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Abstract— We present a new approach to tackle the problem
of metamorphic robots’ reconfiguration. Given the chain-type
metamorphic robot’s initial and target configuration, we com-
pute a reconfiguration plan that is provably physically collision-
free. Our solution employs a specific heuristic. The robot
initially reconfigures to a shape that resembles an octopus with
many tentacles. After that, the tentacles gradually reconnect to
each other using inverse kinematics, separating one tentacle
from the body and keeping the other one connected. This
strategy eventually leads to a snake-like structure of the robot.
For the target configuration, we compute the reconfiguration
plan with the same procedure, however, we reverse the plan
to reconfigure the robot from the snake-like structure to the
target shape. According to our experimental evaluation, our
newly introduced strategy for finding reconfiguration plans is
successful. It efficiently finds collision-free plans even for robots
consisting of hundreds of modules.

I. INTRODUCTION

A metamorphic robot is made of independent but uniform
mechatronic modules that can autonomously connect, discon-
nect, and climb over other modules. The swarm of modules
may cooperate to make the robot move or change its shape
to fit the robot’s mission the most. However, to fully leverage
such a robot’s versatility, one has to be able to compute a
shape-shifting (reconfiguration) plan efficiently. The plan is
a sequence of actions of individual modules to morph the
robot from one shape (configuration) to another.

The definition of the configuration of a robot and the
elementary actions of modules depend on the type of meta-
morphic platform. In general, we have Lattice and Chain
architectures [30]. In the Lattice architecture, modules are
strictly arranged in a regular 3D grid and tightly packed
together, see M-Blocks [24] and Atron [12]. In chain archi-
tectures, such as Polybots [29] or Molecubes [31], the robots
may easily take a shape that resembles a body with limbs,
arms, or tentacles. Naturally, many platforms are Hybrid,
i.e., designed to allow for both arrangements of modules.
See e.g. M-TRAN [18], Roombots [26], SMORES [11],
HyMod [20], Omni-Pi-tent [22], and RoFI [17]. Clearly, the
shape reconfiguration approaches for lattice-type and chain-
type robots differ. The lattice-type system’s modules can
usually crawl on the system’s surface [7], [23], but a single
module cannot efficiently move many modules in one step.
On the other hand, the chain-type modules can move modules
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via their tentacles or even attach and detach subassemblies
of the modules.

We present a new approach to solving the problem of com-
puting the shape-reconfiguration plan for chain-type systems
in which the modules cannot locomote on their own, and
thus, the configuration of modules has to stay continuous
throughout the reconfiguration. We do not rely on individual
modules’ locomotion as it is not present on many existing
hybrid-type robots [30] and it cannot be reliably used in
rough terrain or in outer space. The presented solution aims
at respecting the spatial arrangement of the modules and
yielding collision-free reconfiguration plans.

Our shape-reconfiguration strategy is to first let the robot
unwind to an octopus-like shape and then repeatedly decrease
the number of tentacles by separating a tentacle from the
body of the robot and reconnecting it to another tentacle. The
procedure for reconnecting two tentacles employs inverse
kinematics to compute the positions of tentacles in which
the tentacles’ tips are connected. In this manner, one of
the tentacles grows in length until all the tentacles are
connected together. Once finished, the robot exhibits a snake-
like structure — the basic shape for many metamorphic
platforms [30]. Reconfiguring both the source and target
shape into a snake gives the complete reconfiguration plan.

This approach has several benefits. The first one is effi-
ciency; the procedure scales well as it can tackle reconfigu-
ration of hundreds of modules in reasonable time and space,
which is out of reach for the traditional approaches. Also,
when shape-shifting within a given set of predefined configu-
rations, only one reconfiguration plan for each configuration
has to be precomputed instead of linearly many in the case
of the direct configuration-to-configuration reconfiguration.
The presented approach is, however, a heuristic. Therefore
these benefits come at the cost of not finding the shortest
reconfiguration plan or not finding the reconfiguration plan
at all. Fortunately, the latter rarely happens according to our
experiments.

