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Abstract— In this paper, we present a novel description for
the configuration space of adaptive modular robots with a
triangular structure based on extended binary trees. In general,
binary trees can serve as a representation of kinematic trees
with a maximum of two immediate descendants per element.
Kinematic loops are incorporated in the tree structure by an in-
genious extension of the binary tree indices. The introduction of
equivalence classes then allows a unique mathematical descrip-
tion of specific configurations of the robot system. Subsequently,
we show how the extended binary tree can serve as a systematic
tool for reconfiguration planning, allowing to solve the self-
reconfiguration problem for modular robots with a triangular
structure, which has as yet no general solution. Reconfiguration
is performed by populating the binary tree indices of a desired
target configuration in an ascending manner, moving modules
along the surface of the robot. We demonstrate the planning
algorithm on a simple example and conclude by outlining a
way to translate the individual reconfiguration steps to specific
module movement commands.

I. INTRODUCTION

The research field of programmable matter deals with
materials that can change their physical characteristics such
as shape or optical properties according to user-defined
specifications. Self-reconfigurable modular robots represent a
promising approach to realize the shape modification aspect
of programmable matter [1], [2]. Such robot systems consist
of homogeneous robotic cells, which are arrangeable in
a space-filling manner. By self-reconfiguration, the robot
modules can autonomously modify their connection topology
and thus change the shape of the entire robot system.

The majority of self-reconfigurable modular robots are
built up from robotic cells of a regular geometric shape, such
as square [3], [4], circular [1] or hexagonal [5] modules in
2D or cubic [6], [7] or spherical [8], [9] modules in 3D,
respectively. One advantage of the uniform cell geometry is
the possibility to arrange the modules in a regular lattice
so that each module occupies a well-defined lattice posi-
tion. A configuration of the robot system thus is uniquely
characterized by the entity of occupied places in the lattice
[10], [11]. All two- or three-dimensional regular lattices can
be assigned to one of 5 or 14 grid types (Bravais lattices),
enabling to describe each lattice position by integer-valued
coordinates (see e.g. [12]). Reconfiguration planning is then
carried out in the configuration space given by the lattice
structure, offering a distinct correspondence between the
neighborhood relations in the configuration space and Carte-
sian space. Reconfiguration can be realized, for example,
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by (meta-)module movement along the free surface of the
robot system [8], [11] or by translation of unoccupied lattice
positions through the robot structure [1], [13]. However,
due to the limited motion capabilities of single robot cells,
module locomotion is almost exclusively performed by the
cooperative movement of multiple adjacent modules. As the
motion capability of one module depends on the system
design and differs vastly from system to system, every type
of modular robot requires an individual approach to realize
cell locomotion and hence structural reconfiguration.

In this paper, we introduce a new mathematical representa-
tion of the configuration space for modular robots with a tri-
angular structure, like the PARTS system, based on Extended
Binary Trees (EBT). Since arbitrary triangular meshes are
in general unstructured, a description of configurations using
lattice coordinates is not feasible. The proposed method does
not rely on an underlying lattice architecture of the robot
system but allows to uniquely represent arbitrary (unstruc-
tured) triangular meshes and hence the connection topology
of modular robots with triangular cells. Subsequently, we
propose a planning strategy for self-reconfiguration based
on the EBT representation. So far, a solution to the self-
reconfiguration problem (SRP) for PARTS could only be
attained for certain kinds of structured meshes [14], the
general SRP for unstructured triangular meshes, however, has
to the knowledge of the authors not been solved yet.

The paper is organized as follows: In section II, we
briefly depict the PARTS modular robot. We continue in
section III with a description of the configuration space of
PARTS and motivate extended binary trees (EBT) as an
abstraction method for reconfiguration purposes. Section IV
describes a reconfiguration planning algorithm based on EBT
for arbitrary triangular meshes and illustrates the proposed
algorithm on an example. We outline an approach to translate
the reconfiguration steps to specific movement commands for
the modules in section V and conclude in section VI with
an outlook on future research.

