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1 (MEREE) BREIVERGESHRFAN M-TRAN III #kH 28 A 2. EHH Haruhisa Kurokawa
HR R
Figure 1 (Color online) The M-TRAN III modular robot in national institute of advanced industrial science and technol-

ogy (AIST), Japan [2]. (a) A single M-TRAN III module; (b) the reconfiguration from a quadruped robot to snake robot.
Both robots are made up of the same number of modules. Photos are courtesy of professor Haruhisa Kurokawa
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Figure 2 (Color online) Double-unit modules. (a) M-TRAN III module [2] is an edge-hinged double-unit module (Subsec-
tion 2.3). It consists of two (i.e., female and male) semi-cylindrical cubes. Two cubes are connected by a linker. Each cube
can independently rotate with respect to the linker and the rotation angle is ranged from —90° to 90°; (b) the CellRobot
in KEYi technology incorporated consists of two symmetrically hemispherical units. By rotating around the center of the
module, each unit can relatively move with respect to each other (Subsection 2.2)

B 3 (MEhHRFE) 2—8iEH. BHF A Daniela Rus #3%#1 John Romanishin #H1{E#

Figure 3 (Color online) Single-unit modules. (a) M-Blocks [4] modules locomote by pivoting about edges, and the
movements are driven by a torque generated by rapidly decelerating an internal flywheel. The permanent magnets embedded
in edges are free to rotate to allow 2—4 modules to form structural magnetic bonds. (b) crystalline [5] modules move by
expanding and contracting and the length of the side when expanded is two times that of contraction. Photos are courtesy
of professor Daniela Rus and doctor John Romanishin
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1) “CellRobot”. http://www.keyirobot.com/.
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Figure 4 (Color online) Central-point-hinged type I. (a) The rotate axis is the line connecting the centers of two faces
opposite with each other; (b) Atron [10] proposed by University of Southern Denmark modules are in this type. Photos are
courtesy of professor Henrik Hautop Lund

(@) (b) (c)
5 (MEMFEE) FLEIESEE 11. BFH Swiss Federal Institute of Technology in Lausanne & ¥J#18%
AL =R
Figure 5 (Color online) Central-point-hinged type II. (a) The rotation axis is the diagonal of bounding box. (b) Molecube
modules [11] proposed by Cornell University cannot move relative to each other. (b) Roombots [12,13] modules proposed

by Swiss Federal Institute of Technology in Lausanne (EPFL) are able to move relative to each other. Photos are courtesy
of BioRob, EPFL
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Figure 6 (Color online) Possible grid-reconfigurations with two Roombots because of the different relationship between
rotate axes [12]. (a) Skew: 5 options; (b) parallel, 4 options; (c) orthogonal, 4 options
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7 (MEMRFE) WFRREB PRI, ERH Wei-Min Shen 2
Figure 7 (Color online) The edge-hinged type. (a) The sub-modules of SuperBot [6] can rotate around the link (DoF 1
and 2) and with each other (DoF 3); (b) the sub-modules of iMobot [3] can rotate around the link (DoF 2 and 3), and the
modules can rotate with each other (DoF 1 and 4). Photos are courtesy of professor Wei-Min Shen
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s, VT ML A HES RN T SUEL S T FAR SRS MR MRS 151 (EIEA0E 3 70 4). B Mark Yim
BRI

Figure 8 (Color online) (a) SMORES modules and (b) their motion modes [14]. Each module has two wheels (DoF 1

and 2), and the connected face is a rotatable disk. Once the connection of two modules is made, there are DoF 3 and 4.
Photos are courtesy of professor Mark Yim
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Figure 9 (Color online) Pivoting modules. (a) The modules move by pivoting about edges. (b) Modules in this type
cannot control the angle of rotation accurately because of lacking in connector. They cannot stop at the position showed
in red cross and the only way to stop pivoting is other modules block the way, as show in green circle

