
  

  

Abstract—Today’s monolithic robots act as closed systems 
that cannot absorb more material to keep operating after or 
recover from significant structural damage during their lifetime. 
Modular, reconfigurable robots offer a potential solution by 
discretizing the robot into replaceable and often identical 
modules that can self-assemble and self-rearrange. We introduce 
the Robot Link, a novel truss-robot module with magnetic 
connectors capable of self-assembly and re-forming broken 
connections. Each Robot Link can connect up to nine other 
Robot Links on either side and can thus form polygons and 
triangular lattice structures when combined with other Robot 
Links. Robot Links can crawl forward and backward, which 
allows them to move towards and connect to other links. We 
demonstrate a self-assembly sequence that shows individual 
Robot Links combining and transforming to form a tetrahedron, 
thereby demonstrating the first transformation of independent 
truss-robot modules that are limited to one-dimensional 
locomotion into a fully actuated, three-dimensionally 
maneuverable robot. Experiments revealed that Robot Link 
structures can reform broken connections, mimicking cells with 
reformable bonds. We demonstrate that three different robot 
topologies recover from separation after impact. This work 
contributes to developmental robotics by introducing a robotic 
substrate that enables robots to “grow” by integrating more 
material, self-improvement, and self-repair within their lifetime. 

I. INTRODUCTION 

Despite significant progress in robotics research, today’s 
robots are vulnerable to single points of failure and are limited 
in their ability to adapt their shape to specific tasks. To ensure 
a sustainable future for robots in our society, robots must 
become more versatile, more resilient, and be able to take care 
of themselves. 

Inspired by nature, today’s robots often come in the forms 
of arms or bipedal and quadruped robot designs [1], [2]. But 
unlike these machines, their biological counterparts sustain 
themselves, self-heal and grow by absorbing material from 
their environment and expelling waste: they operate as open 
systems[3]. We believe that for robots to become both resilient 
and self-sustaining, they need to be able to act as open systems 
during their lifespan. 

We introduce a new kind of truss modular reconfiguring 
robot (MRR) that is capable of making itself bigger faster and 
more capable by integrating more material, and reform broken 
connections. These robots comprise one or more Robot Links 
(also referred to as links), the robot modules used for this 
research. We demonstrate the Robot Link robots’ capacity to 
self-assemble and self-improve, and re-assemble after 
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breaking apart. Further, we address the limitations and future 
work. 

II. ROBOT LINKS 

The Robot Link is the building block of our homogenous, 
truss-style MRR system. Truss-style MRR form scaffold-like 
structures and have expanding and contracting modules[4]. 
Inspired by GEOMAG™ building sticks, Robot Links 
resemble hexagonal bars with magnetic connectors (see Fig. 
1) that are 28cm long when contracted and 43cm long when 
expanded. The size of the Robot Link for this design was 
determined by the formfactor of the two 100mm stroke length 
Actuonix L12 linear servos that were chosen to maximize the 
expansion ratio of the link while minimizing the diameter of 
the link body. Both servos operate along the same axis but in 
opposite directions and thus enable the Robot Link to perform 
an inch-worm style crawl in one dimension (1D): forward and 
backward. 

Links or link structures crawl by shifting the weight from the 
connector that needs to slide to the connector that needs to stay 
put—exploiting differential friction. The Robot Link contacts 
the ground on the ridge of the connector cones, while the body 
acts as a mass that can be transferred to increase friction at one 
contact point or another. We observed good crawling behavior 
on low-pile carpet and rubber surfaces. Robot Links crawl 
slowly on flat ground and are placed on a slope to speed up 
more complex experiments. 

Robot Links are simple by design. They don’t contain 
features that could be simulated in software: power sharing, 
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Figure 1.  Robot Link. (a) fully contracted Robot Link; (b) fully expanded 

Robot Link; (c.1-c.3) two, three, and four Robot Links connected at one 
point. 
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link-to-link communication, onboard sensors, etc. A link 
comprises only six different electrical components: servos, 
microcontroller, voltage regulator, resistors, WIFI antenna, 
and batteries. All body parts are 3D printed in PLA.   

Earlier truss MRR burdened their connectors with 
communication and power-sharing channels and thus were 
incapable of self-assembly[5], [6]. Spinos et. al. and Park et al. 
introduced Variable Topology Truss (VTT), a heterogenous 
truss MRR comprising actuated bars and vertex spheres [7], 
[8]. Unlike these systems, Robot Links, due to their connector 
design, can not only self-reconfigure, but also self-assemble.  

