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Abstract. In this paper, we present a fully distributed method that
allows a group of magnetically connected modular robots to assess the
mechanical stability of their structure. Stability is verified based on four
mechanical phenomena: vertical and rotational sliding and rotational
debonding for vertical and lateral connectors. We present a mechani-
cal model applicable to the Blinky Blocks robot system. We also propose
an efficient, fully distributed algorithm that runs simultaneously on all
robots, enabling them to check global stability and detect the type and
the breakage positions. Our algorithmic solution avoids the global reso-
lution of the system and is effective for both free-loop and complex loop
or multi-loop configurations; for the latter, it systematically enumerates
all possible spanning trees and traverses each one to assess the stability
of the modular structure. The approach was validated both in simula-
tion with VisibleSim and on real Blinky Blocks hardware. Experiments
demonstrate accurate and robust detection of all four breakage types in a
wide variety of configurations, with low computational overhead and ex-
cellent scalability. These results confirm that distributed spanning-tree-
based analysis provides an effective alternative to solving global equilib-
rium equations in modular robotics, enabling reliable structural integrity
assessment even in large and highly connected assemblies.

1 Introduction

Over the past 20 years, many studies have introduced the concept of pro-
grammable matter [3/T] as a solution for creating materials with new properties,
such as changing color or shape on command from an integrated program. They
have proposed hardware techniques and software solutions for creating the first
self-reconfigurable robot systems [QISITOI5I6].

Programmable matter consists of small, reconfigurable modular robots at-
tached to one another in a regular grid. The concept of modular robots is im-
portant because it introduces the concept of autonomy: it is the elements that
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make up the material itself that modify an attribute such as their color or reor-
ganize themselves to change the overall shape they construct. The first challenge
proposed by Programmable matter is its requirement for small robots as they
define the resolution of the objects they construct.

This brings us to the second major challenge raised by the concept of pro-
grammable matter, which is the issue of distributed programming. In order to
establish consistent emergent behaviors among all robots, they must communi-
cate and synchronize their actions. This large group of robots will therefore build
a network and an associated graph that executes its processes within its nodes:
the robots. The solution is provided by distributed programming algorithms,
often carried out by distributed agents.

Despite their promising potential, a challenge remains: creating robust sys-
tems and algorithms that can respond to unforeseen situations caused by commu-
nication delays, missed travel deadlines, or module failures. Mechanical stability
is a major concern for system robustness. Even if the robots are perfectly func-
tional and the reconfiguration algorithm perfectly organizes their movements,
the robots are subject to the mechanical stability of the system they build.
Consequences of instability can include breaking an attachment link between
modules, cutting the network between two modules due to excessive deforma-
tion of the link, or the system falling and deteriorating, which jeopardizes any
future movement.

The majority of algorithms for planning and controlling the self-reconfiguration
of modular robots assume that all motions verify stability criteria. Early work
[7] proposed precise but iterative solutions that required excessive computation
time and message counts for a system to use them in an auto-reconfiguration
process. In [2], Bray and Grof used a distributed control strategy to reconfigure
self-assembled structures that fill a void, while incorporating local force measure-
ments to build structures that do not disintegrate under their own weight. How-
ever, autonomous reconfiguration planning that considers mechanical constraints
remains an open and complex problem. A more recent work [I3I12] has proposed
dealing only with the validation of the balance of a configuration placed on the
ground. This decision is made quickly by running through all the modules once.
Three static mechanical phenomena will be addressed: slippage, tearing, and
detachment. Our goal is to incorporate this tool into our auto-reconfiguration
algorithms to verify structural stability before moving a module. Therefore, this
process must be fast enough to evaluate multiple potential movements.

To illustrate the effectiveness of our approach, we will present several exper-
iments using different numbers of modules. The verification is carried out in a
dedicated simulator VisibleSim [I1], as well as experimentally on real robotic
modules Blinky Blocks [4].

2 Context

Blinky Blocks are centimeter-sized modular robots that are attached via perma-
nent magnets (cf. Figure[I{a)). Each block, approximately a 41 mm large cube,
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Table 1. Quantities used in the paper.