aacak s

(a) (b) (© (d
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Figure 10 (Color online) A sketch map of reconfiguration by expanding and contracting. Modules 1, 2, 3, 4 of (a) were
contracted, and the configuration is transformed into (b). Then modules 3 and 4 were expanded, transformed into (c).
Then modules 1 and 2 were expanded, transformed into (d). Because the modules are all the same, the reconfiguration
between (a) to (d) can be regarded as that module 4 moved to the position of module 5
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11 (MEREFE]) Telecubes 18k [*6) g =4 EIR(E. BIFEH Mark Yim #Ri2{#
Figure 11 (Color online) The 3D expand and contract operation of Telecubes [*6]. (a) CAD model of Telecubes module;
(b) the physical prototype of Telecubes module expanded; (c) the physical prototype of Telecubes module contracted.
Photos are courtesy of professor Mark Yim
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Figure 12 (Color online) The (a) four-legged walkers and (b) snake forms assembled by four M-TRAN modules [2]. Each
module should bend or rotate by the rules to walk or crawl. (c¢) The automatic metamorphosis between configurations.

Photos are courtesy of professor Haruhisa Kurokawa
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Figure 13 (Color online) (a) The rolling Roombots modules can be used to moving furniture; (b) a Roombots [12,13]
chair. The rolling bottom modules enable the chair to move. Photos are courtesy of BioRob, EPFL

%1 REEARMLLE 20

Table 1 Comparison of different actuators used in reconfigurable modular robots [20]

Type Torque Size Control complexity Cost
Brushless DC motor Large Medium Complex High
Brush DC motor Medium Large Easy High
DC stepping motor Medium Large Moderate Moderate
Shape memory alloy Small Small Complex Low
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3) Alberto. “Dtto”. https://hackaday.io/project/9976-dtto-explorer-modular-robot.
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(a) 12

13
11%12]13]14 14
10 15 & Disconnect 15
9 16 O Connect ‘ 16
817165141321 111101918 7]16]5141312]1

(b) (©)
14 (MEMFEE) BXEERTE

Figure 14 (Color online) The chain-typed self-reconfiguration. (a) Modules 9-16 are regarded as a chain, and it can

be fold through the cooperation among modules; (b) module 16 moves to connect module 5, then module 11 disconnects
module 12; (c) modules 12-16 are regarded as a new chain
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15 (MERFE) ZNBHNEEETIE: ZIEFRREBH—MER

Figure 15 (Color online) The one-by-one-type self-reconfiguration. Only one module moves in each step

(@) (b)

16 (MERFE) 3 I M-TRAN HEREBHENTEEE. —> M-TRAN RRE-NPAFRIR (BE) M
— M EFER (BR). BF—3 (+,-) "M AEESOESBA— N EEROUE PR REE, ’B + =
— MSIRCH QR B FRIRNAT B BRI HBHZIHIULE. (a) F (b) MEERTKER, ERETEESAT
[, FTAR AT EIRIHEEL.

Figure 16 (Color online) Two configurations composed by two M-TRAN modules. A M-TRAN module consists of female
cube (white) and male cube (black). (4,—) represents that the hook in male cube is inserted into the slit in female cube of

another module. The male and female cube without '+,— is free to rotate. Configurations (a) and (b) are different because
their connection methods are different
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5.1 WBEPNRRGE
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ORI B 16 45 17— A7, O 7 X AR, 5 B3R T i 46 LR .
o MBLEIFR IR, KA R P (O RE R AR — A Gl R, AR P ASBEERA TLE R, U0 I (9 P 45
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(b) (© (d)

E 17 (WEHMEE) (a) 3 ™ M-TRAN HEHRAMMWEE 1; (b) FEiF 3 MEREMNFZ—MAEBE 2;
(c) BHREPHEMERBE—NER, MRAMIREEERE, WNEORNERBHLEE. XMERTGET
EXSHBE 1 A 2, ENHERTEEEWN; (d) EEPHEZKIE EIEREZRENERIHEAEFBHNE, XN
WEFRFERBEYX ST 1 F1 2

Figure 17 (Color online) (a) The configuration 1 is composed of three M-TRAN modules; (b) the configuration 2 is
composed of three M-TRAN modules; (c¢) graph representation for the configuration. Each module is regarded as a

node. There is an edge between two nodes if two modules are connected; (d) weighted digraph representations for two
configurations. This method separates configurations 1 and 2 easily

® 3
@ ) ® ) -
® O0]r,
5 8.2), 5.2 @ G|R,
! 0 @]R3
@ )