The free-form Robot Link connector can accept connections 
from a continuous range of angles excluding the space taken 
up by the connector cone itself. Thus, two links cannot connect 
with a connection angle of less than 0.37 radians measured 
along the central axis of the two links. Inside the connector is 
a positionally but not rotationally constrained half-inch N52 
neodymium magnet sphere which rotates passively, ensuring 
equilibrium magnet alignment between connectors. We 
measured the in-line pull-away force required to separate two 
links at 13.7N. The magnet strength is sufficient for two links 
will snap together when they are an inch apart. The rotational 
freedom of the magnet sphere, allows multiple connectors to 
connect at one point without conflicts of polarity. Due to the 
connector geometry, Robot Link are unable to accept more 
than nine link connections at one point. 

Free-form attachment is greedy and facilitates self-
assembly in non-discretized environments and improves on 

discrete attachment styles for self-assembly[4]. For example, 
as was the case with Yim et. al’s PolyBot and other early 
connector designs, the connector design used by Baca et. al 
and Roehr et. al. is limited to four possible attachment 
orientations between two connectors.[9], [10], [11], [12], [13] 
Most cube-shaped modular robot systems only allow for 24 
possible attachment orientations, and thus require accurate 
alignment for successful connections. 

Other free-form MRRs such as the FreeBot and FreeSN rely 
on fully ferromagnetic shells for connectivity and provide 
infinite attachment points on their entire body [14], [15]. Due 
to their spherical shape, FreeBot and FreeSN tend to produce 
dense structures—similar to the dense structures produced by 
cube-shaped MRRs. In contrast, Robot Links naturally form 
less-dense, truss-style structures, while still providing a 
continuous and thereby infinite number of attachment angles. 

The Robot Links are programmed to execute commands 
received via WIFI from a Python server script: computation 
occurs offboard. On the server, each link operates as its own 
thread that handles communication and provides an interface 
for controller scripts to interact with by sending position 
commands to the servos. Unless stated otherwise, the 
experiment in this paper were conducted using a keyboard-
based manual controller interface that can both expand and 
contract individual servos on individual links and execute pre-
programmed motions. The pre-programmed motions include a 
single-link crawl, triangle crawl, diamond-with-tail (see frame 
t = 0 s in Fig. 2 b.2) crawl, and tetrahedron crawl and topple. 

 
Figure 2.  Formation of a tetrahedron from Robot Links. (a) diagram showing the tetrahedron formation conceptually; (a.1-a.4) label the different stages 
of the experiment environment; (b.1) video frames showing the transformation from six individual Robot Links to a three-pointed star and a triangle that 

then combine to form a diamond-with-tail topology; (b.2) video frames shwoing the transformation from a diamond-with-tail to a tetrahedron. 
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III. METHODS 

First, we show how six individual links self-assemble to 
form a tetrahedron. Second, we show the Robot Link’s ability 
to recover from separation due to impact for three robot 
topologies: triangle, three-pointed star, and diamond-with-tail. 
Finally, we show how a closed loop operated tetrahedron 
fetches a plastic sphere. 

Planar and limited to movement in one dimension, Robot 
Links must exploit the environment topology or be assisted by 
other 3D robot structures to form three-dimensional structures. 
We used PyBullet to explore the Robot Link’s dynamics in 
different environments to find a suitable terrain for forming a 
tetrahedron [16]. We then built a physical version of the 
simulated environment and used it for the self-assembly and 
self-healing experiment (see Fig. 2-a). 

 
Figure 3.  Robot Link topologies recovering from damage. Video frame sequences showing a three-pointed star (top), a triangle (middle), and a diamond-

with-tail (bottom) crawling off a ledge, breaking one, three, and two robot link connections respectively and then “heal” themselves. 
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While the results in this paper are not simulation results, 
we provide a few key insights about simulating Robot Links. 
A full treatment of Robot Link simulation will be provided in 
a future publication. 

PyBullet does not natively support magnets, so we 
implemented them as external forces applied to the magnets 
inside the Robot Link connectors. To speed up the magnet 
computation, we only compute the magnet interaction between 
magnets within an empirically determined 14cm range, since 
magnet forces outside that range are negligible in a high-
friction environment. Additionally, we used an occupancy grid 
to speed up the search for magnets within that range.  

