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Abstract—While deformable modular self reconfigurable 
robots offer enhanced reconfiguration flexibility, strict kinematic 
constraints present complex self reconfiguration planning chal-
lenges. This letter presents a novel self-reconfiguration planning 
algorithm for deformable quadrilateral MSRRs. The method 
first constructs feasible connect/disconnect actions using a virtual 
graph representation, and then organizes these actions into a 
valid execution sequence through a Dependence-based Reverse 
Tree (DRTree) that resolves interdependencies. We also prove 
that reconfiguration sequences satisfying motion characteristics 
exist for any pair of configurations with seven or more mod-
ules (excluding linear topologies). Finally, comparisons with a 
modified BiRRT algorithm highlight the superior efficiency and 
stability of our approach, while deployment on a physical robotic 
platform confirms its practical feasibility. 

Index Terms—Cellular and Modular Robots, Task and Motion 
Planning. 

I. INTRODUCTION

ODULAR self-reconfigurable robots (MSRRs) refer to

robotic systems composed of homogeneous modules

capable of altering their interconnections to dynamically re-

configure their morphology, thereby enhancing their adaptabil-

ity to diverse environments. Existing MSRRs can be classified 

into five primary categories: lattice-type [1], chain-type [2], 

hybrid-type [3], truss-type [4], and free-form systems [5], [6]. 

Lattice MSRRs are characterized by polygonal or polyhedral 

architectures, in which modules interconnect through edges or 

faces to form planar tessellations or spatially dense packings. 

In planar lattice MSRRs, triangular [7], [8], quadrilateral [9], 

[10], hexagonal [11], and circular geometries [12] are most 

common, whereas cubic [13] and spherical [14] configurations 

dominate in three-dimensional systems. This letter focuses on 

the quadrilateral MSRRs. 

Self-reconfiguration in MSRRs refers to the process in 

which modules alter their topological connections, enabling 

the system to transform from an initial configuration to a target 

configuration. The corresponding self-reconfiguration planning 

algorithm determines a sequence of actions that achieves this 

transformation. Different structural designs exhibit distinct 
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primitive motions for self-reconfiguration, and accordingly, 

various reconfiguration motion algorithms have been devel-

oped. 

For quadrilateral MSRRs, self-reconfiguration can be clas-

sified into three categories: sliding, relocation, and pivot-

ing. Sliding is rarely adopted in practical systems because 

of the challenges associated with modularizing guide rails 

and implementing linear actuation. As a result, most related 

algorithms focus on theoretical studies of abstract square 

modules [15]. Relocation, common in mobile systems [16], 

requires modules to detach and reattach, thereby introducing 

significant perception and docking challenges. Pivoting is a 

reliable and fundamental reconfiguration motion for MSRRs, 

characterized by rotation about a fixed pivot. However, existing 

algorithms for pivoting-based self-reconfiguration also remain 

largely theoretical [17], with limited validation on physical 

platforms. This may be attributed to inherent weaknesses in 

the pivoting mechanism, as two modules have only a point-

connection during the motion, making the connection weaker 

and more susceptible to accidental detachment. Furthermore, 

conventional pivoting requires unoccupied adjacent cells, im-

posing strict spatial constraints during reconfiguration process. 

Compared with MSRRs composed of rigid units, de-

formable MSRRs offer greater morphological flexibility [18], 

[19]. By integrating deformation into the pivoting process, they 

overcome several limitations of conventional pivoting, includ-

ing improved connection stability and reduced spatial inter-

ference. Furthermore, by leveraging deformation and tailored 

algorithms, these systems can achieve highly diverse collective 

behaviors [20], [21]. Nevertheless, the distinct kinematics of 

their motion primitive prevent many existing algorithms from 

being directly adapted or deployed to such systems [22], [23]. 