II. RELATED WORK

One of the traditional and well-explored approaches to
reconfiguration is to traverse the configuration state space.
Even though the number of states grows exponentially [6],
there have been some successful applications, A* and RRT
for ATRONs [4], heuristics to improve performance of
the state-space search [2], to employ pruning [13], or use
symbolic representations [3]. These approaches yield optimal
plans and respect the spatial arrangement of the modules, but
they do not scale. The reason for that is that the state space
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of the possible reconfiguration steps grows exponentially
fast, and so far, no efficient heuristic has been presented to
circumvent that.

Weak configuration equality may also be used to alleviate
the burden of exponential blow-up in the state-space search;
however, it does not come for free as presented by [19], [2],
and [27].

Some constraints may be relaxed to tackle larger instances,
e.g., the spatial arrangement of modules. But such a sim-
plification is suitable only for modules with a high degree
of module locomotion, as they can disconnect, move to the
target location and connect again. Authors of [10] reduce
the problem to graph-based reconfiguration and show that
finding optimal reconfiguration is NP-complete. Later, [14]
introduced an algorithm based on dynamic programming that
efficiently solves the case for tree-shaped connector graphs.

[8] presents a rather original approach for the general
case – they reduce the reconfiguration problem to SAT. The
possibility of reducing the problem to SMT (satisfiability
modulo theory, generalization of SAT to first-order formulae
within a given theory) to get collision-free plans has also
been explored [16]. However, none of these approaches are
efficient enough to be used in practice.

Another approach for reconfiguring chain-like robots is
to leverage their tree-like structures, the divide and conquer
technique [5] or distributed and online algorithms [21],[9] for
some reconfiguration. Mostly, the resulting algorithms do not
produce collision-free plans, work on connector graphs only,
or introduce other restrictions that have to be met.

Closest to our approach is the algorithm by [25] that
forms a line out of MBLOCKs. This algorithm, however,
is not applicable to chain-type modules – especially when
the modules cannot move on their own, as it is required that
the individual modules can climb one over others.

III. PRELIMINARIES

For the rest of the paper, we assume a metamorphic
platform similar to the M-TRAN system [18], or RoFI [17]
where all the modules are uniform. When we refer to a
module, we refer to one self-contained autonomous building
block, by a robot, we mean an object composed of individual
modules arranged in a configuration.

Usually, the modules are uniquely identifiable in order
to address and control them separately. However, since the
modules are indistinguishable and symmetrical, in practice,
we want to only consider the robot’s shape and not its
precise configuration (see Fig. 2). Mathematically speaking,
the shape is a class of all the configurations that are the same
apart from the module permutation and module symmetries.

For our algorithm, we do not expect the modules to feature
any specific number of joints or connectors, however, we
expect the connectors to be genderless; hence, any pair of
connectors may connect together provided they are close
enough and facing against each other.

We consider joint movement, connection, and disconnec-
tion as atomic actions. Finding a reconfiguration plan from
the source shape to the target shape means finding a sequence

Fig. 1: The module schematics. There are six connectors
and three joints. Two joints allow the connectors to rotate,
the third joint allows for rotation between the light and dark
half of the module.

(a) (b) (c)

Fig. 2: All three robots are in the same shape; however,
their internal configurations differ. Overall, there are 28

unique internal configurations for this particular shape. This
is possible due to the module symmetries and permutations;
we can swap dark and light half of a single module, rotate
the middle join by 180◦, change the orientation of the
connection, and swap the modules.

of these atomic actions such that the robot in the source shape
ends up in the target shape. Since we assume no individual
locomotion of the modules, we also require that no action in
a reconfiguration splits the robot into two pieces.

We choose to demonstrate our approach using RoFI mod-
ules as they feature modules with a high number of degrees
of freedom that the traditional reconfiguration approaches
struggle with. A single RoFI module is depicted in Fig. 1.
The module has three degrees of freedom and six connectors
(depicted as blue and red, we will explain the distinction
in Section IV). The connectors can connect in 4 different
orientations. The side joints allow for turning the bodies with
connectors by 180◦, and the middle joint allows for unlimited
turning of the module’s halves.