Quantity |Parameter | Value Variable |Expression|Value

Blinky Block width|  a |41 mm T,| Ifmest 1145

Mass m 61.2¢g T, Af%“;g’“ 4.77

Gravity g 9.81 ms 2 T, % 13.4

Friction coefficient f 0.5 Ty F;“Taiv — % 9.47

Rotation center height h 2.15 cm

Magnetic force (side)| Fmagr |15.0N
Magnetic force (top)| Frmagv [12.0N

has computing power, sensors, actuators and inter-block communication capa-
bilities. All blocks execute the same program and communicate via a neighbor-
to-neighbor model. The embedded program can detect neighborhood evolutions
in a robot, enabling real-time adaptations based on new physical arrangements.
For the purpose of detecting breakage, we consider that the Blinky Block placed
on the ground is fixed to it, and that they are all subject only to the vertical
force of gravity, magnetic and contact forces between Blinky Blocks. The mag-
netic forces produced by the magnets on the lateral and vertical faces, as well
as the friction forces, were measured experimentally. All the data used in this
article are specified in Table

Our mechanical study is based on the use of the fundamental law of static.
A mechanical system is in static equilibrium if and only if the sum of the forces
and the sum of the moments acting on it are equal to zero. This can be expressed

mathematically as:
S F=o0 (1)

where ?1 represents the forces applied to the body. Additionally, for rotational
equilibrium, the sum of the moments must also be zero:

SM =T xF=0 2)

Here, Ml represents the moments to which the body is subjected, about a point.
The forces at play are gravity, contact and magnetic forces that hold the cubes
together. We present here the four types of breakage phenomena addressed in
this paper:

a) The vertical sliding is produced by the vertical motion of the group H in
green in Figure (b).a along the vertical plane P, and following the vertical
axis —

b) The rotational sliding is the rotation of the group H around the interface
face between G and H.

¢,d) The rotational debounding can appear in a vertical interface plane (Fig-
ure [[(b).c) or in an horizontal interface plane (Figure [I{b).d), the H group
turns around the red axis.
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= vertical
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magnet
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(a) Positions of magnets and
connectors on Blinky Blocks. (b) Four kind of breakages tackled in this paper.

Fig. 1. Blinky Block Hardware and possible brackages.

For all these phenomena, we consider a fixed G part attached to the ground
represented by gray Blinky Blocks in Figure b) and the group of Blinky Blocks
H that can be separated to G due to external forces. We call B the Blinky Block
of G whose one face forms the interface between G and H.

To establish the vertical sliding criterion for a lateral connection, we consider
the system in static equilibrium at the sliding limit. According to Equation [I] we
can write the static resultant, along to z axis (cf. Figure [2[b)):

—ngmg+T =0 (3)

Where ng is the number of blocks of H and T is the tangential friction force.
At the sliding limit, T = fN with f the coefficient of friction and N the force
normal to the faces at the link. In the case of a loop-free structure, N = FiyaeL
is the magnetic force on one side of a cube. Therefore, for sliding to occur, the
weight of the cantilever cubes must be greater than the tangent friction force,
which means that:

Fia
o S FmagL (4)
mg

ng

Considering our Blinky Blocks, T, = flz;”—;gL ~ 14.5, then we have to check
if Ny, the number of connected modules in H, is greater than 14.

About rotational sliding criterion (lateral detachment), the focus is not on
vertical sliding, but on rotational sliding around the axis normal to the link
faces and passing through their center A, as illustrated in Figure b). The total
moment of friction M4, is the sum of the components of all the points M, which
are defined by the AM polar coordinates (r, ) of the face:

MZ:/f AM AdT (r,0) (5)
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Using a symbolic method to simplify this equation, we get: M4 = %'
The static moment theorem yields:
Ma B f FrnagL
mga | (yi —ya)| = Maes = |> (i —ya)| = ———2= (6)
ieH icH 6mg

With y; the non-dimensional y coordinate of the center of gravity of Blinky
Block i and y4 the non-dimensional y coordinate of the center of reference face
A (ie. (x;,y;) are the cell coordinates in the grid). The physical coordinates

B fFmagL

write Y; = ay;. Setting T, = =5

if:

, we deduce that rotational sliding occurs

> (yi —ya)

i€H

> T} or

D (@i —wa)

i€H

> T (7)

Considering the rotational debonding criterion on a lateral face (0, 7, 7)
with normal vector +7, Equation [8| holds when the system is such that the
contact force cancels.