This work presents a novel self reconfiguration planning 

algorithm tailored to deformable quadrilateral MSRRs, capa-

ble of generating a valid reconfiguration sequence. Building 

upon our discussion regarding system reconfigurability, this 

algorithm provides a universal planning strategy for motions 

between any two arbitrary configurations. The algorithm is de-

signed around a new motion primitive, termed morphpivoting, 

which formally defined in Section II. First, we perform a con-

figuration space search based on a representation termed the 

virtual graph, which efficiently constructs a comprehensive set 

of feasible actions while preserving structural validity. Second, 

we introduce the Dependence based Reverse Tree (DRTree), 

a novel ordering framework that organizes all actions into 

an executable sequence. DRTree establishes a dependency 

consistent hierarchical structure that resolves action conflicts, 

guarantees geometric feasibility throughout the morphpivoting 

process, and produces a deployable reconfiguration sequence 
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suitable for execution on the physical robotic platform. 

The main contributions of this letter are as follows: 

1) We propose a novel algorithm for planar quadrilateral 

MSRRs. The method consists of (i) a search method 

using a virtual graph to generate a comprehensive set 

of feasible actions, and (ii) a framework that organizes 

these actions into a conflict-free, deployable sequence 

executable on physical robots. 

Connect 

 
 

 

 

Morph 

2) We prove that configurations composed of multiple mod-

ules (≥ 7) are isotypic (except linear configurations), 

ensuring that a reconfiguration sequence exists between 

any two theoretically reconfigurable configurations. 

3) The proposed algorithms are demonstrated on a quadri- 
lateral modular robotic platform, and their efficiency and 

Fig. 1. The hardware platform. The standard square module with four sides 
capable of connecting to other modules. (a) The rhombus shape obtained 
by morphing the module along its diagonal. (b) Demonstration of docking 
between two robots. 

 
(a) 

stability are validated through comparisons with baseline 
Morphing Disconnection 

 

methods. 

The remaining content of this letter is organized as follows. 

Section II briefly introduces the hardware characteristics and 

motion characteristics of the robots. Section III presents the 

basic definitions and formally states the research problem. The 

self-reconfiguration planning algorithm is described in Section 

IV. Experimental results are provided in Section V. Section VI 

further supplements the theoretical proof of reconfigurability. 

Finally, Section VII concludes the letter and discusses direc-

tions for future work. 
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II. HARDWARE PLATFORM 

Our algorithmic deployment platform is a deformable 

MSRR with a rhombus-based geometry [10], as shown in 

Fig. 1. Unlike conventional rigid square MSRRs, this module 

can fold along its diagonal axes, thereby achieving morphing. 

This morphing motion is actuated by a central servo motor 

coupled with a gear train. For docking, the four edges of each 

module are equipped with power-off electromagnets and corre-

sponding iron mating armatures. These electromagnets provide 

a passive holding force of 2.5 kg when unpowered, providing 

edge connections without continuous energy consumption, and 

instantaneously release upon being energized to facilitate rapid 

disconnection. 

In contrast to traditional pivoting used in rigid MSRRs, such 

as the ElectroVoxel [24], where reconfiguration is achieved 

through a single rotation along the module’s vertex, our 

platform realizes reconfiguration through a sequence of actions 

composed of morphing, connection, and disconnection, as 

illustrated in Fig. 2. 

This sequence of sub-actions can be functionally regarded as 

an equivalent primitive motion, which we term morphpivoting. 

Morphpivoting treats these physically continuous sub-actions 

as a unified motion for analysis and control, and exhibits the 

following key characteristics: 

• During all sub-actions, every module remains connected 

to the overall system through edge-based attachments. 

• Morphpivoting can involve not only a single module 

but also a group of interconnected modules acting as a 

collective unit. 

 
Fig. 2. (a) Morphpivoting in the proposed MSRR via morphing, connection, 
and disconnection. (b) Conventional pivoting (e.g., ElectroVoxel). 

 

 

cannot mechanically flatten to a 180◦ internal angle to 

completely tile a vertex. 

