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Configuration Transformation of Multi-Chain Reconfigurable Modular Space Robots
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[ABSTRACT] Deformable fidget spinner is a popular toy, and its multi-chain and deformable advantages provide
a solution for space robots. Inspired by this toy, this paper introduces a multi-chain reconfigurable modular robot
by combining the flexible and versatile characteristics of chain robots. Topological configurations of multi-chain
reconfigurable modular robots are investigated with a focus on configuration analysis and configuration transformation
strategies, enabling them to change their topological configurations to suit different tasks. Firstly, combined with integer
splitting and permutations, a library of basic non-isomorphic configurations for modular robots with positive hexagonal
bases is established, and a non-isomorphic configuration enumeration algorithm is proposed, which shows that the number
of non-isomorphic configurations grows exponentially with the number of modules. Secondly, a configuration matching
reconfiguration strategy is designed to optimally match and convert between configurations by defining a library of
equivalence relations based on structural features, with configuration conversion as the core. Finally, the effectiveness of the
reconfiguration strategy is verified through demonstration and simulation.
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Table 1 Table of the number of the fundamental configurations
1 55k 2 Rk 3 kb 4 Rtk 5 5RHE 6 ki
A 1 AA/AB 3 ABC 10 ABCD 30 ABCDE 60 ABCDEF 60
= = = = AAB 6 AABC 16 AABCD 30 AABCDE 30
= = = — AAA 3 AABB 11 AABBC 16 AABBCD 16
= = = = = — AAAB 6 AAABC 10 AABBCC 11
= = = = = = AAAA 3 AAABB 6 AAABCD 10
= = = = = = = = AAAAB 3 AAABBC 6
= = = = = = = = AAAAA 1 AAABBB 3
= = = = = = = = = = AAAABC 3
= = = = = = = = — = AAAABB 3
= — = = — = — = = = AAAAAB 1
= = = = — = = = = = AAAAAA 1
5000
4576
4500 I Actual number of configurations
a000F T Exponential fitting
3500
= 3000
% 2500
= 2000
1500
1000
500
0

|z i+1 | | ATnum i EH AT, PR R ALE A temp

| VR SR B, ﬁ%@ﬂxmm;ﬂml

summ,m—summ,,ﬁpj

=3

| it HHnum BT L A AS 2 A sumipum |

num=num-+I1
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Fig.3 Configuration enumeration flowchart
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Fig.5 Time consuming for algorithm
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LT R R DG E 1% R SR 2 7R AT S A AL AR N0
P Fh R AR B AT . 2N (2) B fE B
FEWE T A DFS #8050 55005 00 f AR FE i o
W=[w, w, wy w, ws we] 5, W IR #5153 53
IRHN Ly~ Lo ST SR BSRGE
TR SRR s A, DA SRR
Ui 7 AR A, B TR Y I 54 (DFS) #E4 T
Fa LR, B 5 019 A T BT R RS 15
B B A R 1 HRIRSHE I T, 5 B ARG A
AR I RS G0 HUCHRE I e (1) 251
SN KRR MBI, 3 6, RE 6.
X T, 5 G, WEEGE R, 15 T, 5 6, AR L
NG ERE S NN S iR O s WP I DU E | /AR 7 § 410 i
FTEAERAE . SO AT Pt i SR SR T 3 i 3]
S B sl R L AR R A SR 22 BE P LA AR T
3.1 EF DFS WHEHR 5
DLBE e A e vy SR MRS R, TSR U IR T R, AR
V5 ()RR T s A Vs 0] 2 A SR 3 L, (i=1~6), N L,
H A AU T3 5 TR) AH @81 L, BRI B AR L R
[\ SRS 5, LV Ly, LASARSRAY S 0, BB T A
AR Ao A AR e R T A D R T A
ConfigDfs PR ( Algorithm 1) 3R 7] re, FH[4: re XN 464>
TR B ISR AR, PREL GetW X HRE re AT
HH AN BE I I RO R HRBCRE A W, 25T DFS A4 Y
PO SRR .
Input: 4 % Adjacency matrix
Output: W % the number of modules on each chain
1: function ConfigDfs(A)
2: m «— length(A(1, )
3: top < 1 % top stack element
. flag < 1% flag whether a node has been visited
. stack(top) < 1

