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Abstract—Freeform modular self-reconfigurable robot
(MSRR) systems overcome traditional docking limitations,
enabling rapid and continuous connections between modules
in any direction. Recent advancements in freeform MSRR
technology have significantly enhanced connectivity and
mobility. However, limitations in connector strength and
operational efficiency in existing designs restrict performance.
This paper proposes a rigid freeform connector and a rigid
magnetic track design to improve the connection and motion
performance of the SnailBot. Each SnailBot is equipped with
a multi-channel rope-driven gripper, a metal spherical shell
with densely distributed circular holes on the back, and a
rigid chain design conforming to the spherical surface. This
combination allows each SnailBot to move precisely along the
surface of a peer, facilitated by the ferromagnetic spherical
shell and magnetic track. The integration of the gripper
and spherical shell hole array provides robust inter-module
connections in any position and orientation. The effectiveness
of these designs has been validated through a series of
experiments and analyses, demonstrating improved connection
and motion performance in the SnailBot dual-mode connector
system and expanding its potential applications and functional
capabilities.

I. INTRODUCTION

Modular self-reconfigurable robot (MSRR) systems are
composed of multiple independent modules that can be
reconfigured and interconnected to form various configura-
tions, enabling adaptation to diverse tasks and environments
[1]. The primary advantage of MSRR systems lies in their
high flexibility, adaptability, and capability to overcome
complex terrains. Additionally, MSRR systems can alter
their configuration according to specific task requirements,
performing a wide range of operations, from object manipu-
lation to transportation. The modular design of MSRR sys-
tems also confers significant scalability, ease of maintenance,
and upgradeability, making them suitable for applications
in exploration, rescue, and education, thereby exhibiting
substantial potential for broad application.

The self-reconfigurable modular robots incorporate a novel
connector design that facilitates unrestricted, rapid, and
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Fig. 1.

A freeform MSRR system - SnailBot.

continuous connections between modules in any direction.
Initially, freeform connectors were developed for 2D appli-
cations [2]-[4], offering some degree of flexibility, though
their range of motion, connection capabilities, and degrees
of freedom were constrained. With advancements in tech-
nology, 3D freeform MSRR systems, such as FreeBOT
[5], [6] and FireAnt3D [7], have emerged. These systems
overcome the limitations of traditional modular robots, which
require specific connector alignments and precise docking
procedures. The freeform surfaces in these advanced MSRR
systems significantly enhance the dexterity of inter-module
connections and movements, addressing challenges such as
difficult docking, slow reconfiguration, and limited configu-
ration options prevalent in conventional systems. However,
the strength of inter-module connections directly affects the
configuration capabilities of MSRR systems, and different
types of connectors provide varying levels of connection
force. Various connector designs, such as electromagnets
[8]-[10], permanent magnets [11]-[13], mechanical hooks
[14]-[18], binder material [19] and vacuum [20], have been
applied in MSRR systems. Compared to other types of
connectors, mechanical hooks generally offer stronger con-
nection forces and good reusability. However, they often
require specially designed connection surfaces and precise
alignment during docking, which limits the flexibility of
module connections. As a result, they are difficult to ap-
ply in freeform MSRR systems. Recent advancements in
freeform MSRR systems have led to the development of
heterogeneous truss designs [21], [22], spherical gear anti-
slip structures [23], and biomimetic dual-mode connectors
[24], further enhancing system connectivity and robustness.
Nevertheless, they struggle to handle tasks requiring greater
load-bearing capacity. Nevertheless, research on stronger
connectors for freeform MSRR systems is still necessary.
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(a) Describe the design of the spherical shell and the positional relationship between the gripper and the SnailBot. (b) This is a schematic diagram

of the gripper structure. The spring is bound to the slide platform with a rope. The hook is fitted with two cylindrical pins. The outer ring magnets have
a size of ¢6 X 2, and the center magnet has a size of ¢8 X 3. (c) Describe the structure of the lifting mechanism.