 

III. DEFINITION AND PROBLEM FORMATION 

As the robot’s motion is strictly planar, we neglect its 

vertical thickness and model it as a 2D square in the horizontal 

plane. Furthermore, while the robot can reconfigure into 

rhombic shapes, we define the square geometry as its canonical 

configuration. This constraint simplifies system initialization, 

while rhombic deformations are permitted only during recon-

figuration. Consequently, the canonical configuration of our 

abstract model is initially defined by a finite set of squares, 

and the collection of all configurations containing n squares is 

formally denoted as Cn. The system is embedded in a Cartesian 

coordinate frame to enable precise positional specification of 

each square. Two squares are considered connected if the 

distance between them equals one unit. 

Each square possesses four edges that can potentially en-

gage in a connection. Isolated squares possess rotationally 

symmetric edges. However, connecting an edge to the robotic 

system breaks this symmetry, rendering the remaining edges 

geometrically distinct. Consequently, edges and their specific 

orientations must be tracked explicitly. The four edges of a 

square are defined by their outward normal directions, denoted 

as Dir, as follows: 

• A pivot point must be shared by at least three modules for 

the morphpivoting process to be feasible, as two modules 

Dir = {Top : (0, 1); Left : (1, 0); 

Bottom : (0, −1); Right : (−1, 0)}. 
(1) 

(a) (b) 
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Fig. 4. Three counterexamples that violate the above constraints. 

 

Connect{1:Bottom; 3:Left} 

{2:Right; 4:Top} 

{5:Right;7:Bottom} 

 
Fig. 3. (a) The canonical and non-canonical forms of a six-module configu-
ration graph. The latter is obtained from the former by adding e24 and e36. 
(b) The tree generated from the two forms in (a). 

 
Connect{2:Top; 6:Left} 

… 

1 

1 2 6 7 
7 2 3 6 

When establishing a new connection, the relative geometric 3 4 5 3 5 6 3 4 6 2 4 7 2 5 7 

positions of the two participating squares are used to determine 

which Dir values are involved in the connection. After the 

2 4  4 6  2 5 

Connect{4:Bottom; 5:Bottom} 

4 7  3 5 5 7  4 6  2 5  5 6 4 3  4 7  5 3 

connection is formed, the corresponding Dir is replaced by 

the new connection. 

A graph is an effective representation method for describing 

the configuration of MSRR, as it clearly illustrates the connec-

tions between modules [16], [25]. The connection graph of a 

configuration is defined as G = (V, E), where V represents the 

modules and E represents the connections between modules. 

For example, the connection between vi ∈ V with Dir1 and 

vj ∈ V with Dir2 is denoted as eij{Dir1,Dir2} ∈ E = 
(vi : Dir1; vj : Dir2 | i, j ∈ {1, 2, . . . , n}, i ̸= j) and 

is abbreviated as eij since typically there exists only one 

connection between two modules. A six-module configuration 

graph in C6 is illustrated in Fig. 3(a) with its non-canonical 

form achieved by adding e24 and e36. 

A graph is called a tree if it is connected and contains 

exactly one simple path between any pair of vertices, which 

requires the designation of a root. The tree is then expanded 

according to the current connection relationships. In this way, 

new connections are typically formed between derivative ver-

tices that reside at equivalent hierarchical levels within the tree. 

The tree generated from Fig. 3(a) is illustrated in Fig. 3(b). 

When loops are present in the graph, the corresponding tree 

is extended, as previously visited vertices are allowed to be 

revisited during expansion, except for those lying on the path 

to the root. 

Based on the aforementioned definitions, the core problem 

can be formally stated as follows: Given an initial configura-

tion G1 = (V1, E1) and a goal configuration G2 = (V2, E2), if 
they are mutually transformable, that is, isotypic, the objective 

is to find a topological reconfiguration sequence. 

T RC(G1, G2) = {sm ◦ ... ◦ s2 ◦ s1} (2) 

where si, i ∈ {1, 2, ..., m} is a morphpivoting and the symbol 

Fig. 5. Illustration of the virtual graph generation process. 
 