(© (d)

18 (MEMFE) (a) M-TRAN #ERFPZANMEPKE—FRR. (b) —FH 3 ™ M-TRAN #ERFFHEMAIIGE.
(c) ZMBMMIRERT. (d) MRENEOEERR. W8S 3 MERHERNEEE, S35 NEREN C
C, Ay BHPRERNETET, DA NETERZOAMRIR. b ¢ JIFE 1 % 2 APMRETIET, £
1 MEREERS 1 NF 2 MR FFRTPFNRFRANNEREZNZM—@E, tban ¢ FIRE 1
F2RTBETNAZE ® M @, TnE 1 NMEEEEHSE 1 MERK ©® BME 2 MRRY @ EEK

Figure 18 (Color online) (a) Each face is uniquely identified with an ID; (b) a configuration of three M-TRAN modules;
(c) the weighted graph representation of configuration in (b); (d) the matrix representation of configuration in (b). Two
columns of the matrix correspond to the two joint faces in (b). Three rows of the matrix correspond to three modules.

Two non-zero units in each column correspond to the id of the faces which are connected to other modules. For example,
column C'1 means the face 6 of module 1 and the face 2 of module 2 are connected

VRSN MO S R R R () 17()).

o HIFEFRIE. KT 0 MR IR, 5 LA 0 x m BRERE M, m N (SRCT) 1
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5.2 MBITEXNGHESGE
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MO K 5 9] AR — A fi] B0 B HE A 210 B B ROR 2. BATT A — i g £ 0 25 (R BB a1, B

158



HEB FERE B A8 E 2 W

| | | | | |

19 (MERFE) BREFEZRESIR 8 MR, BR/LAMNESIARATE, BHETE—Mad

Figure 19 (Color online) Eight configurations which are mirrored or rotated from each other belong to same configuration

P

B 20 (MEhRFE) 3 MERRJLAMNEMARETHERE, BE2EME

Figure 20 (Color online) Three graphs above are isomorphic
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log(Number of configurations)

0 ’ 2 4 6 8 1.() 12

Number of modules
21 (MEEhRFE) WRA BRI RRER A BRI TR ER R, MK SRR ENXR. HHHE
BRY, YEAMEREHNEY, BERANA—FEL. MERBNRERA f(n) =7, ARFTIAELMHEER
REHIE, 1RK S RRRIEK
Figure 21 (Color online) The relationship between number of configurations and number of modules. The horizontal axis
is the number of modules, and the vertical axis is the logarithm of the configuration number. The result is approximately a

straight line. The expression of the fitting function is f(n) = e':6272=3-7 which indicates that the number of configuration
increases exponentially with the increase of module number
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A_b T Pl [ 5 o T B AR A R I 7 v BRI B, HLEH 5.3 /NS RTAN, o AT R R R A
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2 TR FRLERAT (R 1 A% ) S A B AR IS (] SR AR B O(n?). T AR 78N 7 0 8 4k P g 2 22
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6.3 BRAREMBELANEE

XHF NP ERBEEAEL s N E B R B AR R DU I, B TEN R T 2 iR & a0 %942 T
I 8] P ) S DL A AR % 6.1 /N ik 1) B [ 7 ik, i F I B O(en) AN, TP
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Wi e& B AT PR, 15 2 A T BEIE A H AR R T7 1), FEAXANTT ) 4k 2R R E RIAF) H AR AL X
FT7A] LU KB R R g4, AT s = AR,

AR AR AN G UEEE A R ERPUEILS NI RH B, FA s 8 f(2) =
d(z) + h(z) BRMAFRIER, d(z) AENYIEEH BB A F L o BSEBREEE, h(x) NTERILERIE T NG
BRI o 3 H AR B ROl pE Ry, R R 4ES open M close HMF13E, Hit open FRALKAFH 5
I £, close A0 CVF AL A mi. BRI AL R BOEFE open R f (@) (EHKHIT AL, KEHM
open HHERIFTHN close H1, #a75 5 HAHSBA T i, W1 RIX LET s AT IA I HANEE open H PR IZ EE 45 £
JIN open, MR CEAEET open H, MIZE L@ I 1% 08 72 15 L BIE X LT 51 d(x) EHAAT /D, Wi
FEMEEE f(z), d(z) HRAT REOVIZIEE T AL IRA R MAMEERAE. ABIEIR L B, B30
H bRAL BB UM open WL IR AU TSR o B H AR B FLSEFE B dy(z). A* SR
BRI AR AT DA R AR s 6

(1) 24 h(z) = dy(z), R AL R AT AT, R MER S,

(2) 2 h(z) < dg(z), WRIEEZR, WRBEER, HA] LB R

(3) 2 h(x) > dg(z), WRGHELLEE 2 MIFLLN DR, EABIRIES R L.

