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Abstract. Modular self-reconfigurable robots can be used to build ob-
jects either by filling the space entirely with robots (densely packed) or
by constructing a hollow internal structure (scaffolding) and coating the
outside. Scaffolding offers many advantages for building an object ver-
sus a densely packed representation. However, the different approaches
have never been compared. In this article, we define and evaluate metrics
for comparing scaffolding algorithms and we test them on three existing
scaffolding algorithms.
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1 Introduction

Unlike traditional rigid-bodied robots, modular self-reconfigurable robot systems
(MSRs) consist of individual modules that autonomously connect and discon-
nect, enabling them to assume multiple configurations. This ability, known as
self-reconfiguration, grants MSRs the capacity to dynamically alter their shape
and structure. The resulting adaptability and versatility empower MSRs to
adeptly navigate various tasks, terrains, and environmental conditions. Addi-
tionally, their distributed and redundant architecture improves fault tolerance,
allowing for continuing functioning even in the event of module failures or dam-
age. The Programmable Matter Project [1] is a project within MSR research
that aims to advance both hardware and algorithms for MSR technology. This
ambitious initiative, growing out of the earlier Claytronics project [2], aims to
harness the capabilities of MSRs to construct objects using micro-scale modular
robots, termed Claytronics atoms (Catoms) [3]. One of the main developments
made in this project is the 8D Catoms, a novel MSR, model, described in detail
in Section 23] that will be the focus of our experiments.

Self-reconfiguration requires an algorithm to achieve a desired configura-
tion, ideally as quickly and efficiently as possible, while taking into consider-
ation multiple constraints. Target configurations can be divided into two classes:
densely packed and hollow-shaped configurations. Densely packed configurations,
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in which modules fill space without extraneous voids, are ideal for constructing
rigid and robust forms. However, this approach comes with limitations, such as
requiring a multitude of modules to fill the entire volume. Additionally, mini-
mizing empty spaces within the structure hinders the overall maneuverability
because only modules on the outer surface retain some ability to move. Both
of these factors mean that MSRs using densely packed configurations will re-
quire more time to complete a reconfiguration operation. On the other hand,
in hollow-shaped configurations, MSRs arrange their modules into a shape with
internal voids or cavities, using fewer modules total and allowing motion of mod-
ules within the structure. This sparse framework upon which the configuration
is built is often referred to as a scaffold. To achieve the final desired external
form, a layer of “coating” modules is applied to the outer part of the scaffold.
Three distinct scaffolding approaches have been proposed to facilitate the self-
reconfiguration of 8D Catoms [4H6). For clarity and consistency throughout this
paper, we will use the labels Sca old-1, Sca old-2, and Sca old-3 to refer to
the respective works done by Thalamy et al. (2019) [4], Khawand et al. (2022) [5],
and Bassil et al. (2022) [6]. Each of these three approaches offers a novel solution
to the challenges of assembly and self-reconfiguration of 3D Catoms for hollow-
shaped configurations. A more detailed discussion of these three strategies is
provided in Section [2.2

In this article, we review and quantitatively compare the three scaffolding
approaches fSca old-1, Sca old-2, and Sca old-3g for 3D Catom reconfigu-
ration, utilizing innovative experimental techniques to assess their performance.
Section [2] presents the overall context of this work and offers a detailed discussion
of the three strategies. Subsequently, Section |3| presents a series of experiments
to compare and analyze them. Finally, we draw conclusions and outline future
directions in Section [4l