 

◦ denotes the nesting of actions, indicating that actions are 

executed sequentially from s1 to sm. 

 

IV. RECONFIGURATION PLANNING ALGORITHM 

A. Virtual Graph 

A configuration may contain multiple loops or possess the 

potential to form new ones. Loop generation and decom-

position serve as the fundamental mechanisms underlying 

configuration transformations. While loop decomposition is 

generally unconstrained, provided that no module becomes 

isolated, loop generation is subject to three constraints imposed 

by the morphpivoting motion characteristics: 

Constraint 1: The number of vertices in a loop must 

satisfy |V | ≥ 3. 

Constraint 2: No unconnected directions are permitted 

within the newly formed loop. 

Constraint 3: Two distinct loops cannot share two or 

more vertices. 

Three counterexamples that violate the above constraints are 

depicted in Fig. 4. Regarding Constraint 3, although a graph 

containing two loops that share two vertices is geometrically 

infeasible, a valid configuration can still be obtained from such 

an invalid graph by selectively removing certain edges from 

the conflicting edge set. This observation implies that graphs 

violating Constraint 3 may still contain meaningful reconfig-

uration pathways once the conflicting edges are selectively 

removed. Therefore, in order to comprehensively explore all 

potential topological transitions, we disregard Constraint 3 

while preserving Constraints 1 and 2. Under this relaxation, all 

possible virtual edges are introduced into the original graph, 
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Fig. 6. Schematic diagram of the proposed reconfiguration planning algorithm. In Stage 1, the initial, target, and intermediate bridge graphs undergo VGG 
to generate multiple virtual graphs. In Stage 2, a tree is expanded where isomorphically matched virtual graphs serve as nodes and the remaining ones act as 
their subgraphs, continuing until a path connecting the initial and target configurations is established. Finally, Stage 3 applies a sorting procedure to the path 
to yield the final reconfiguration sequence. 

 

resulting in a new graph termed the virtual graph, denoted as 

Gv. 

The generation principle of the virtual graph is illustrated in 

Fig. 5. At each stage, every vertex v ∈ V is treated as a root 

node to construct a hierarchical tree, following the procedure 

described in Section III. Within the same hierarchical level 

of the tree, pairs of vertices that satisfy Constraints 1 and 2 

are connected to establish new edges. Subsequently, the tree 

is updated. The above process is iteratively repeated until no 

further connections can be established. It is worth noting that 

the final connection established between vertices 4 and 5 in 

22, conflicting pairs are detected to resolve topological bifur-

cations. Divergent virtual graphs with distinct topologies are 

preserved as child nodes of the current virtual graph, thereby 

enabling recursive tree expansion through conflict resolution. 

During the virtual graph generation process, a Dir of a 

vertex may encounter multiple directional connection options, 

where each selection distinctively affects subsequent virtual 

connections. This phenomenon enables a single configura-

tion to generate multiple topologically non-isomorphic virtual 

graphs. As illustrated in Fig. 6, the VGG transforms the start 
graph Gs into multiple virtual graphs denoted as G1 , G2 , 

the last stage does not violate Constraint 1, because vertices 4 

and 5 are both third-generation descendants of vertex 1 within 

the hierarchical tree. This connection forms part of the loop 

. . . , Gk , whose collection is represented by Gvs. 

 

B. Bidirectional Isomorphism Tree 

vs vs 

⟨4, 3, 2, 1, 7, 6, 5⟩. Once the virtual graph is fully constructed, 

we no longer focus on the orientations of the modules, 

resulting in a topological graph. 

Specifically, a virtual graph generation algorithm (VGG) 

is detailed in Algorithm 1. In lines 1–4, each module is 

placed within a Cartesian coordinate system and assigned its 

physical position. Based on this information, an initial graph 

is constructed and designated as the root node of a tree. 