II. PARTS MODULAR ROBOT

The modular robot system PARTS [15] (Planar Adaptive
Robot with Triangular Structure), currently in development
at the University of Innsbruck, consists of modules with an
adaptive triangular geometry, which can vary their shape
by continuously changing the edge lengths via linear ac-
tuation. The Adaptive Triangular Cells, also called ATCs,
can establish connections to other modules along the edges
and thus reproduce arbitrary planar triangular meshes within
the geometric limitations of the modules (regarding the
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a) b)

Fig. 1. PARTS system, consisting of 6 connected ATCs with the same
connection topology but different morphological shapes (a) and (b).

maximum and minimum edge lengths). In contrast to the
rigid lattice structure of most other modular robots, the
triangular meshes formed by PARTS are adaptive, that is,
they can change their shape/morphology without modifying
the underlying connection topology. Fig. 1 shows two PARTS
systems, each consisting of 6 ATCs. They feature the same
configuration topology but form two different morphological
shapes (a) and (b). For further information on the design of
PARTS, see [15].

III. CONFIGURATION SPACE

A mathematical representation to describe the configura-
tion space of PARTS should uniquely describe a distinct
configuration and also meet the following requirements:

i. All ATCs are homogeneous and should be treated in
the same way.

ii. A configuration is only determined by the connection
topology and not by specific connections between
individual ATCs.

iii. The configuration space for a finite number of ATCs
is discrete and bounded, in contrast to the continuous
morphological space.

In order to guarantee the kinematic determination of the
PARTS system, one module is constrained by fixing one edge
of that module to the environment. This module is the only
one distinguishable from all other modules according to (i)
because it can only establish a maximum of two connections
with further ATCs due to the boundary condition.

As representation methods based on graphs or incidence
matrices lack to properly express the modular robot configu-
ration since the information of connection orientation is miss-
ing [16], we propose binary trees as a novel representation
method for modular robots with a triangular cell geometry.

A. Binary trees as representation of kinematic trees

As shown in [14], a PARTS system can be represented
as a kinematic tree with interconnections. Fig. 2 shows
one possible kinematic tree (b) for a specific configuration
of PARTS (a), with additional interconnections indicated
by dashed lines. In a first step, however, we neglect all

⇐⇒

connections in kinematic chain
interconnections between kinematic chains
common root of all kinematic chains

a) b)

Fig. 2. Representation of a PARTS configuration (a) by a kinematic tree
with interconnections (b).

interconnections and merely consider the kinematic tree
without any kinematic loops.

Each ATC is part of a kinematic chain and can have a
maximum of three connections to other ATCs. Only the
kinematically constrained module, which is connected to
the surrounding area, features only two free edges to form
connections. Thus, it is convenient to choose this ATC as
the root of the tree. Within a kinematic chain, an ATC
always has—with the root of the tree as the only exception—
a preceding element henceforth referred to as parent ATC,
which is given by the next ATC in the kinematic chain
towards the root of the tree. Each adaptive cell can also
establish up to two connections to other ATCs, also called
children of the respective ATC. Depending on the orientation
of the connection in relation to the parent ATC, there is
one right child and one left child. Consequently, due to the
maximum number of two successors, the resulting tree is
also referred to as Binary Tree (BT).

In a binary tree, each element can be uniquely described
by a number termed binary tree index (BT-index). The
assignment of the BT-indices is performed recursively and
depends on the type of connection to and the BT-index of the
parent ATC. If the parent ATC has the BT-index k, the right
child is assigned the BT-index 2k while the left child gets
the BT-index 2k+1. The indexing scheme is schematically
shown in Fig. 3. If the index k = 1 is prescribed for the root,
the complete tree is uniquely defined by the specification of
the BT-indices.