2 Context

2.1 3D Catoms

MSRs consist of numerous individual units, each acting as an independent agent.
These units have the capability to physically connect with one another and col-
laborate via communication to accomplish shared objectives. MSRs come in a
variety of architectural forms characterized by how their modules connect. The
most studied approach is the chain-type architecture, where modules link sequen-
tially forming a tree-like structure, which among other attributes can simplify
control of modules [7H9]. The second prevalent architecture is the lattice-type
MSR, in which modules move between locations in a predefined ordered grid
known as a lattice. This structured environment offers several key advantages.
Lattice-type MSRs provide precise module localization since each module occu-
pies a well-defined position within the lattice, adhering to the specific geometric
constraints of the chosen lattice type [10[11]. Various lattice structures exist or
can be defined, each characterised by the arrangement of its constituent cells
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Fig. 1. The 3D Catom: (a) and (b) show the movements that a 3D Catom is capable
of doing, (c) shows the bridging constraint and finally (d) shows a 3D Catom with
electrodes wrapped around the shell

also known as cell geometry, its density and dimensions. Additionally, lattice-
type architectures offer greater flexibility in the forms that can be achieved dur-
ing reconfiguration, compared to chain-type MSRs. Beyond these two prominent
types, hybrid architectures have been developed combining elements from chain-
type and lattice-type for potential flexibility gains . Finally, free-form robots
represent the other end of the spectrum, dynamically assembling into various
configurations without a predetermined structure, offering maximum flexibility
but also significant challenges in control and coordination .

In this paper, our focus is on 3D Catoms, a lattice-based MSR, shown in
Figure 3D Catoms are millimeter-scale, quasi-spherical modules
that use electrostatic attraction to connect and form various 3D structures. The
physical design of 8D Catoms addresses key challenges in connecting modules,
enabling their movement within a 3D lattice, and facilitating communication
between robots. The major constraint that 3D Catoms can run into is known
as the bridging constraint [I} which refers to the impossibility for a 3D Catom
to enter or leave a position that is surrounded by two opposing modules. In
what follows we review three previously reported reconfiguration algorithms for
3D Catoms using different scaffolding strategies.

2.2 Sca olding strategies

Scaffolding strategies, first introduced in , offer a strategic approach to
facilitate self-reconfiguration of MSRs. Scaffolds offer a structured path for mod-
ules to move and connect, reducing the complexity of coordinating large-scale
reconfigurations, and thus simplifying movement planning, reducing collisions
and achieving faster reconfiguration.

Sca old-1

This scaffolding strategy, presented in , arranges modules into higher-level fun-
damental components known as tiles (Fig.[2). Each tile acts as a structural unit
with a central module called “tile root” that coordinates construction. Other
modules, called “tile components”, branch out from the root in multiple direc-
tions. These branches include two horizontal ones along the x and_y Y58 and
one to four vertical branches (along the vectors V= 05% 0255 + 0572 )
colored blue in Fig. [2)). Each branch originates from the tile root and has a
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specific length b consistent across all the tiles. Each tile rests on four “incident
branches” (grey in Fig. [2]), each originating from one of the four parent tiles be-
low, collectively creating a square pyramid-shaped base for the tile. To manage
the flow of incoming modules, special modules called “Entry Point Positions”
modules (purple in Fig. are positioned centrally on the incident branches.
These modules act as decision points, directing incoming modules to their des-
ignated destinations. The destination can be either a specific location within
the current tile, where the module can contribute to construction, or a higher
tile in the scaffold. Modules move through the scaffold by going from tile to
tile vertically. They can rotate on special modules to change directions through
branches.

Fig. 2. Scaffold-1: (a) A single tile. Colors are defined in the text. (b) An object built
using this scaffold.

Sca old-2

This strategy, presented in , builds scaffolds using a different tile structure
(Fig. . A tile is built using a leader module (yellow module on top of the black
modules in Fig. [3) that acts as the conductor and coordinator of construction.
There is also a controller module in each branch of a tile that once connected to
the leader, it informs it, whether or not a tile must be continued. Upon receiving
this signal, the leader uses the controller module’s position as a reference to
determine the target location for the next module. The leader then activates a
new free module from the sandbox and guides it to its designated location on
the branch. Once the tile is complete, the leader selects the topmost module on
the vertical branch as the new leader for the next tile to be built on top. This
process repeats, enabling the construction of multiple tiles stacked on top of each
other. To parallelize the process, several neighboring tiles are built on the same
horizontal level simultaneously. These neighbor tiles connect with each other by
a common module while completing their horizontal branches, ensuring that the
tiles connect smoothly without interlocking.
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