IV. RECONFIGURATION ALGORITHM

Existing solutions to reconfiguration feature directly or
indirectly a common challenge: identifying the distance
between two shapes in the number of steps needed to turn one
shape into another. This distance can be used for directing
a state-space search or identifying a set of shape-changing
rules that make progress in reconfiguration. Unfortunately,
this cannot be done efficiently in the general case [10].
Therefore, previous approaches addressed this inefficiency
by restricting the class of input shapes for which the recon-
figuration can be computed. We, however, pursue a different
approach. We introduce an intermediate shape between the
source and target ones, towards which we can define some
shape-changing rules that make progress in reconfiguration
with high certainty.
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Fig. 3: Illustration of the general idea of reconfiguration via
snake on reconfiguration from a spider to a chair.

There is one natural choice of the intermediate shape
— a snake-like shape. The unique property of a snake-
like structure is that it is composed of smaller snake-like
structures. Hence, assembling a set of snake-like pieces in
arbitrary order always yields a snake-like structure. In other
words, the snake-like shape exhibits self-resemblance.

Since we impose no restrictions on the precise arrange-
ment of modules, we formally define a snake shape (snake
for short) as follows. Let us choose any pair of connectors of
a module, for which it holds that if a module with all joints
in the basic position is connected in the north orientation
through either of the connectors from the selected pair, then
there is no difference in the resulting shape. Let us refer to
these connectors of the selected pair as red connectors. Then,
a configuration is a snake if and only if the configuration is
continuous, the modules are mutually interconnected via red
connectors only, and there are exactly two red connectors
unused in the whole configuration. One of the possible and
natural choices of the red connectors for a RoFI module is
depicted in Fig. 1.

We can leverage the snake self-resemblance to build a
better-performing reconfiguration algorithm as follows. We
let both the source and target shapes reconfigure into a
snake, and then we reverse the target reconfiguration plan
and append it to the source one. See Fig. 3.

Note that reconfiguration via an intermediate shape natu-
rally yields longer reconfiguration plans than a direct recon-
figuration. However, it also provides several benefits. The
snake configuration allows us to trivially map modules from
the source shape to modules in the target shape. Thus, we
can avoid the costly computation of a graph isomorphism that
other shape-reconfiguring algorithms do, e.g., [2] or [27].

Also, the transformation to the snake shape may be pre-
computed for each configuration in use. Thus, for the set of
known configurations, we can compute reconfiguration plan
from one configuration to another easily by concatenating
the precomputed plans. This is an advantage compared to
procedures that directly find reconfiguration between shapes.
If we want to be able to reconfigure between any two
configurations from a set of size n, our approach requires
only finding n reconfiguration plans, whereas the direct
approach requires n2 plans.

Algorithm 1 Reconfiguration to snake
1: function TOSNAKE(c: Configuration) → [Configuration]?
2: sequence := MAKETREE(c)
3: s := TREETOSNAKE(sequence.last())
4: if s is null then
5: return null
6: return sequence + s
7: function TREETOSNAKE(c) → [Configuration]?
8: for all pairs of free red connectors (i, j) do
9: s1 := CONNECTANDCUT(i, j)

10: if s1 is not null then
11: s2 := TREETOSNAKE(s1.last())
12: if s2 is not null then
13: return s1 + s2
14: if c is a snake then
15: return []
16: else
17: return null

V. RECONFIGURATION TO A SNAKE

The strategy of reconfiguration into a snake shape is based
on the observation that the chain-type metamorphic robots
often contain parts of the robot that can be moved with in
isolation with respect to the rest of the robot. Let us refer
to these parts as tentacles. More formally, a tentacle is a
subtree of the configuration in which there is at least one
module with an unconnected red connector. Let us denote
one of these connectors as the tip of the tentacle. Since the
tentacle is a tree, it has to be connected to the rest of the
robot via a single connector which we refer to as a shoulder.

The idea of our algorithm is to identify two tentacles
in the configuration and make them connect via their tips.
By connecting the tips of two tentacles, we create a new
red connection, as well as we form a new cycle in the
configuration. If there is a non-red connection on the cycle,
we may now disconnect it without breaking the property
of continuity of the configuration (see Fig. 5). If there are
only red connections, we release one of the shoulders. By
repeated application of this step, we decrease the number
of non-red connections and the number of tentacles in the
configuration until there are no non-red connections. Note
that if we connect the tentacle tips’ connectors in the proper
orientation, the procedure ends up with a configuration that
is a snake. The whole process is illustrated in Fig. 4 and
listed as Algorithm 1.