In previous work, the SnailBot design utilized a dual-
mode connector system, featuring magnetic rubber tracks
that enable modules to move independently across planes,
outdoor environments, and even the surfaces of other mod-
ules, thereby enhancing reconfiguration capabilities and in-
dependent mobility. Concurrently, the suction cup connector
strengthens inter-module connections, improving the overall
manipulation capabilities of the assembled modules. How-
ever, in previous implementations, the suction cup connec-
tor’s force was inadequate relative to the module’s weight,
limiting its effectiveness in various tasks. Moreover, the con-
tinuous operation of the suction cup motor proved inefficient,
and the deformability of the magnetic rubber track resulted
in poor surface fit on spherical structures. These limitations
indicate that both the connector performance and magnetic
track design in the previous iteration require optimization
and engineering improvements.

In this paper, we propose a rigid freeform connector and
a rigid magnetic track design to enhance the connection
and mobility performance of the SnailBot. Each SnailBot
is equipped with a multi-channel rope-driven gripper at the
base, an spherical shell with densely distributed circular holes
on the back, and a rigid chain design that conforms to the
spherical surface. This combination allows each SnailBot
to traverse the surface of a peer with high precision and
connectivity, facilitated by the ferromagnetic spherical shell
and magnetic track. Furthermore, the system achieves robust
inter-module connections in any position and orientation
through the integration of the gripper and spherical shell

hole array. The efficacy of these designs has been validated
through a series of experiments and analyses, demonstrat-
ing improved connection and motion performance in the
SnailBot dual-mode connector system, thereby expanding its
potential applications and functional capabilities.

II. RIGID FREEFORM CONNECTOR

Enhancing connection strength is particularly beneficial
for more complex configurations. This section introduces a
spherical rigid freeform connector designed to strengthen the
inter-module connection force. The connector comprises two
main components: a gripper and a spherical shell, with an
additional lifting mechanism.

A. Gripper

The basic mechanical structure of the gripper is depicted
in Fig. 2(b). Each gripper is equipped with multiple hooks
designed for gripping tasks. These hooks operate through a
system of fine ropes and springs, mounted on a vertically
moving sliding platform powered by a screw rod motor.
The hooks move along tracks on both sides to ensure stable
and guided motion. At the base of the gripper, magnets are
installed to provide sufficient magnetic force, securing the
gripper firmly to the spherical shell. The hooks’ motion is
controlled by rubber bands, with one end connected to the
hook and the other facilitating its rotation and reset. As
the sliding platform moves upward, the hooks follow the
track, constrained by the track’s design. If a hook cannot
pass through a hole, the track’s inner side limits its motion.
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Gripper-Spherical Shell geometric relationship

When a hook does pass through a hole, the rubber band
drives its rotation, while a cylindrical shaft restricts the
hook’s rotational angle to ensure proper alignment. The
gripper can engage with multiple holes at once, regardless of
their spacing, with springs on the sliding platform providing
adaptability.

Notably, the number and arrangement of hooks must en-
sure sufficient success in practical gripping applications. The
design should minimize friction and resistance during hook
movement to maintain operational flexibility and efficiency.
Additionally, the configuration and force distribution of the
magnets must be balanced to guarantee stable attachment to
the spherical shell.

The design of the mechanical gripper is defined by key
parameters, particularly the number of hooks and their range
of motion. Here, we describe the method used to calculate
the range of motion for the hooks. During the design pro-
cess, random points are generated on the spherical surface,
representing the projections of the gripper’s central axis.
By generating arcs in random directions within the defined
angular range and distributing these arcs around the central
axis, they are divided into n segments. If an arc passes
through a hole, it is deemed valid. The gripper is considered
successful if the number of valid arcs exceeds |2 |, indicating
that the design enables effective gripping. Additionally, the
hooks are evenly distributed, and each hook must occupy a
width of at least Smm to ensure reasonable assembly and
structural integrity, with [ = 5 mm. Assuming the gripper
has n hooks, the angle between them is ¢ = %. The
theoretical minimum radius r for the hook distribution is
calculated as follows:

1
r= 2 xsin (5 - ) (1)
sin ¢ 2

Given that the diameter of the hole is d, the hook is
considered effective if the arc it occupies comes within a
distance less than d/2 from the hole’s center. On a spherical
surface with a radius of R = 60 mm, the shortest effective

distance r* that a hook can reach is:

. d

rt=r4+ 3 2
From this, the angular limit 65 for hook motion is derived

as: .
fo = arcsin <T> 3)

2 R

Thus, the motion range for a single hook is:

0 c (92, 91) (4)

The detailed calculation and determination of the number
of hooks, aimed at optimizing the overall success rate of
the clamping operation, will be presented in the following
section.

B. Spherical Shell

The design and production of the spherical shell and

gripper mechanisms must adhere to three critical principles:

« Ensure even distribution of holes across the spherical
shell’s surface.

o Design the gripper to maximize grasping success while

maintaining magnetic connectivity.

« Optimize the number of gripper hooks to balance per-

formance and cost.

Achieving a uniform distribution of holes on the spher-
ical shell is the first design challenge. To address this, a
particle theory-based approach is employed. In this method,
the surface of the sphere is modeled as a closed system
of particles, where each particle represents a hole. These
particles are treated as if they repel each other, similar to
charged particles, resulting in a natural equilibrium state.
This equilibrium ensures that the holes are evenly distributed
across the surface of the spherical shell.

The design of the spherical shell, especially the layout
and functionality of the surface hole array, plays a criti-
cal role in the connector. These holes not only determine
the practical performance of the spherical shell within the
connector but also influence its interaction with the gripper.
The primary purpose of the shell’s hole design is to provide
multi-angle, multi-directional connection points in three-
dimensional space, allowing the gripper to capture and secure
the spherical shell from any direction. These holes must
ensure smooth entry for the gripper and maintain stability
after capture. Therefore, their arrangement is also influenced
by mechanical factors, aiming for balanced force distribution
during gripping. The surface of the spherical shell under-
goes precise calculation and optimization to ensure that the
arrangement and number of holes maximize the gripper’s
operation. For a unit spherical surface, randomly generating
a point (z, y, z) gives the initial position vector r; = [z, y, z].
For each pair of points r; and r;, the vector difference is
calculated as

d,‘j =TI, —Ty (5)

The distance L;; is the magnitude of the vector difference.

Liy = lldy | = /(@ = 23 + (4 = ) + (51— 2)?
(6)




Then, the repulsive force is calculated based on the distance
between the points. Assuming the magnitude of the force is
inversely proportional to the cube of the distance.

d.
j#i
Next, the radial component F,, and F,, the tangential
component of the force are calculated.
F, = (F;-r)r; (8)
F, =F -F, )
The position is updated by the current velocity and normal-
ized. The initial velocity is 0.
- r;, +v;
[ + |

The velocity is updated based on the tangential component
of the force.

I«

(10)

vi« =v; + G- F,, (11

where G is the repulsive force constant, controlling the step
size of the velocity update. This is followed by the next
generation calculation. Typically the total energy is used
as an indicator to monitor convergence. Here the sum of
distances between all points is used instead. It decreases
with the number of iterations and eventually levels off. The
positions are iteratively updated until uniform distribution is
achieved. These evenly distributed points are then mapped
onto the target diameter of the spherical surface, using them
as the centers of the holes, resulting in the complete spherical
shell.

The next step is to determine the optimal number of hooks
(M), the number of holes (NN) on the spherical shell, and
the size of each hole (X). This represents a multivariate
optimization problem. These variables must be balanced to
maximize the success rate of gripper attachment without
compromising the mechanical properties of the spherical
shell.