—mga

> (@i —wa)

icH

+ thagL =0 (8)

With z4 the non-dimensional positions of the center of face A. Setting T, =
BFmogl with h = ¢ we can deduce that a rotational debonding occurs if:

> (@i —xa) > (Wi —ya)
ieH

i€cH

<T. or <T.. 9)

Similar conditions can be derived for rotational debonding criterion relatively
to the vertical interface for a face with normal vector +72: We define T =
ngnﬂ — % Considering a connection to a top or a bottom interface, the integrity
. 9 .
is not ensured if :

E Xi — XA

i€H

<T; or

Zyi_yA

i€H

< Ty. (10)

Creating only loop-free structures is restrictive, particularly in terms of me-
chanical integrity. For the generalization to 3D looped configuration, we con-
sider p a point placed anywhere along the rotation axis. For example, in the
Figure (b)7 p can be placed anywhere on the red axis x since the breakage
condition around this axis does not depend on x coordinates. This figure also
shows the parameters used in the following stability-condition equations, F%7 is
the magnetic force apply to the face b of block j.

The breakage condition around the x-axis is expressed as:

Sp | Mipz + Z [(ybj - yp)Ffj — (25 — ZP)F;j] <0 (11)
j=1
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(a) Coordinate system centered at the face of Y a
the lateral interface. (b) Calculation parameters of looped configuration.
Fig. 2. Geometrical parameters for the mechanical expressions.
Similary, for a y-axis:
n
bj bj
sp | Mipy + 3 (20 — ) FY? — (a; — ) FY] | <0 (12)

Jj=1

With My, represents the moment of gravity.
When the pivot joint is mounted on a lateral face, sliding conditions and
potential rotation must be checked by:

n n
INng|>f |FmagL|+Z’F£j|+Z’F5j| (13)
j=1 j=1

The conditions for a rotational debonding around the axis normal to the face:

— For a normal x face:

—mga Y (i —ysp) + Y [Wes — ybp) FY¥ — (255 — 26p) FP] | > [Ma|  (14)
icH j=1

— For a normal y face:

n

—mga’ Y (i —ayp) + > (g — ) O — (w1 — wp) F9)| < |Ma| - (15)
i€H j=1

To sum up, for each G-H separation, we must check whether the pivot joint
is vertical or lateral. If it is vertical, we need to verify equations [[1] and [T2} If
it is lateral, we must also verify equations and Therefore, for each
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cut, the pivot orientation must be changed, and the necessary checks must be
repeated. Vertically, there are four possible rotation axes: two along the
x-axis and two along the y-axis. Laterally, there are only two possible pivot
along the z-axis.

3 Algorithmic Contribution

The proposed algorithms are a fully distributed, tree-based partitioning algo-
rithms designed to efficiently handle a substantial number of modules. they pro-
vide scalability by handling communication between neighbouring modules effi-
ciently, meaning that modular robots can interact and collaborate autonomously
to solve the stability problem.

If we study the models associated with the four breakage phenomena (Equa-
tions @ and , we notice that they can be written as Boolean functions
that only depend on >z, > y and Ng. This property allows us to define the
break detection algorithm in two steps: we construct a spanning tree from the
Blinky Block fixed to the ground by performing a BFS from this block and then
traversing the tree from the leaves, we determine the values > x, >~ y and Ny for
each module. Once these quantities are defined, the above conditions are applied
to validate the stability of the subtree with respect to each internal node. Once
the root is reached, the stability of the entire configuration can be concluded.