	 𝐹⃗!"#$%&! = ∑ 𝐾'∈)
""∗"!

+,#---⃗ /,$----⃗ +
% (𝑃0))⃗ − 𝑃1))⃗ )  (1) 

The external force applied on magnetj is computed using 
(1), where A is the subset of magnets within 14cm range of 
magnetj and K is an empirically computed constant such that 
the attraction force of two simulated connectors equals the 
measured attraction force between two physical connectors. 
The magnet activation scalars 𝑎' , 𝑎2 ∈ [0,1] mimic the effect 
of the magnet retraction mechanism. Each magnet has We 
used random controller search, manual control, and hardcoded 
robot gates to explore the Robot Link dynamics in simulation. 

A. Self-assembly 
By crawling two non-parallel links to the point where their 

trajectories intersect, Robot Links can easily be assembled in 
plane. Forming a tetrahedron from a diamond-with-tail (a 
tetrahedron flat pattern) is challenging and requires out-of-
plane motion. A diamond-with-tail is a low-energy formation, 
where all links are in contact with the ground plane. While a 
tetrahedron is a higher energy formation that requires three 
links to be lifted out of plane—gaining potential energy. To 
achieve this higher energy formation, the links must either be 
elevated and have energy potential or be moved to that state 
through servo motion or an external force. Our physical 
experiment environment allows the diamond-with-tail 
topology to move out of plane by crawling off a 30cm tall 
ledge that is followed by a cylindrical obstacle (shown in gray 
in Fig. 2-a.3). This setup enables the diamond-with-tail to fold-
over on itself and become a tetrahedron—retaining some of its 
original potential energy in the tetrahedron structure.  

In our experiment, we explored if a 3D structure could be 
formed from independent one-dimensional Robot Links. The 
experiment was conducted using six individual Robot Links 
placed on the first stage (Fig. 2-a.1) of our 1m by 4.3m 
experiment environment. First, the links attempt to form a 
triangle, and a three-pointed star topology. This step tests if 
single links can combine to form more capable Robot Link 
structures—both three-pointed stars and triangle topologies 
can move in two dimensions (2D), while individual links 
cannot. Next, moving to the second stage (Fig. 2-a.2), the 
triangle and the three-pointed star combine to form a diamond-
with-tail shape, then fold into a tetrahedron. 

B. Self-healing 
The self-healing experiment is conducted on stage three 

and four without the cylindrical obstacle (visualized in Fig. 2 
a.3 and a.4). In this experiment, a three-pointed star, a triangle, 
and a diamond-with-tail topology crawl off the 30cm ledge 

and attempt to recover from the resulting damage. For the 
purposes of this experiment, damage is defined as the 
destruction of the original robot topology, not physical damage 
to a Robot Link itself. 

In this experiment, robots can experience two damage 
types: links or substructures that detach in part, and complete 
detachments, akin to losing a limb. The key distinction is that 
partial detachments don't risk losing the component, 
preserving a much higher chance for recovery. 

IV. RESULTS 

The results of the self-assembly and self-healing 

experiments are shown in Fig. 2 and Fig. 3 respectively. 

A. Self-assembly 
We found that three independent links can combine to form 

a triangle or a 3-pointed star (Fig. 2-b.1) configuration. Both 
of these transitions form fully controllable planar robots from 
Robot Links that, on their own, could only crawl in 1D. Next, 
we demonstrated that a triangle can connect to and integrate a 
3-pointed star to form a diamond-with-tail (Fig. 2 b.1) shape. 
This transition showed how a robot integrates with another 
robot to improve its abilities: a diamond-with-tail can 
overcome 25mm tall thresholds, which neither a triangle nor a 
3-pointed star can achieve (see Table I in the appendix). 
Finally, the diamond-with-tail successfully folded itself into a 
tetrahedron (Fig. 2-b.2) and thereby morphs from a planar 
robot into a 3D robot capable of overcoming a 25mm square-
bar obstacle. The tetrahedron also is faster and more consistent 
in its speed than any previous topology (see Fig. 5). 

These findings demonstrate that the Robot Link-based 
robots can “grow” in shape and self-improve by absorbing 
material from their environment or by absorbing other robots. 
See Table I in the appendix for an outline of the strengths and 
weaknesses of all Robot Link topologies covered in this work. 