Our engineering experience shows that to maintain ef-
fective magnetic connectivity, the spherical shell must have
enough surface area. If the surface area is too small, the
magnetic tracks won’t connect properly. Therefore, the area
covered by holes must be less than 20%. To achieve the
best results, we aim to maximize the number of holes while
keeping this ratio at 80%. This simplifies the problem to a
two-dimensional relationship between the number of hooks
(M) and the number of holes (/N). We then calculate the
success rate of the configurations under various parame-
ter settings. Specifically, we discretely select combinations
where M takes values from 8 to 12 with a step size of 1, and
N takes values from 280 to 320 with a step size of 10. For
each combination, we randomly generate 5000 positions on
the spherical shell and assess the success rate of the magnetic
connections at these positions.

The experimental results are illustrated in Fig. 4, which
presents the success rates for various values of M and
N. The data reveal that the success rate is higher when
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the number of hooks is even compared to when it is odd.
Specifically, the optimal performance is observed when N is
approximately 300 and M > 10. Beyond this point, further
increases in the number of hooks yield diminishing returns
in success rate. This indicates a non-linear relationship
between the number of hooks and the performance metric;
after reaching a certain threshold, additional hooks do not
substantially enhance the success rate.

Notably, due to the random nature of the projections, some
variability in the specific data points is anticipated. Nonethe-
less, the overall trend remains evident. Considering practical
aspects such as ease of manufacturing and processing, we
have determined N = 300 (corresponding to a hole diameter
of 6 mm) and M = 10 as the optimal parameters for our
design. As a critical connection mechanism of the robot,
the gripper must possess adequate load-bearing capacity
once connected to the shell. Therefore, the material of the
spherical shell must be both magnetic and sufficiently robust.
To satisfy these requirements, we have selected Selective
Laser Melting (SLM) technology for fabricating the spherical
shell.

C. Lifting Mechanism

Fig. 2(c) shows the design of the lifting mechanism. The
core components include a screw rod motor and a bronze
bushing. The screw rod motor provides the necessary power
for the gripper’s vertical movement, overcoming the mag-
netic attraction between the gripper and the spherical shell.
The motor converts rotational motion into linear vertical
movement through the screw rod, enabling precise up-and-
down motion of the gripper. The self-locking feature of
the screw rod maintains the gripper’s position after lifting
without requiring additional holding forces, ensuring stable
operation. The bronze bushing, embedded at the upper and
lower ends of the gripper, transmits the vertical movement
and serves as a friction bearing, allowing smooth rotation
of the gripper while connected. Additionally, the lifting
mechanism can fully elevate other parts of the robot while the
gripper remains connected, enabling passive rotation under
specific conditions and enhancing the robot’s flexibility and
adaptability.
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III. RIGID MAGNETIC TRACK

The ability of MSRR systems to adapt their configuration
in real-world applications is crucial. A robot’s capability to
quickly adjust its shape based on environmental needs is
directly linked to the successful execution of tasks. However,
frequent configuration changes also impose strict demands
on the durability of the driving system. The new-generation
SnailBot addresses these challenges by employing a chain
magnetic track driving system. Compared to the previous
generation, the new design introduces a arcuate track and
a chain magnetic track, significantly enhancing the robot’s
mobility and surface adherence in spherical environments.
Moreover, it extends the lifespan of the driving system,
ensuring that the robot can continue to operate efficiently
even during frequent configuration shifts.

Fig. 5 shows the SnailBot, with Fig. 5(b) illustrating the
design of the chain magnetic track driving system. The
chain magnetic track driving system in the new design
demonstrates superior performance in motion execution. The
chain is made from hard 3D-printed resin material, with
links connected via movable joint segments, ensuring both
flexibility and stability of the chain. Magnets embedded
within the chain links are securely fixed using acrylic AB
glue, ensuring their stability within the links. The contact
surface of the chain with the sphere is covered with anti-slip
patches to increase friction, improving the robot’s adhesion
and stability on the spherical surface. Inspired by [25],
the arcuate track design ensures that the chain follows a
predetermined trajectory on the sphere’s surface, preventing
detachment or misalignment during vertical climbing. The
track is restricted to its intended path by a pin structure,
enabling effective and continuous adhesion to the sphere’s
surface, thereby enhancing the robot’s climbing and obstacle-
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(a) The overall structure of the SnailBot is displayed. (b) The mechanical structure of the chain driving system is introduced.