Considering a reference frame centered on the interface module B, we define
S¢ as the sum of the distances along the axis @ between the centers of the
modules of H and the center of module B:

S;:Z.%‘i—LL'B:ZLL'Z‘—NHXJJB (16)
i€H i€H

But if we now consider a reference point centered on the normal face 7 at the
interface between B and H (as in Figure b)), we define the distance Sf(:

Sl =Y @i—20=>» w—Npgx (zp+0.5) (17)
i€H ieH
and if the normal is — 7, we get:
S{m:in—xO:in—NHx(xB—O.E)) (18)
ieH i€H
Using these tools, we define the four boolean functions that are true if a breakage
occurs. We also use the quantities shown in Table [I] to verify these functions:

F,=(Ny>T,)

F, = ((face,z V face_3) A (}S;’ >Ty) V ((face 5 V face_3) A (IS5 > Ty))
F.=((face 3 V face_3) A (‘Sg’ <T.)V ((face 5 V face_3) A (’Sﬁ <T.))
Fo= (S| <Ta) v (|S]| < Tw)

(19)
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Algorithm 1: Enumeration of Spanning Trees

1 Function enumerateSpanningTrees(Tp , Ap):

2 Push initial tree Ty onto stack S

3 Add Ty to list of visited trees

4 while S! = 0 do

5 T < pop(S)

6 foreach edge a € A, do

7 if a ¢ T then

8 T, < TU{a}

9 cycle < findCycle(T,, a)
10 foreach edge f € cycle | f # a do
11 Thew < TU{a}\ {f}

12 if reverse(f) € Thew then

13 | Remove reverse(f) from Tpew
14 if Thew ¢ visited then

15 Add Thew to visited

16 push Tj,eqp into S

Our algorithm is based on the propagation of messages between modules via
a dynamically built spanning tree from a leader. At startup, the leader triggers
the propagation of a “Request” message to all its neighbors, initiating the con-
struction of a spanning tree. When a module receives a "Request" message for
the first time, it designates the sender as its parent. Then, it sends “Requests” to
all its own neighbors. If this module is a leaf in the tree, so it sends a "Result"
message directly to its parent. A handler is called when a module receives a
"Result" response from one of its child modules.

The module checks for rotational, lateral, or vertical breakage, as well as
slippage, using the data sent by its child. The module sums up the positions
and number of nodes of its children. Once all the expected responses have been
received, the module adds its own position to the sum and returns the "Result"
message to its parent, continuing the propagation of results to the tree root.
This continues the propagation of results to the tree root.

The proposed algorithm for looped configurations is an algorithm in which
each module collaborates with its neighbors to build and explore all possible
spanning trees of a graph representing the network of connected modules. In
looped configurations, there are several possible spanning trees. The aim is to
build and explore them one by one. The first step is to build the basic spanning
tree the same way as the free-loop algorithm. The leader initiates the propaga-
tion of a broadcast message. When a module receives this message for the very
first time, it considers the sender to be its parent. At this point, it adds the
edge linking it to its parent to a list called 7°0. This T°0 list will contain all the
edges of the basic spanning tree. It is built up progressively as modules connect
to each other through the propagation of the initial message. When a module
receives other broadcast messages after the first one, the module doesn’t change
parent, but takes note that other connections are possible. The edge between the
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Algorithm 2: Traversal from leaf to root and stability checking

1 Function traverseToRoot (start, adj, position, parents):

2 visited < ()

3 sumH + (0,0,0)

4 push start in ¢1

5 nh <0

6 while ¢;! = 0 do

7 node < pop(q1)

8 if node ¢ visited then

9 visited < vistted U node
10 nh < nh+1
11 sumH <+ sumH + position[node]
12 if node has a parent in parents then
13 parent < parents[node]
14 Fp < computeMagneticForce(position[node], position|[parent])
15 check breakage for different cases
16 if parent ¢ visiteds then

17 ‘ push parent into q1

module and these other senders is added to another list called Ap. This Ap list
contains all the edges that are part of the basic tree, as well as those that rep-
resent valid connections between modules. These are known as additional edges
and are useful for generating other spanning trees. If the module configuration
contains no cycles, each module has only one path to reach from the leader.
Consequently, only one spanning tree is possible. In this case, the Ap list is the
same as the base tree T'0, which is the only spanning tree for the entire structure.
No further variants are generated. If the configuration includes cycles, then the
Ap list contains additional edges. This brings us to the second step, where these
edges can be added to the base tree to create a temporary cycle. Then, another
edge of this cycle is removed to produce a new spanning tree different from the
previous one. The code explores all possible combinations of this type. Each tree
is temporarily stored in a stack and then processed one by one.