Xf TR RAL LS A BS AR PR 5, 7R M R R R R A R B .
BTN EE I E T R AR IR, 1L A B B RAEREEAH n MEHA SR, T —
FhEE & d 357 B0 L W0 4

o dEGME. d(A, B) > 0;

o A—M. d(A,B)=0<= ANB=n+<= A=B;

o XTFRME. d(A, B) = d(B, A);

o A% d(A,C) <d(A,B)+d(B,C), ¢ MEE—FGEL.

2% [ The Johns Hopkins University FIF5E A S7ESCHR [57) $2H 7 LR AT THEEHLHLES N B E
AR R, O ES IR, R PEE BRI IR,

EEMES. XN AN B A BEAESRBIEE, 1XN Bovertap = 1 — |[AN Bl Boverlap
RERDTFEBNIEIE. ST T RHFEREERE, ANB = n, B Bovertap = 0. H
B E AR I B b A S ORI, AN R Sy T S B A T[] ) AR A S P 75
AR, PRRAN[R] R AL B AR 36 ] e B A AR [ 1) SV B B, (B S PRa P UM ZZ IR K. A&l 22 Fow, o
Boverlap (@, b) = Bovertap(a, ¢) = 1, (HSZFRBLHFL B B 2O 8 J5 8 2R TR

RNBRSHEE. © XM A BBBET B TR NS/ EIPE, 188 Bum. KR [57]
HUEM Buin W ETE R B 4 ADFAT. (BTSSR B 8] 1) /A% 30 8 ol & — 1 R R
1. —AME BRI AL 77 V2 S T BN A B ) B B S A, R B R B S A Bl R e A E A R
e A M B MR BEE SN Sa M Sp, HEBBRES So = S4nSp. L S1 = Sa\ So,
Sy = Sp\ So. &4 Sy Sy PR — MY T —MECFR IR, FHZBEE] So KR/ NSl RE
fiE. K S BB PR IR RRBEHON R E) Sy ARl s/ N, I H Dijkstra 505 THE RO ER 213 5
GRS AR AR, HR S, M Sy AN BR T UL R AL, HAt R
HESL Sy H Sy B I RRHON RO AR B SRV T AN . (B AP R THR R AR R, SR B
I, AR FE

BREOEEE. 48— M f: A - B, B A WP o, BURE] B R ;.
L f(A,B) = X< jen digmij, FeH diy BB a; A1 b; [ Hausdorft #18, m; ; 4> Boolean 42
&, PSR A AT B e A o BRI IR R b; ALE, U omy ;= 1, B 0. fEH
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22 EEMEE. (a), (b) M (a), (c) PEBNERMA 1, 2, 3, BLEEMHEEEH 1, BN (2) EWA
b)) REZE 1%, N (a) EA (c) FE2H

Figure 22 The overlap metric. Modules 1, 2, 3 are overlapped in (a), (b) and (a), (c), so both the overlap metrics are 1.
However, transformation from (a) to (b) needs only one step while (a) to (c) needs two steps

- - = 1 - -~ - ] - - - B _ _ _ e e e N e e il et BT

w

|
|
(@) (b) © (d
23 (MLEARFE) HaEEUERILALEE A RO BY TR IR TR

Figure 23 (Color online) The principle of expanded-and-extracted modules. Module 1, 2, 3, 4 of (a) were contracted,
and the configuration is transformed into (b). Then modules 3 and 4 were expanded, transformed into (¢). Then modules
1 and 2 were expanded, transformed into (d). Because the modules are all the same, the reconfiguration between (a) to (d)
can be regarded as that module 4 moved to the position of module 5

4

Hungarian 5% 581 AT DLt AT A DLRC P K e/ f(A, B) A8, BUA SR/ LR BeAA.