Any kinematic tree whose elements have at most two
(distinguishable) descendants can thus be uniquely repre-
sented by a binary tree. Fig. 4 shows the translation of a
specific PARTS configuration (a) to a binary tree (b), with
the associated BT-indices to the right of the tree elements.
The figure also depicts the hierarchical structure of the tree,
which is arranged in different layers, starting with the root
element (BT-index 1) in layer 0. For a given BT-index k,
the layer of the corresponding element in the tree can be
determined by floor(log2 k).

Binary trees also allow a discrete and dimensionally
bounded description of the configuration space, as the max-
imum number of different trees that can be formed with
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Fig. 3. Binary tree indexing scheme of adjacent ATCs to an arbitrary ATC
with index k.
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Fig. 4. Translation of a PARTS configuration (a) to a binary tree (b). The
numbers next to the elements of the tree are the corresponding BT-indices.

n elements is given by the Catalan number Cn (see e.g.
[17]) and thus fulfill (iii) of the requirements. Since not all
binary trees necessarily represent valid configurations, the
Catalan numbers give an estimate of the maximum size of
the configuration space.

B. Extended BT for incorporation of interconnections

Binary trees can only describe open kinematic trees with
no interconnections between or within individual kinematic
chains. Hence, the BT structure needs to be extended to
also account for kinematic loops. At first, we will focus on
the description of additional connections using further BT-
indices before we resolve the ambiguity caused by the ini-
tially arbitrary choice of interconnections within a kinematic
loop. One way to incorporate kinematic loops is to add for
each interconnection an additional number to the BT-indices
of the elements that form the respective connections. This
number is chosen as the BT-index that describes the place
the element would occupy if the connection to the parent
ATC was non-existing.
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Fig. 5. Description of a specific PARTS configuration (a) by an extended
binary tree (b). The corresponding matrix structure for the representation of
the extended binary tree is shown in (c).

As an example, we consider the configuration in section
III-A, which is once again depicted in Fig. 5 (a). The as-
sociated Extended Binary Tree (EBT) with interconnections
sketched as dotted lines is shown in (b). The circled numbers
correspond to arbitrarily chosen ascending ATC identifiers,
which allow easy identification of associated elements in
the configuration and binary tree. The configuration contains
two kinematic loops and, therefore, also has two additional
connections in the binary tree, in the example between the
ATCs with the identifiers 4© and 6© as well as 5© and 7©.
If we, for instance, consider the connection between ATCs
5© and 7©, ATC 5© would have the BT-index 27 (left child

of BT-index 13) if the connection to the parent ATC 3© was
removed. In contrast, ATC 7© would have BT-index 14 (right
child of BT-index 7) if the connection to parent ATC 4© was
removed. By adding these imagined binary tree positions to
the corresponding BT-indices, distinct interconnections can
be uniquely described. Since an ATC can, in general, have
up to two such additional connections, each BT-index is
expanded by two numbers, termed Interconnection indices
(IC-indices). If there is no (one) interconnection, both (one)
of the IC-indices are (is) set to 0. Otherwise, the IC-index
is assigned according to the previously described indexing
scheme, using the BT-index an element would obtain when
the connection to the parent ATC was removed. The numbers
next to the circled identifiers in Fig. 5 (b) correspond to
the BT-indices of the individual elements, the IC-indices are
given by the small numbers next to the dotted interconnec-
tions.

In Fig. 5 (c) the matrix structure representing the EBT
is shown. Row k contains the BT-index and the IC-indices
associated with the ATC described by identifier k©. By
sorting the rows in order of ascending BT-indices, it is
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Fig. 6. Transformation between two different EBTs (a) and (b) of the same
equivalence class.

possible to describe the configuration without referring to
the particular ATC identifiers. This satisfies point (ii) of
the demanded requirements since the individual element
identifiers no longer appear in the connection topology of
the ordered EBT. Furthermore, all ATCs are treated in the
same way by the indexing scheme and are described solely
by their position in the binary tree, thus also fulfilling point
(i) of the requirements.