Each subsequent call to the MakeValidConnect function 

expands this tree, and the resulting leaf nodes correspond to the 

generated virtual graphs. In lines 5–15, all potential connection 

pairs are exhaustively evaluated for validity, yielding non-

redundant valid pairs while eliminating duplicates. In lines 16– 

For two given configurations Gs and Gg, their correspond-

ing sets of virtual graphs are denoted as Gvs and Gvg, respec-

tively. In the simplest case, if there exists a pair of isomorphic 

members between these two sets, the corresponding virtual 

graphs can be transformed into each other through a relabeling 

action of the graph vertices, termed as mapping. In this letter, 

the mapping is implemented using the VF2 graph isomorphism 

algorithm [26]. Consequently, the topological reconfiguration 

sequence from configuration Gs to Gg can be formulated as: 

T RC(Gs, Gg) = {VGG, Mapping, AntiVGG}. (3) 

If no such isomorphic pair is found, there must exist a 

sequence of intermediate configurations that serve as bridges 
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vr1 vs 

vs 

Algorithm 1: Virtual Graph Generation (VGG) 

Input: Positions 
Output: Gv 

1 G = Initialize(Positions); 
2 MakeValidConnect(G); 

3 Gv = TraverseLeavesConfig(G); 
4 return Gv;  

5 function MakeValidConnect(G); 

6 foreach Level in ⌈ Len(G.Block) ⌉ do 

7 Des = GetDescendants(G, Level); 
8 Pairs = MakePairs(Des); 
9 foreach Pair in Pairs do 

10 Connect(Pair); 
11 V alidPairs = Iscycle(G, Pair); 
12 Disconnect(Pair); 
13 end 

14 end 

15 V alidPairs = NonRedundancy(V alidPairs); 
16  V alidPairsBranch = NonConflict(V alidPairs); 
17 foreach V alidPairs in V alidPairsBranch do 

18 foreach Pair in V alidPairs do 

19 NewG = Generate(Pair, G); 
20 end 

21 G.AddChild(NewG); 

22 end 

 
 

Algorithm 2: DRTree Algorithm 

Input: Scon, Sdiscon, G1, G2 Output: 

Saction 
1 Saction = [ ], round = 1; 

2 Dep = ComputeDependencies(Scon, Sdiscon, G1, G2); 

3 Tdep = Init(Dep, Scon); 

4 while Scon ̸= ∅ or Sdiscon ̸= ∅ do 

5 Ccon = CollectCandidates(Scon, Tdep, round); 

6 Cdis = CollectCandidates(Sdiscon, Tdep, round); 

7 if Ccon = ∅ and Cdis = ∅ then 

8 round = round + 1; 

9 if round > 3 then return failure; 

10 else 

11 a∗ = SelectBestAction(Ccon, Cdis, Tdep); 

12 if a∗ ∈ Scon and Dep[a∗] ∩ Sdiscon ̸= ∅ then 

13 d∗ = SelectDependency(a∗, Tdep, Sdiscon); 

14 Saction.append(d∗), Sdiscon.remove(d∗); 

15 end 

16 Saction.append(a∗), Scon.remove(a∗); 
17 HandleReinsertion(a∗, Scon, Sdiscon, G1, G2); 

18 round = 1; 

19 end 

20 end 

21 return Saction; 
 

 

 

 
 

 

 

according to Corollary 1, discussed in Section VI. Therefore, 

by repeatedly applying Eq. (3) until the target configuration is 

reached, the entire process can be modeled as: 

 
T RC(Gs, Gg) = T RC(Grk, Gg) ◦ ... 

divided into two subsets: a connection action set Scon and a 

disconnection action set Sdiscon. 

However, it should be noted that Scon and Sdiscon are not 

executable action sequences: sequential execution of elements 

in Scon or Sdiscon would render some morphpivotings infeasible, 

since the establishment of the virtual graph violates constraint 

◦ T RC(G , G  ) ◦ T RC(G , G (4) ) 2. Therefore, it is necessary to establish a proper ordering 
r1 r2 s r1 

by interleaving actions in Scon with those in Sdiscon, thereby 

where, k = N0 denotes the number of intermediate config-

urations. 