6.4 (HEFRURIREY B EMERIZNKI

6.3 /N AR A E B AR TE, ST 2 WA ER S MR, B T
JHESE, T BA R RE s B SR B, 8T DAL H& A, AN 3AT 3 4 R By | 2
e R AR R T 1.

B T RASACHLES N ZURAT 0« BR8] (1) B S IER AW DhRE 2 A, {4 R AL LA i g Sz Ui
AETNRE, X 4 DIEEATIREM R T4 TR HIEAT B SRR, L ABSRAL AR ER B A IR L e A
PLES N HIZR TS B, (A e RS ROE 1A 8 55 Wi 43 1 mT CLSEELAEMLAR I A BT 22 IR N A 3. XDy
iz an 5 X, AR e R Ao S E EAL BT A B A T R BR AR /N, RIS <EE AL LA
RAUBEHAART B 5, AT BRI e PZ D B sh Bk b B, R H AR B AR RS 25 H
PRAr L B R SR R AR . — AT R R EEE AL AR W 23 B, S il I AR A A B
fiE L, (K 23(a) PR 4 2 E) F8FIHLE AN ERIFTAT TARARRH AR B 2L (Z000), DL RGETE H AR
BRALE Lg (K 23(d) Hsisk 5 A7 F) $5 LSS N A EFFTAT T AR RO A Bh 2 (R E), PISRABI )
AR FTAEIRERAL BN Li. B4R Ly WIFELL (g 2k b o] [m) e g R i A BRI 4 5 9O by i
TR REEEE AL N AES, H L, SLE AR A AR Ly AR R E R 2 b B 1) H AR ER AR RIS 4
BN My, Y Ly ALE (B 23(b) R EXI). # My (g, Rt 3 82303 L, (L&, K M, fi
&, K M B Y, eI e A, =4 bR AU VEE IR B 5 TR e AR
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15 HEE [T TN EEEZED FEEFEFDS  (EEEEE D
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B 24 (MEMFEE) MUEKBEVEERA. £BEE 07 FHE (£LH) TihhEmE «— FR H
TR ABRH “X” 188 (ATH)

Figure 24 (Color online) An example of “melt-grow” algorithm. The original shape are reconfigured to a linear form,
then reconfigured to the target shape

X BN AR BB AL N I B e A 3, R B e 6 7V EAGE F LA N AME 9 2347
B 2 T AR I 15, LS A REE B e 7 (R E 50T LAZE O (1) AT IR) Py s B HLES AN NI 200
TEEM 2 T, BAMSEER E E ALRAE I R AR BE O(k), Hodt k M2 3B 81V £ ki 5 v
MERH . BB A EEAT DA T, I8 O SRR —ANMME NI 2 3 BV 2 TH AR B R LA A2,
s N O RH AN HERIEROYIGEOE, g MIZRHRFEE o BB BFALE. BT
C" PRTE BB E G(CY). 15 O(t) IHE N AETE G(C") FHREI—%M s B g BERIE L, t NEIL
BRI R B R P B, Gt = O(k). L HZ A HLBY BHBERETR. WE s el L+
() B LR BT TR A B E 45 B — AR B 5, HIE A L W RBINUTALIE o, BRI g BT
MIZREE b, B JE R s R R B g (7B, RN R RE N O1). B 10(a)~(c) 3 MMH
WERA T W SR B R 7 1) M ATSE 0 B 1) ) A B AR (10 6 45 £ 2 1 2.

FET AN ST E A B, SCHR (8] FRadE— DR T — PR 4ER Crystalline {H147 %Y
B (melt-grow) [ ERISEIE. HAZ O BAR SRS RUG AL S A HARM AL G #RAS 05— Ff
TR R 1, B GOE TR E E R RERGE. ZEVEMIE IR AR O(n?), Hoh n B 1250
ET B NAA N — N ES Grain(4), X MESTE HEM=ZEENL T BRI — N 4 x4 M 4x4x4
B A. A BRI R R RAG R T R 3e BT AT 2 RE R, A T s M A AR AR5, A3
F—HELBIXN ZAETARIE N R R 1. B AR K BE R BN 4 N8 k.