The algorithm proceeds as follows. We first turn the con-
figuration into a tree (procedure MAKETREE) via releasing
redundant connections. Then we execute the key procedure
TREETOSNAKE which tries to turn the robot into a snake.

TREETOSNAKE is a recursive procedure. In each recursive
step, it chooses a pair of free red connectors. We find a
common predecessor for the selected modules and declare its
connectors as tentacle shoulders. Note that the predecessor
choice is unambiguous as we consider the configuration as a
rooted tree. The tree root is a module closest to the physical
center of mass of the configuration. The tips and shoulders
define two tentacles. The procedure tries to find a sequence
of movements of these tentacles to connect their tips. If it
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Fig. 4: Illustration of the TOSNAKE procedure.

(a) Initial setup (b) Connect tentacles

(c) Release non-red connec-
tion and straighten

Fig. 5: Illustration of removing non-red connection

succeeds, it continues, otherwise, it backtracks and tries a
different pair. This is necessary as not every choice of the
order of the tentacle pairs leads to a solution. As we show
later, due to the efficiency of the procedure for connecting
the tentacles, backtracking over all possible choices of pairs
of tentacles is actually computationally feasible. Once the
procedure finishes, it ensures the robot forms a snake or there
is no tentacle-based reconfiguration.

A. Turning a Configuration Into a Tree

There are multiple ways to choose connections to drop in
order to turn an arbitrary configuration into a tree configura-
tion. Since the shape of the tree affects the efficiency of the
subsequent procedures, we want to generate trees that feature
long branches that do not split very often. To achieve that, we
pick a module closest to the physical center of mass of the
configuration and compute the spanning tree by performing
a breadth-first search.

B. Connecting Tentacles

To connect the tentacles of a tree-shaped configuration,
we leverage inverse kinematics of robotic arms (IK). IK
algorithms compute a set of positions of a robotic arm’s
joints in order to reach a given position in the space of an
end-effector. We can reduce the problem of connecting the

(a) Initial setup (b) Concatenate (c) Perform IK

Fig. 6: Illustration of reduction of tentacle connection to
inverse kinematics.

tips of two tentacles to the problem of computing the IK of
a robotic arm using the following procedure:

Suppose there are two tentacles, yellow and green, whose
tips should be connected (see Fig. 6a). Each tentacle has a
tip and a shoulder with a mounting point. Without loss of
generality, we can virtually unmount the yellow tentacle from
its mounting point and attach it via its tip to the tip of the
green tentacle (Fig. 6b). Thus, we obtain one long tentacle
formed by the concatenated yellow and green tentacle. The
end effector of the newly formed tentacle is the yellow
shoulder mounting point. Now we use IK to compute the
joint positions such that the connected tentacle reaches the
yellow mounting point. Based on the IK solution, we can
trivially reconstruct the movement required for the original
pair of tentacles to connect.

Recently, a new algorithm has been presented to compute
inverse kinematics for metamorphic robots specifically [15].
Nevertheless, FABRIK algorithm [1] suited our purposes
better and, according to our experiments, significantly out-
performed the approach from [15]. We, therefore, decided to
adapt FABRIK algorithm to the RoFI module arrangement of
joints, and use it for computation of the IK for the connecting
tentacles. Nevertheless, the tentacle-based reconfiguration
scheme is not limited to FABRIK IK algorithm. It is possible
to use any other approach for computing the connection of
two tentacles.

The original FABRIK algorithm, however, does not
present a way to avoid collisions. The tentacle connections
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do not happen in free space as there are other parts of the
robot’s body that may be in the way of the two tentacles to be
connected. We, therefore, have to consider collisions in order
to reach collision-free reconfiguration plans. [28] presents
a way of implementing collision avoidance for FABRIK,
nevertheless, the technique seems to be incompatible with
the specific arrangement of the RoFI modules due to the
presence of the middle rotational axis and due to the fact
our tentacles may not be pure chains but may take a form of
a tree. As a result, we have introduced our own modification
of the FABRIK algorithm to deal with collision avoidance.