TABLE I
MECHANICAL EXPERIMENT RESULTS
Normal Force  Tangential Force Torque
SnailBot-2 <100N <50N <3N'm
SnailBot-3 441.5N >500N 4.2354N-m

crossing capabilities in complex terrains. Overall, the design
optimizes the fit between the chain and the sphere and
improves the compatibility between modules, enhancing the
robot’s performance across diverse application scenarios.

When designing and implementing the chain magnetic
track driving system, the choice of chain link materials and
the method of fixing the magnets are critical. The applica-
tion of the chain magnetic track has significantly improved
SnailBot’s mobility and the lifespan of the driving system.
Unlike the previous generation’s flexible magnetic tracks, the
resin material is more durable and maintains a stable shape.
As the working surface of the magnetic track, the anti-slip
patches play a crucial role in maintaining stability during
the robot’s movement. The introduction of arcuate tracks
has also effectively enhanced SnailBot’s climbing ability on
the spherical shell. Additionally, maintenance of the driving
system has been simplified, and by removing a single pin,
the entire magnetic track can be easily detached. If part of
the chain is damaged, only the corresponding links need to
be replaced. This makes the repair process both efficient and
cost-effective. Regular inspections of the chain, magnets, and
related components are essential to ensure the system’s long-
term efficient operation.

The size optimization method of SnailBot is the same as in
previous versions [24]. SnailBot weighs 680 g, with a length
of 132.7 mm, a width of 120 mm, a height of 127.8 mm.
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Fig. 7. The SnailBot can achieve stable separation under four different
conditions.

IV. EXPERIMENTS
A. Connection Strength

The Fig. 6 illustrates the testing process, and the Table I
shows the results. The tensile meter used in the experiment
has a range of 500 N. In the experimental tests conducted
on the improved connector, we observed a significant en-
hancement in connection strength. The new version of the
connector exhibited superior performance across multiple
dimensions, including normal force, tangential force, and
torque.

B. Basic Motion

The new driving system design has also shown significant
improvements in basic motion capabilities (see Fig. 7).
Compared to previous versions, the new driving system
performs more reliably in module connection and separation
actions. In earlier versions, separation between modules
often encountered slippage, making it difficult to effectively
disengage the modules. The new version addresses this issue,
making the connection and separation actions smoother.

C. Comprehensive Connectivity

The improved connector and chain magnetic track driving
system provide robust support for stable connection and
movement. The Fig. 8 illustrates the functionality of a
transportation mechanism composed of modules. The new

Fig. 8. A SnailBot is lifted and transported by other modules, crossing a
lateral span of approximately 330 mm to reach another platform located at
a relative height of 109 mm. The SnailBots in charge of transportation are
stably connected to each other through the new connector.

connector enhances the connection strength between mod-
ules, improving the load-bearing capacity after connection.
The driving system provides sufficient power for movement.
During the transportation process, module J2 must overcome
gravity to lift the SnailBot, a task that the previous version
could not accomplish. The improved connection performance
and stronger mobility ensure that SnailBot excels in appli-
cations requiring high load capacity, significantly enhancing
its operational performance and reliability.

V. DISCUSSION AND CONCLUSION

This paper presents an innovative design method that
enhances SnailBot’s connectivity and motion performance
by combining a rigid freeform connector with a magnetic
drive system. The specific design includes a multi-channel
rope-driven gripper, a spherical shell with densely distributed
holes, and a rigid chain magnetic driving system. This allows
SnailBot to move stably on any surface and achieve strong
connections. Experimental results validate the significant
improvements in connection strength and motion reliability.
The improved connector and track system not only enhance
SnailBot’s surface adaptability but also ensure stable opera-
tion in complex environments.

Although these designs improve SnailBot’s performance,
they also present challenges, such as increased manufacturing
complexity and material costs. Future work will focus on
optimizing the design to reduce costs and exploring its
application in other robotic systems. Additionally, research
will aim to improve adaptability and flexibility to handle
more complex scenarios.
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