(1) XFARAT—F B C, PA 4 x 4 B A NFEARAL (FRO—ANERRL) K O ety —AN iR iE
MK, LN GCG(C);

(2) TR B EER 1, Tl — 2k 2R B

(3) (Abfk) HIRaa T S AN —MEE RN 1. ERKEER GCG(C) H BT # st
JSL I R G BRI A, TERRERIERAR A, MG ffoki 8 & s B — AN kL, K A8 3 B RiTE 1
T ) — AR EIEA A B L AW E S R R BRI e R, R K B AR G AR HN I

(4) (AK) B EARWAE ¢ BIE 1 ARG Y, BIERRAE T G AIE I SR B I FK 3
BahZE| G F xRt R B, AW E R R AR 5E K.

B 24 s TR B — AR SRS,

5 M GE TR Crystalline B 38051, =4E4F UL Telecubes 16 1£ [ EAE AL 7 76
BB (B 2 x 2 % 2 B /) Al N Ay, P X BIFE T, Crystalline BEHLL L 28 A ToRHUE 4
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25 (MEIRFE) (a) BRIBMRREEMMPRE LERED; (b) BHBEMRRTEEOKRE MBS

Figure 25 (Color online) (a) The sliding module is allowed only sliding movement across other modules’ surfaces; (b) the
sliding module is not allowed rotate around other modules

1L ER 4 MEHLATFRI 123, H Telecubes BT A, TOIEER A E AL RAT) E A 7 At 1o 24
I83)). 4£ Telecubes BHAHLEF N A EIIRE T, X T 6075 ER S HIBHL M, R RME AR Y LB
M, FFRREHARRFF I, JRJG M PacMan 5095 PO H S I g 42, FRK L0 Telecubes
e 58 RIS B 7 M T SE B R4 18] Fr) ) EAY.

6.5 EEIFEBRRI B EMERFEHL

6.4 /NTTS PR AE BURIEL B B, SRVPBAERG Y A AR, TT DAFe o R RS AL #S N ) A
YRR E). HiZ% B AT ELE R R — MR R AR AR, WA sh 24 (R R AR
B TR 3)). (B Crystalline SHUEFR IR BN 28 M 5K mr A 7] AP (R AR AL, FHFEA 1.4 N/em, HI)
RRNTCEA B 2 M — iz 3. [FFE, Telecubes B H 3K B)#F Maxon EC06/GP06, 2% 7] LA
[T HESN 3 AMEEHUE ). Bt DU SEBR B ER 20 o H ke, N 2 BB R 1Y) 40 T DAE 6 B 36 T i 3
5. [FRE, HAth— SRR e, i MIT $2 H A EM-Cube 60 R H R F 18 2h 7 202 2. AN
FEA -V BN SRAREER ) B EABR AT R T

X BBV Bhia 3 2 FR A A su VAR L AdST R 1) R TH b1 BT AN RE AT B AR 1a 3. AR FIE B
BENIBRE] T, —AMEE R GRENLE AAME MR T E IR IE 30, i 25 Fios. 3= 3w R
LS N B BB A — 4R s 4R, OB RE AT B (EDARERIN 0% o, y A1 2 3 M4k
Fr), BT CARAAN o] R S A — AN = 4R 8. [RIG, 75 B THRRIR I B AL B AR R V2.

B0 ah R B, H A RS IR A AIEE R SLR = I A OU 38 T — R T =4k R 48
AR 2 ) B B BRI V. N TR RO B, B8 X Descartes AR R, X Fl Y Hh{E/KF
L, Z Wi BT /K, BRI AR (2, ys, 2;) ME—RoR. ITE RSN 3 9% BEL KR,

o WE T Tinresh M Yehwesh, HRXT TR S FIFTABIE 25 < Tihresh, Yi < Yehresh;
o AEHIH LU T AR N 2 = Tinreshs ¥i < Yehresh;
o FFHIH R KA BIRA L 25 = Thresh, Yi = Yohresh;
o MRHHIH RN AR IBIRA I 25 < Tonresh, Yi < Yohresh-