The following explanation expects that the reader is fa-
miliar with the FABRIK principle of operation [1]. Let us
consider other parts of the robot besides the two active
tentacles as static obstacles that do not move. During the
forward propagation, FABRIK relinks the parts of the robotic
arm one by one in such a way that they locally minimize
the error from the target position. However, the position of
the module that minimizes the error can cause a collision.
Therefore, before relinking that part, we first compute new
joint limits in which we are sure the relinked part cannot
cause a collision, and let the FABRIK algorithm place the
relinked module within those computed limits.

This method of collision avoidance is a greedy heuristic,
thus it is, in theory, susceptible to be stuck in local minima.
However, for the purpose of connecting the tentacles, where
the obstacles are often clustered, this limitation has been
shown as negligible by the experiments.

VI. EVALUATION

For the purpose of the evaluation, we have tested our
algorithm implemented in C++1 on datasets:

1) 25 hand-crafted shapes, e.g. a chair, sphere or spider.
The module count ranges from 6 to 10 modules.

2) 3504 shapes obtained by tangling a snake configuration
by randomly applying 6000 actions. The modules
count ranges from 5 to 200 modules.

To evaluate the computing efficiency and validity of our
collision avoidance approach, we experimentally evaluated
the three following setups:

1) the first approach is a baseline where no collisions are
detected and thus, we might produce a plan that is not
collision-free.

2) The second approach uses FABRIK without any colli-
sion avoidance. Only if there is a collision during the
movement, we simply claim that the pair of tentacles
cannot be connected.

3) The last approach uses the proposed collision avoid-
ance from Section V-B.

We tested our algorithm on a the AMD EPYC 7371
processor with cores running at 2.00 GHz. Each run was
bounded by 30 minutes of the CPU time and 1 GB of RAM.

A summary of our experimental evaluation is provided in
Table I and Fig. 7. We can make a couple of observations

1The implementation, source data and script to rerun experiments are
publicly available at https://github.com/paradise-fi/RoFI.
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Fig. 7: Scatter plot of benchmark run time vs. module
count. Yellow set ignores collisions (approach 1), blue one
backtracks on collision (approach 2), red one uses collision
avoidance (approach 3). Note the cluster of red points
between 5 and 50 modules (see the detail) that shows that
the algorithm has large success rate in short run times.

from the experiments. First of all, our approach is capable of
solving some of very large instances, which is not the case
for any complete solution to reconfiguration that has been
published so far. A traditional state-space search algorithm
can solve only instances of a few modules in the same time
and space.

The algorithm found solutions to all our practically mo-
tivated examples (that is the hand-crafted set) in less than
2 seconds per benchmark. Overall, the algorithm found a
collision-free reconfiguration path in 65% of cases. For
practically-sized configuration of less than 50 modules it
found a solution in 85% of the cases. Also, if a solution
was found, it was usually found very fast (see Fig. 7) or it
was not found within the time limit. This is given by the fact
that often the solution can be found no matter of tentacles
ordering, but sometimes there are only a few orderings that
lead to a reconfiguration and, therefore, the whole state-space
of tentacles’ ordering has to be explored.

We can also see from Fig. 7 and Table I that without
collision detections, the solution is found very quickly and it
has a success rate of more than 98%. However, those plans
are not collision free. When we want to achieve collision-
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Modules 5–49 50–99 100–149 149–200 Overall
Dataset Collisions S U T S U T S U T S U T S U T

Hand
crafted

none
detection

avoidance

25
22
25

0
3
0

0
0
0

100%
88%

100%

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

-
-
-

25
22
25

0
3
0

0
0
0

100%
88%

100%

Tangled
none

detection
avoidance

843
686
815

39
158
67

0
38
0

96%
78%
92%

900
390
746

0
150
58

0
360
96

100%
43%
83%

900
194
421

0
166
5

0
540
474

100%
22%
47%

822
128
295

0
93
4

0
601
523

100%
16%
36%

3465
1398
2277

39
567
134

0
1539
1093

98%
40%
65%

TABLE I: Table summarizing the evaluation TOSNAKE of the two datasets with various approaches to collisions. Four values
are provided for each evaluation: the number of successfully solved benchmarks (S), number of benchmarks that finished
but did not find reconfiguration path (U), number of benchmarks that timeouted (T), and success rate – that is the ratio of
solved benchmarks vs. number of all benchmarks.