To identify the intermediate graphs, we employ a method 

called the Bidirectional Isomorphism Tree (BIT), as illustrated 

in Fig. 6. Initially, the elements of Gvs and Gvg are respectively 

added as child nodes to two virtual root nodes. A random 

polyomino-shaped configuration Gri composed of multiple 

square modules is then generated using the polyominoes 

generator, followed by normalization to prevent duplication. 

Using Gr1 as an example, we demonstrate the expansion 

of BIT. Through the VGG algorithm, a corresponding set 

of virtual graphs Gvr1 is obtained. Suppose there exists a 

yielding an executable action sequence. 

We adopt a strategy to design the action sequence such 

that each element ci ∈ Scon is followed by a corresponding 

disconnection action to form a morphpivoting. This ensures 

that, upon the completion of all connection actions, every 

element in Sdiscon has been incorporated into the sequence 

at its appropriate position. Anchoring on Scon, we propose 

the DRTree, as detailed in Algorithm 2, to integrate Scon 
and Sdiscon. Executing ci requires satisfying three constraints, 

notably Constraint 1, which dictates that edges forming a cycle 

with ci must be connected prior to execution. These dependen-

cies are stored sequentially in Dep and assigned as child nodes 

graph G2 ∈ Gvr1 that is isomorphic to G1  ∈ Gvs (i.e., for each ci within the DRTree. After initializing the DRTree by 
G2 =∼ G1 ). In this case, all elements except G2 are inversely inserting elements from Scon (Algorithm 2, line 3), 

vr1 vs vr1 

excluded, and the remaining subset is denoted as G˜vr1, which lines 4 to 20 employ a progressive relaxation scheme spanning 

is then added as the child node of G1 

 
C. Dependence-based Reverse Tree 

in the BIT. three rounds. Round 1 minimizes unnecessary backtracking 

by strictly admitting connections possessing at least one safe, 

removable dependency in the disconnection set. When unfea-

sible, Round 2 improves feasibility while controlling sequence 

The generalized topological reconfiguration sequence, rep-

resented by Eq. (4), is the output of the BIT algorithm. This 

sequence consists of multiple action sets, each composed of 

VGG, Mapping, and AntiVGG operations, and can be further 

growth by including dependencies scheduled for disconnection 

or no longer needed. Finally, Round 3 ensures guaranteed 

termination by accepting connections whose dependencies are 

currently satisfied, resolving any remaining conflicts through 



6 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED APRIL, 2026 
 

7 6 3 1 2 7 6 4 3 1 

Relabel 

4 5 5 2 
Intermediate Configuration Intermediate Configuration 

7 6 4 3 1 

5 

Initial Configuration 

2 
7 6 4 3 

 

 

 

 

 

 

6 4 1 
3 

5 2 

 

 

 

 
5 1 

 

 

 

 

7 2  

 

5 
7 

5 
7 5 7 

6 1 6 

4 2 1 
6 

2 
1 

4 
3 

Goal 

Configuration 

4 

2 
3  

 

 

 3 

 

 

 

Reconfigure Reconfigure 

 
 

 
Fig. 7. A reconfiguration example with one intermediate configuration. The initial configuration is first transformed into the intermediate configuration, which 
is then relabeled before being further transformed into the goal configuration. 

 

 
Fig. 8. A reconfiguration example without intermediate configurations. The initial configuration is transformed into the goal configuration through ten pairs of 
actions, each consisting of one connection and one disconnection. Yellow arrows illustrate the transformation process of the robotic system, while red arrows 
indicate the directions of module connection and disconnection in each step. 

 

TABLE I 
ALGORITHM PERFORMANCE COMPARISON 

illustrated in Fig. 7. The initial configuration is first trans-

formed into the intermediate configuration, which is subse- 

 

Algorithm 
Success 
Ratio 

Avg. Min. 
Steps 

Avg. Time 
(s) 

quently relabeled and then further transformed into the goal 

configuration. This procedure can also be regarded as two 
 

 

Modified BiRRT 46% 6.06 8.54 
Ours 100% 26.41 1.75 

 
 

 

 

compensation. 