FEMOBT — P =4 R 435 AE, ST DRI oy J7 SRR, B 2R 8 Frf i FL IR A
B, BOASZOIIR. BARERAER: E @SN BN Xyan () 1 Xenal, Xwan(z) S2iEE X 1
kRN = A, HEET X HFTH, Xana 2 Xewal(@ihresh + 1) “FH. ¥ 2 87 2min 5 Tenresn 18
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B 26 (MERFE) MFEREHHGCERN—FEEHES—FE 2. SeIMTER, BEASHRELE
RR

Figure 26 (Color online) The seed modules (red) help work module (yellow) move to another surface [62]. (a) Initial state.
Seed module 1 is on the target surface while seed module 2 and work module are on the original surface; (b) seed module 1
slides on the target surface to connect the seed module 2; (¢) work module slides from seed module 2 to 1; (d) seed module 1
and work module slide together to target surface

FIFTAE, 1528 — RN X an (z). {8 X LS8 B HDR BT A BT o BHIE T MBI E 2 BA
B, [RIZE, 72 y J7 ) BT FRE R R Aa A, 4 e BUn, B 3 FLIRSE R Ak, A Id s
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B M, M, F1 M,. (1) M, A S & 4 RAEAFEMEEAL S B M, FIE4ERIE e S — M,
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PRt G BARBIEIEI R M, « My « M, FFEREE—M B e il 26 Fos, B REHM
MEHAE PR, — AP TR 1 b, 5 — AP R BE B 2E S 1 b, P s
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A BRI e 43 e A EAE B RSO ) 2 H AR &, B e B k£ 0A: 25 B A A (4T
53 AR 56 U R B IE T AT 4y, MRIKCBESS 73 FIARES 7, A B AR ¥ S R, P T IBEHE i 2 4
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SCHR [61] HUERH, RERTA ) =4 B aEE M, M, F1 M, TEWELLLT 4 A%, AT
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(1) B HATAT— AR 25 < Tohresh, Yi < Yohresh;

(2) M TAEE—MEI 2; < Zenresn, WIAE S ZAHABRIBIGH E X APRN 2; + 1

(3) X TAEE —MEH y; < Yinresn, IIFEE ZABSMIBIHG 2 YV BFRH v + 1;

(4) FTE R 2 = Tonresh T Yi = Yehresh WIEHA — AT P.
Gy st =4 R AR EAS B0 M A M, — 8 T R IX S %A

6.6 JLIRIREY B EMEEHX

6.4 NG TGRS T ] B EM AL THISIER 0 HIE T T SO E SR, A
i R e F AR AR IR IR R RCR . B HATER T 6.3 /NYT A @ A SR, I BOA s
AR BRI 15 57
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Figure 27 (Color online) The meta-module composed of M-TRAN modules [62]. (a) The expanding state of meta-module,
which includes six arms assembled by 12 M-TRAN modules; (b) central blocks; (c) the contracting state of meta-module
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Bert)aERne, 15 AR AN A (¥ I AN BEAE — AP 1H 58 1k
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Figure 28 (Color online) An example of self-reconfiguration of 4 M-TRAN modules. Upper-left is original shape and

lower-left is the target shape. The difference between them is shown by orange arrow. It needs 9 moves to change only one
module’s position [61]
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Abstract Self-reconfigurable modular robots (SRMRs) are a special type of robots that can change their shapes
and functions according to different tasks and environments. Such a robot is usually constructed using connected
modules, each of which can encapsulate a simple function independently and also communicate with each other.
Complex tasks can be completed by those connected modules collaboratively. In recent years, SRMRs have
attracted considerable attention from both the academia and industry because of their versatility and flexibility.
The path planning problem for the transformation of an SRMR is an important but not a well-solved problem,
which can be considered as finding an optimal path in the configuration space where every point represents a
feasible configuration of the SRMR. To provide a systematic overview of this research, we review the existing
approaches considering five different aspects of SRMRs, including the type of motion on a single module, hardware
for different motions, connectivity between modules, representation of a configuration space, and path planning
algorithms. Aiming at motivating more research into SRMRs, the problems in existing approaches are analyzed
and challenges in future work are summarized at the end of this paper.

Keywords modular robots, self-assembly, path searching, NP-complete problems, approximation algorithms,

computational geometry
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