4

5

6: re<[]
7: while top ~= 0 do

8:  prelen < length(stack)
9: i« stack(top)

10: fori=1—mdo

11: if A(i, j) ~= 0 && isempty(find( flag =], I) then

12: top < top + 1

13: stack(top) < j

14: flag — [flag j]

15: re < [re; i j] % store edges and nodes into the
result

16: break

17: end if
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18:  end for

19:  if length(stack) == prelen then

20: stack(top) <[]

21: top < top — 1

22:  endif

23: end while

24: return re

25: end function

26: function GetW(re)

27 [index,j] < find(re==1)

28: for i=1 « length(index)—1 do

29:  if abs(index(i) — index(i + 1)) == 1 then

30: W—[W11]

31: i—i+1

32:  else

33: W «— [W abs(index(i) — index(i + 1)]

34:  endif

35: end for

36: return W

37: end function
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2o RIEZNIIIE BEAT ERE AT B X FR AL 115 5]
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Fig.6 Structural equivalence class
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Table 2 Isomorphic configuration matrix enumeration table

BT fh W, S
60° [w, wy w, ws wg w]
120° [wy w, ws wg w, wy]
180° [wy ws wg w, w, wi]
240° [ws wg wi w, wy w,]
300° [ws wi w, wy w, ws]
360° Wy w, wy wy ws w]

LB XT EC T da e RS b R R R 5 A A
B ARBIEICAIATME . MR DFS IR, 15
B0 e H ) 5 B AR AR I T, PO R A 1Y
BEPGE RO W, DL L B B S B 15 B
Ve G, OBt 1 R BEHGE RO AR B W, A
BB BIRGAERE W, 15 2RI F R W7y, 12 20 W
ARG P oA WA S5 PP Wy K
YL
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S = Z}:|Ml.| (8)
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URLIUEE S
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Dy HEBARAS A O S MR AT A . X
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B AT X R WA A S M SCREEA TR et o
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ST BB B I 15 TT DU . U AR
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RS, MR A EAHLE MR TR 7 Pl
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BB W, TR 7 BRI G A R  E R Y
T 13 AN 2, e v, S B R S T 1
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viO O O O 2 0 0 0 0 0 0 O
G=v/ 0 0 0O O 0 -2 1 0 0 0 0 O
vwvi0O 0 0 0O 0O O -1 0 0 0 0 O
w0 0 0 0 0 0 0O 2 -1 0 0 O
w0 0 0 0 0 0 O O 1 0 0 O
VOO0 0O O O O O 0 0 -2 1 0
vfO 0 0 O O O O O O 0 -1 0
v,/O 0 0 O O O O O O 0 0 2

HiPE 4 Al A 12 A FRoCREE R R F BB 561
Foft, E1 R BB AR Z H B0 T, R R DL D e oK 52 1k
U2 6] (4 e e, AR A A U1 B T, 55 H A Al 2
5 SHERE Gl TR Yo Sk MU g
BRI VA (R A5, 15 25 BRI AL 1 OB B,
B W, 5 W, SRR, £ BE L] A 2 HOC R AE
SAERE R TR S AL

(a) WIUAHHG B MA]
7 HARURIME
Fig.7 Topology of configurations
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wi0 0 0 -1 0 0 0 0O O O 0 O
vwli0O O O 0 2 0 0 0 0 0 0 O

G=v/0 0 0O O 0 -2 1 0 0 0 0 ©0
vw2wf0 0 0O 0O O O -1 0 0 0 0 O
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Fig.8 Schematic diagram of topological configuration transformation
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