 

V. PERFORMANCE EVALUATION AND EXPERIMENT 

This section evaluates the computational efficiency of our 

proposed algorithm and introduces its implementation on 

physical hardware. 

 

A. Reconfiguration Demonstration 

Seven modules were fabricated for the experiments, the 

construction of which was briefly introduced in Section II. 

The specific control algorithm of the system is beyond the 

scope of this letter; the experiment mainly aims to emphasize 

and validate the feasibility of the reconfiguration sequence 

generated by our algorithm. 

Two random configurations were selected and provided as 

inputs to our algorithm. The results show that an intermediate 

configuration is required to accomplish the reconfiguration 

from the initial configuration to the goal configuration, as 

independent reconfiguration processes, namely from the initial 

to the intermediate configuration and from the intermediate to 

the goal configuration. In Fig. 8, the F-like configuration is 

again used as the initial configuration and provided to our 

algorithm, which further gives a step-by-step illustration of 

the reconfiguration process formed by alternating connection 

and disconnection actions. 

 

B. Performance Evaluation 

All computations were conducted on a desktop computer 

equipped with an Intel Core i9-12900KF (12th Gen, 3.20 

GHz) processor and 32 GB of RAM. We compare our 

method against Bidirectional Rapidly-Exploring Random Tree 

(BiRRT) [27], a widely used search-based planner for motion 

planning. To accommodate the motion constraints of our sys-

tem, we modify BiRRT such that morphpivoting is treated as 

an indivisible primitive motion, rather than being decomposed 

into physically sub-operations. 

Given that modular systems comprising seven or more units 

are theoretically capable of mutual reconfiguration between 

any two configurations (excluding strictly linear topologies), 

we evaluated the proposed method on a seven-module system. 
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Fig. 9. Comparison of the computation time for searching reconfiguration 
sequences between our algorithm and the modified BiRRT. 

 

 

Both initial and target configurations were synthesized using 

a polyomino-based generator. To evaluate performance, we 

randomly generated 100 pairs of start and goal configurations, 

with each experimental trial repeated 20 times. The aggregate 

results are presented in Table I, with Fig. 9 illustrating the 

46 cases where the modified BiRRT converged. While BiRRT 

Fig. 10. Proof of the non-existence of Ck−1. (a) A subconfiguration with 
a k-loop and an auxiliary module. (b)-(d) Adding a module at the 1st, 2nd, 

and (m + 2)-th gaps counter-clockwise, respectively. (e) Transformation into 

a (k + 1)-loop for cases (b)-(d). 

 

 

nents CS, within which all configurations are isotypic. Each 

component is uniquely characterized by its corresponding S. 

For smaller configuration spaces (n < 7), canonical config-

urations can be exhaustively enumerated and clustered by S. 

For example, 

C1 = C0, C2 = C0, 1 2 

frequently fails in complex scenarios, our algorithm maintains 
a 100% success rate and consistent computation times. C3 = {C0}, C4 = {C0, C3}, (5) 

C5 = {C0, C3, C4}, C6 = {C0, C3, C5}. 
Additionally, we conducted a brief empirical scaling study. 5 5 5 6 6 6 

Theoretical analysis indicates that the underlying graph match-

ing process exhibits an upper bound time complexity of O(n5). 
Empirically, the planning time for configurations involving 

n = 11 modules was 56.124 seconds on average. For systems 

When the number of modules increases, the following 

theorem can be established. 

Theorem 1: When n ≥ 7, S has only two values: 0 and 
n − 1, that is, Cn = {Cn−1, C0}. 

n n 

with more modules where the time consumption exceeds 100 

seconds, our method transitions the VGG calculation to an 

offline phase. 