 
Figure 4.  A graph showning the average speed of repeatedly crawling a 
single Robot Link, a triangle, and a tetrahedron down a 10-degree slope. 

The crawling gates were hardcoded based on empirical tests, and acts as a 
baseline to improve upon with learned controllers in the future. 
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B. Self-healing 
Fig. 3 shows the result of one successful damage recovery 

experiment for each tested topology: three-pointed star, 
triangle, and diamond-with-tail. Not all attempts were 
successful, and the challenges encountered are addressed 
below. 

First, the impact entirely separated the three-pointed star 
(see Fig. 3-top). Then, the Robot Links slid and rolled 
uncontrolled (see Fig. 3-top t=81 and t=82) until they settled 
near each other after impact. The resultant settled state allowed 
the operator to re-form the three-pointed star topology. While 
this successfully demonstrates the ability to re-form the three-
pointed star after complete separation, it also highlights its 
instability: each link of a three-pointed star is only position 
constrained on one end of the connector tip, and thus allows 
the links to flail while falling and during impact. In addition, 
the environment's topology influences the chances of 
reformation. Several attempts failed spectacularly, with links 
being flung down the ramp or rolling away, thereby making 
recovering the shape impossible within the bounds of the 
experiment. This mimics nature: a severed limb can only be 
reattached if retrieved.  

Second, the triangle incurred a single disconnection upon 
impact, causing it to become a three-link chain (see Fig. 3-
middle). A three-link chain is under-constrained and, 
therefore, harder to control than a triangle. However, shape 
recovery is significantly easier in this scenario than with a link 
that was separated and could get lost. A triangle is a fully 
constrained and, therefore, strong Robot Link configuration; it 
took several attempts until a disconnection occurred. In one 
failed attempt, the triangle lost an entire link, which, due to the 
sloped surface, rolled towards and connected at the vertex 
where the other two links were connected, forming a three-
pointed star. In another failed attempt, a link disconnected, as 
shown in the successful experiment, but the operator didn’t 
manage to re-form the triangle within the bounds of the filming 
setup and thus aborted the attempt. 

Third, the diamond-with-tail suffered a separation of the 
three-pointed star from the triangle upon impact (see Fig. 3-
bottom). From the self-assembly experiment, we know that a 
three-pointed star can combine itself with a triangle to form a 
diamond-with-tail. The triangle tip of the diamond-with-tail 
folds under itself while falling from the ledge at t=68s, 
breaking the connections between the three-pointed star and 
the triangle. Folding two connected Robot Links towards each 
other past the minimum attachment angle that the connectors 
will allow is the easiest way of breaking their connection since 
the Robot Link body acts as a lever while the edge of the 
connector acts as a pivot. In this experiment, the lever action 
resulting from the triangle folding underneath breaks both 
connections between the three-pointed star and the triangle 
almost simultaneously. The three-pointed star settles on top of 
the triangle at t=70s and then needs to move down from the 
triangle to connect to the triangle. Once the first connection 
was re-formed, the second could be attained. The case of a 
separated substructure is less severe than that of a separated 
single link since the substructures are controllable in 2D, while 
a single link is not. 

We found that under-constrained structures, such as the 
three-pointed star and the diamond-with-tail, are more likely 

separate from a fall. The under-constraint parts can flail and 
build high angular momentum that leads to detachment if 
they’re moving outside the attachment angle range of the 
Robot Link connector. 

V. LIMITATIONS AND FUTURE WORK 
We present a truss modular robot designed to reconfigure 

its structure post-impact. Its magnetic connections enable it to 
detach and reattach without damage, allowing it to re-establish 
its original form. However, success isn't guaranteed; 
environmental factors, like a sloping surface, can cause the 
links to roll away and become irretrievable, leading to 
reassembly failures. In future work, we hope to characterize 
the uncertainties related to the environment and the capability 
of the Robot Links through randomized environment and 
control trials. 

Our experiments utilized a human operator to emulate 
localization and control systems, a proxy for full autonomy. 
This method introduces potential bias, conflating human error 
with intrinsic factors. We're developing an autonomous 
platform equipped with machine vision to address this. 

Given recent AI advances, we believe the bottleneck for 
autonomous robot organisms lies in the hardware and sensors, 
not the software. This also includes the current power capacity 
of only 40 minutes, limiting the physical experiments. We 
anticipate that further improvements in battery technology will 
lead to extended runtimes. 