free plans, the clear winner is the collision avoidance over
collision detection. The extra work put into computing
collision avoidance pays off, as the algorithm often does
not have to explore a large portion of the state space;
unlike when the algorithm uses only collision detection.
Nevertheless, Fig. 7 shows the inherent exponential trend of
the solution’s complexity when it falls into exploring many
tentacle orderings.

Nevertheless, our solution is a fast heuristic, and with
a short timeout it can serve as the first phase of finding
a reconfiguration. One can quickly test if there is a tentacle-
based solution and if not, they can fall back into a slower,
but more successful method.

VII. ALGORITHM ANALYSIS

Let us analyze the worst-time complexity of the presented
solution. This is the case when there is no tentacle-based
solution.

Let n be the number of modules in a configuration. The
algorithm starts with a BFS treeify procedure – linear in
time to the number of modules (O(n)). The initial number
of tentacles can simply be bounded by n. Then, at each step,
the worst case scenario is that every tip tries to connect with
every other tip before finding a suitable connection – the
connect procedure is called up to n2 times. After making a
connection, one tentacle or non-red connection is removed –
the steps to make a connection are called at most n times.
FABRIK itself is linear to the length of a tentacle (also
bounded by n), and n2 with collision avoidance. Therefore,
when following a single ordering of tentacles our algorithm
runs in O(n5) worst-case. With backtracking enabled, the
number of connections we try to make may grow to be
exponential, but with the reliability and speed of the FABRIK
algorithm, we did not find the option detrimental to the
overall performance, as we can see from the high success
rate in the experimental evaluation.

VIII. CONCLUSIONS

We presented a novel approach for efficient computation
of collision-free reconfiguration plans for chain- and hybrid-
type self-reconfigurable metamorphic robots with limited
self-locomotion. Our approach takes advantage of the sym-
metry and interchangeability of the modules and thus avoids
the expensive computation of a graph isomorphism at the

expense of generating larger reconfiguration plans. There-
fore, it scales better than traditional approaches and it is
able to tackle large configurations. The traditional A*- and
RRT-based approaches were able to solve instances only of
up to 10 modules in our setup, whereas our solution can
handle hundreds. Though, it is a heuristic and it might not
find a reconfiguration plan, it has proven to work well on all
practically motivated examples. Thanks to its fast run time,
it can be used before trying a more expensive method.

Compared to existing solutions based on hand-crafted
strategy for reconfiguration our solution does not impose any
restrictions on the input shape and can be easily adapted to
various arrangements of the modules. Unlike the reconfigu-
ration procedures that do not go through the intermediate
shape, our approach allows for efficient precomputation
of reconfigurations among a given set of shapes. With a
direct reconfiguration, one needs to precompute and store n2

reconfigurations plans for n shapes; with our approach, only
n plans needs to be computed. Also, it is cheap to introduce
new shapes into the set.

A. Possible Improvements

We could improve the length of the found reconfiguration
plans by considering a different intermediate shape. This
shape could be either chosen from a hand-crafted set or it
could be derived from the largest common subshape of the
source and target shapes.

We plan also explore some heuristics for choosing the
order of tentacles to reconnect in order to improve the run
time of several pathological cases. Also, we plan to employ
a divide and conquer extension to our algorithm, where we
can split the configuration into smaller pieces, turn them into
snakes and then merge them. This would allow us leverage
the fast run times on small configurations to improve run
times on large instances.

Lastly, our algorithm produces collision-free plans, how-
ever, the plans might not always be schedulable on physicals
robots, as some of the movements could exceed the joint’s
maximal torque (unless they operate in near-zero gravity
conditions). Therefore, it would be worth it to explore the
possibilities of limiting the set of actions only to actions
that do not overload the joints’ actuators and experimentally
evaluate the impact on performance and success rate.
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