It is worth noting that our algorithm makes a trade-off, 

achieving algorithmic completeness at the expense of sequence 

optimality. Consequently, although our approach demonstrates 

significantly higher computational efficiency, the inherent bot-

tleneck of mechanical actuation, where each physical motion 

requires approximately 30 seconds under a conservative con-

trol strategy, ultimately renders the overall execution efficiency 

of the physical reconfiguration process relatively low. 

 

VI. DISCUSSION OF RECONFIGURABILITY 

Morphpivoting ensures robust docking but requires at least 

three participating modules, which prevents universal reconfig-

uration between arbitrary configurations. To determine if two 

configurations are mutually reachable (isotypic), we define an 

isotypic signature, Maximum Loop Size (S): the size of the 

largest loop achievable by a configuration C or its reachable 

variants. 

As shown in Fig. 3(a), the canonical configuration can form 

a pentagonal loop (S = 5) but cannot reach a hexagonal one 

due to the indispensability of the auxiliary module (labeled 1). 

Thus, it belongs to the component C5. 

Based on the above definition, each configuration possesses 

a unique value of S, and configurations sharing the same S 
are considered isotypic. Accordingly, the entire configuration 

space Cn can be partitioned into multiple connectivity compo- 

Proof: Values of 1 and 2 are invalid for S, as forming a 

loop requires at least three modules. Furthermore, for n ≥ 7, S 
cannot equal 3, since the constructed virtual graph invariably 

contains a tetragonal loop. Assume the existence of Ck for 

k = 4, 5, . . . , n − 2. Then, for any configuration C ∈ Ck, it 

must be possible to reconfigure into a configuration, which 

can be decomposed into a subconfiguration consisting of a k-

loop and an auxiliary module, shown as Fig. 10(a), along with 

n − k − 1 remaining modules. By selecting one module from 

the remaining modules and adding it to the subconfiguration, 

three possible scenarios arise, as shown in Fig. 10(b)–(d), and 

their corresponding reconfiguration processes into a (k + 1)-
loop are illustrated in Fig. 10(e), labeled as 1, 2, and 3. The 

formation of a (k + 1)-loop contradicts the assumption that 

C ∈ Ck. This implies that no such configuration exists. 
Based on Theorem 1, we derive the following corollary, 

which guarantees the existence of a topological reconfiguration 

sequence between any two configurations: 

Corollary 1: For n ≥ 7, any two configurations (excluding 

linear configurations) are isotypic. 

Proof: Any non-linear configuration must contain three 

modules forming a corner (L-shape), which generates a 3-

cycle. Consequently, S is at least 3. By Theorem 1, when 

n ≥ 7, the S can only be n − 1. Therefore, all configurations 

except the linear configuration belong to Cn−1. 

 

VII. CONCLUSION AND FUTURE WORK 

In this letter, we proposed a novel self-reconfiguration 

planning algorithm for deformable quadrilateral MSRRs. The 
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core of our approach involves a two-stage strategy: first, gener-

ating a set of unordered reconfiguration actions by leveraging 

virtual graph construction and isomorphic mapping search; 

and second, organizing these actions via a novel method 

termed the DRTree. Physical experiments demonstrated the 

practical feasibility of the generated reconfiguration sequences. 

Moreover, comparisons with the modified BiRRT algorithm 

highlighted the proposed method’s advantages in terms of 

stability and planning efficiency. Additionally, we provided 

a theoretical proof establishing the reconfigurability between 

configurations under specific topological constraints. 

Our future work will primarily focus on optimizing re-

configuration sequences to minimize physical execution time. 

Furthermore, we intend to implement our algorithm within 

practical scenarios to execute specific tasks. This integration 

will enable the system to dynamically adapt its shape, such as 

adopting slender formations to traverse narrow passages during 

locomotion. Additionally, we plan to upgrade our hardware 

to support 3D mobility. Building upon these advancements, 

our algorithmic framework is anticipated to serve as a core 

component that reliably facilitates practical reconfiguration 

missions. 
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