Robot Link structures come with pre-determined breaking 
points: their magnetic connections. This is both a feature and 
a flaw. While it protects individual Robot Links from damage 
during impact by breaking the magnetic bonds, it 
simultaneously is a limiting factor for the maximum size a 
Robot Link structure can achieve. The biggest physical Robot 
Link structure built to date is a manually assembled 16-link 
polyhedron. We observed a maximum of five connections 
formed at one point during our self-assembly experiments. 
Connecting more connectors at one point becomes 
increasingly difficult as the attachment space gets crowded. 

Our goal is to form a self-sustaining robot ecology that can 
grow, self-repair, and thrive without human intervention aside 
from supplying more robot links. In future work, we will 
explore the robot organism’s ability to shed and replace “dead” 
or broken Robot Links to remain operational. 

VI. CONCLUSION 
Our work showcases a truss-style MRR that self-assembles 

and self-improves. Thanks to Robot Links’ ability to self-
assemble, they can form robots that grow in size by integrating 
more links, making themselves faster or more agile, and 
recovering from damage within their lifetime. We showed 
different robots self-repair physically by reconnecting or 
reintegrating links after disconnections or separations.  

Robot Links form reformable bonds instead of permanent 
bonds. Similar to how cells found in animals and humans can 
reform bonds[17]. The cell bond type—permanent or 
reformable—affects the developmental potential of an 
organism; similarly, it affects the formation and rearrangement 
capacity of the Robot Link platform. The capacity to grow 
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structures and self-heal are a direct result of this re-formable 
attachment style. 

The work in this paper is a step towards a future in which 
truss robots can adapt and reshape instead of being pre-built 
for specific use cases. This work contributes to and tries to 
spark interest in the physical development aspect of 
developmental robotics research. 

The growth trajectory of the world’s robot population 
suggests that robots will outnumber humans. Who will build 
and repair all the robots? We believe that the burden of 
sustaining the robot population ultimately rests with robots. To 
address this problem, we work towards a self-sustaining robot 
ecology. 

APPENDIX 
The tetrahedron formation sequence shown in Fig. 2 

demonstrates that Robot Links can form robots that manipulate 
their topology by exploiting the features of their environment; 
in Fig. 4, we illustrate how a tetrahedron made from Robot 
Links fetches a sphere placed at a known location by toppling 
onto it and then crawling with the sphere inside the 

tetrahedron. The frames shown in Fig. 4 are drawn from the 
top-down tracking camera of the “Long distance run” shown 
in the accompanying video. This experiment used a closed-
loop script that tracked the tetrahedron’s position using the 
AprilTag stickers applied to each link [18]. The tracking script 
uses the world tag at the top of each frame as the reference 
point for the tracking location. The payload is an FDM-printed 
plastic sphere 90mm in diameter with a weight of 93g. The 
experiment was implemented using a discrete set of 
commands: crawl, topple, and turn. The tetrahedron robot was 
programmed to crawl towards its target, adjusting direction 
with the turn command when necessary. 

Table I shows seven Robot Link topologies and their 
strengths and weaknesses to highlight their differences. The 
structures formed in the self-assembly experiment are 
incrementally improving compared to their previous 
configurations as they “grow,” their improvements are listed 
in the table. 

TABLE I.  BASIC TOPOLOGY OVERVIEW 

Topology 

Attributes 

N
r. 

Li
nk

s 

St
re

ng
th

 

W
ea

kn
es

s 

Single Link 1 Stable topology 1D movement 

2-Link chain 2 2D movement 

Inconsistent control 
behavior  
Unstable topology 
Unable to scale 
thresholds 

3-Link chain 3 2D movement 

Inconsistent control 
behavior 
Unstable topology 
Unable to scale 
thresholds 

3-pointed star 3 Coordinated 2D 
movement 

Unstable topology 
Unable to scale 
thresholds 

Triangle 3 
Coordinated 2D 
movement 
Stable topology 

Slow 
Unable to scale 
25mm thresholds 

Diamond-with-tail 6 

Can scale 25mm 
thresholds 
Coordinated 2D 
movement 
Able to form 
tetrahedron 

Slow 
Unable to overcome 
25mm ledge 

Tetrahedron 6 

Stable 3D motion: 
crawling and 
toppling 
Overcomes 3D 
25mm ledge 

May collapse on 
impact or when 
moved outside its 
stable configuration 
space  
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