After the enumeration of all valid spanning trees (Algorithm, the final stage
consists in traversing each of these trees to perform the mechanical verification of
every inter-module bond as shown in Algorithm [2] This phase aims to identify
potential rupture points under the hypotheses defined by the moment-based
stability criteria.

4 Experiments and Results

The experiments on Free-loop configurations were conducted on two types of
platforms: the VisibleSim simulator and Blinky Block hardware. The algorithm
presented has been implemented in the VisibleSim simulator and tested on many
different robot configurations. In particular, we tested different topologies with
2- and 3-dimensional configurations with and without loops. The four types of
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breaks are handled by our implementation and appear in different colors on the
blocks that detected them as displayed Figure 3| (Red for vertical detachment,
blue for rotational breakage and purple for lateral detachment and orange for
the sliding breakage).

The algorithm has been implemented in Blinky Block hardware as well. The
embedded program checks the stability of the configuration when powering on.
A supply block is connected to the Blinky Block fixed on the floor, which is also
the root of the spanning tree. Blinky Blocks that detect a breakage with their
children light up in color: orange for case A, blue for case B, red for case C
and purple for case D. The picture of Figure @(a) shows an the experiment with
multiple breakage detection. The supplementary video shows how the program
works using several experiments with Blinky Blocks highlighting each of the
breakage cases studied in this paper.

For Multi-Loop Configurations, the experiments were conducted using the
VisibleSim simulator. The results presented in Figures b) highlight the ability
of the proposed method to comprehensively verify the stability of inter-modular
connections for different types of configurations. A red leader indicates that
instability was detected, while a green leader indicates no instability. Our tests
applied to a large set of reconfigurations shows that the method is robust. We
test it to simulated modules with a different number of connection as well.

Complezity: We can now express the complexity of this distributed algorithm.
Since processing time is primarily due to message delays, time complexity is
related to the number of messages transferred to perform the computation. The
complexity of the first algorithm can be expressed as: O(kid) where d is the
diameter of our configuration and the height of our equilibrated spanning tree,
and k; is a constant representing the message transmission delay. Tackling loops
problem, the processing complexity of a loop is O(Ng,,). When multiple loops

rotational breakage
lateral detachment

vertical detachment
sliding breakage e

Fig. 3. Example of breakage detection, each colored block detects a kind of breakage
on the face connected to the free part of the structure.
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Lateral face |
detachment
Rotational
A breakage

detachment
(a) Experiment on 10 real (b) Left: single-loop configuration showing stability. Right: multi-loop
Blinky Blocks. configuration showing instability.

Fig. 4. Several experiment on Blinky Block Hardware and VisibleSim simulator.

are present, only the cuts on the common modules require combining both mod-
ule sets. If m modules are common: O((1 +m)(N x N3)).

5 Conclusion

The subject addressed in this article aims to deal quickly and effectively with
the mechanical stability of a configuration for programmable matter.
The proposed algorithms implement hierarchical communication between the
network’s modules, initiated by the leader and enabling dynamic, progressive
verification of system breakages. In the case of free-loop configurations, each
module participates in the collection of information, progressively aggregating it
and transmitting it to its parent, thus verifying the breakages likely to occur at
all these interfaces. Finally, the leader gathers all the data to display the modules
in which one or more breakages have been detected.

However, in the case of single or multi-loop configurations, rather than solving
a global system of coupled equilibrium equations, which would require intensive
message exchange and long convergence times in a distributed context, the pro-
posed solution relied on an innovative decomposition strategy. By enumerating
all possible spanning trees and systematically analyzing their stability, the algo-
rithm effectively transformed the complex looped problem into a set of simpler,
acyclic cases.

The experimental results confirmed that the proposed algorithms of both
cases, accurately identified rupture interfaces, with reasonable computational
cost even for large-scale assemblies.
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