 73 = 0 THEIRTENLAS NAEIPEARFR RPN AL (31,32, 33), &2— M IESh )
SR, ANEE) ) A e we TEALES NI ShRE . AH Y A 5580 ) 27 838 3 TR A A i A\ SR A P
N 7 (k=4,...,n) 2N 2= 8. N0 R e TE L AR 8 id B2 h iz sh TR R A1 )
FHZ BB OCAR. AEde TENLAS NS sk B vh 5l 7 27 55 4830 0 27 [T IAE AR AR AR H.

4.2 BIEINE

W TE AL s NI — i ] T, A H] B AT TUAR B ER BE ) S AR D AU BEAT 4. LA AR
BN IIHAL N BN 2 AU, IR DA A LA AR EAE B, — SO0 T, T AL s N 4AES )
2 (BUAHMN AR 3 ) %) IR S 1207 R (22) JEAL B INIZ S AR ot 22, 2% = 0 SKERT, X
Rl 75 e BT USR8 ) 2 T RRAE LRGN B — T S XA VA R TE LA NI 880 ) 2
S ¥E5) )5 2 A SRR b AN TE RS A BN ) SRR T 2 i B SR b, BT LA RE
W B SEAES IR — KRR, B R ESC ORI C T I e LA N3 1 E R & g6, v]
VA E B i 3 3h ) 2 7 RERAAS BIHRAES) 12207 RE, MBR T R ) LAAMANTG SR 3N ) 2 T R i) —
W, CASCSEIURS 8 5 BRAES) 2 i ge—.

4518 3.1.2 51, Myyan AT (21,22, 23), B (2, 22, 23) BAEAT03e S 2 IR 3L e SCRRAS
RO My.pan, WE. LML, 518 3.2.3 AIEN, Ty (K> 4) 5 (21,22, 2%) T BT HEARE
Nl 17 DT RS RS ) 5 O R

o HAETTFE 1-3

[zt 22 23]=[0 0 0] (26)
o BWAEHE 4n
S Myid + 33 Tipitid Y =7 (k=4,...,n), (27)
j=4 i=4 j=4

Arb Ty — BRI TR M) 50 R. 1 (26) Rk EHLas A e 58, BARHAE AL (27)
RN TS 1080 122 J5 ke, RIS e

WERR MRAEER 2.1 AT IE X, BAPIRES MIRIENLS NRIEN 2 € @/, MINIR#RATEE
HIER «” € N, IFEE X T — MR AL
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Figure 4 Dynamic unified relationship of the snake-like robot between locomotion and manipulation
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Figure 5 Dynamic simulation for locomotion and manipulation of the snake-like robot
(a) Tail’s track in locomotion, and the partial enlargement zoomed displacement X € [0.60,0.65] (m) is drawn
proportionally. (b) Trajectory in manipulation. (c¢) Torque comparison of locomotion with the partial enlargement
zoomed time ¢ € [11.75,12.75] (s). (d) Torque comparison of manipulation with the partial enlargement zoomed

time ¢ € [13,14] (s).
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Table D1 Parameters of simulation

Physical parameter Control parameter Environment parameter
Number of real modules n’ 5 Oscillation amplitude « 0.4 rad  Tangential Coulomb ut o 0.01
Length of module L 0.08 m Angular frequency w lrad/s friction coefficient
Mass of module m 0.5 kg Phase offset B 057 rad Normal Coulomb n05
Inertia of module I 0.016 kgm?  Angle offset 0 0 rad friction coefficient

Win =n—2.

A unified dynamic model for locomotion and manipulation of
a snake-like robot based on differentialgeometry
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Abstract A snake-like robot, whose body is a seried-wound articulated mechanism, can move in various envi-
ronments. In addition, when one end is fixed on a base, the robot can manipulate objects. A method of dynamic
modeling for locomotion and manipulation of the snake-like robot is developed in order to unify the dynamic
equations of two states. The transformation from locomotion to manipulation is a mechanism reconfiguration,
that is, the robot in locomotion has not a fixed base, but it in manipulation has one. First, a virtual struc-
ture method unifies the two states in mechanism (e.g., an embedding in the configuration space); second, the
product-of-exponentials formula describes the kinematics; third, the dynamics of locomotion and manipulation
are established in a Riemannian manifold; finally, based on the analysis of the dynamic model, the dynamics
of manipulation can be directly degenerated from those of locomotion, and this degeneration relation is proved
through using the Gauss equations. In the differential geometry formulation, this method realizes the unification
of the dynamics of locomotion and manipulation. According to a geometrical point of view, the unified dynamic
model for locomotion and manipulation is considered as a submanifold problem endowed with geometric meaning.
In addition, the unified model offers an insight into the dynamics of the snake-like robot beyond the dynamic

model separately established for locomotion or manipulation.

Keywords snake-like robot, dynamics, unified model, differential geometry, locomotion, manipulation
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