However, the representation is not yet unique since the
interconnections within a kinematic loop can be chosen
arbitrarily. Hence, there are different EBTs corresponding
to the same PARTS configuration. For example, considering
the configuration in Fig. 5 (a), instead of choosing the
interconnection between the ATCs with identifiers 4© and
6©, we can also select the interconnection between other

ATCs of the same kinematic loop, e.g. between ATC 4©
and ATC 3©. The corresponding EBT is depicted in Fig.
6 (a) and describes precisely the same configuration. To
resolve this ambiguity, all EBTs that represent the same
configuration can be combined into one equivalence class.
The individual elements of a specific equivalence class can
be transformed into each other by means of equivalence class
transformations. In such a transformation, for one element,
an interconnection is swapped with the regular connection
to the parent ATC. That is, IC-index and BT-index for that
element in the binary tree are interchanged, and all indices of
children and further descendants of that element are adjusted
accordingly. For example, Fig. 6 shows the transformation

between two EBT (a) and (b) of the same equivalence class,
where the regular connection between ATC 4© and ATC 6© in
(a) is swapped with the interconnection between ATC 4© and
ATC 3©. The BT-index 11 of ATC 4© is hence interchanged
with the IC-index 6, the old IC-index 23 belonging to ATC
3© is removed, and the IC-index 12 describing the new

interconnection is added to ATC 6©. The BT-index of the
child ATC 7© is adapted to the new position in the tree (left
child of BT-index 6), as well as the IC-index of ATC 5©,
which corresponds to the interconnection with ATC 7©.

In order to uniquely describe a distinct equivalence class,
the EBT with the smallest BT-indices is chosen as the
representative of the corresponding equivalence class. Since
an equivalence class transformation swaps BT-index and
IC-index for a specific ATC, and since there are no two
equal indices in the EBT structure, the representative EBT
can always be determined by performing equivalence class
transformations for all elements with a BT-index larger than
the IC-index. Thus, the unique description of a specific con-
figuration of PARTS by an EBT is always possible, and all
demanded requirements for the mathematical representation
of the configuration space are fulfilled.

IV. RECONFIGURATION PLANNING

For reconfiguration planning, we first consider the motion
capabilities of a single adaptive triangular cell by forming
and resolving kinematic loops. Subsequently, we describe a
reconfiguration approach based on the movement of single
ATCs along the surface and the successive construction of
the binary tree of the target configuration.

A. Movement of individual ATCs by forming kinematic loops

The basic method of locomotion for a single ATC is to
create a new connection with a nearby ATC along a free edge
and then terminate all connections except the newly formed
one. For locomotion, only new connections between two
ATCs having a vertex in common are considered, since the
exact joining of edges can only be ensured by the formation
of a kinematic loop around a common vertex [14]. For this
reason, we also exclude triangular meshes with enclosed
holes in the subsequent considerations.

The connection process for two ATCs with a common
vertex is shown exemplarily in Fig. 7 with four modules. In
this paper, we assume that at least three modules sharing a
common vertex are necessary to establish a kinematic loop,
henceforth referred to as closing condition. This implies that
modules are able to change their geometry in such a way so
that they can form interior angles up to 120◦ and therefore are
able to complete the full angle around the common vertex.
The locomotion process can thus be summarized in two
sequential steps.

1) Closing: Modify actuator lengths to form a kinematic
loop and connect the modules along the free edges
Fig. 7 (a) ⇒ (b), connect ATC 1© and ATC 4©

2) Opening: Terminate previous connection(s) and restore
original actuator lengths of all non-moving ATCs
Fig. 7 (b) ⇒ (c), disconnect ATC 1© and ATC 2©
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Fig. 7. Movement of ATC 1© from ATC 2© (a) to ATC 4© (c) by forming
a kinematic loop 1©- 2©- 3©- 4© (b) around the common vertex [14].

Fig. 8. Movement of a free ATC (gray) along a regular surface.

For the purpose of reconfiguration planning, we assume that
the formation of a kinematic loop with at least three ATCs is
always possible, as closing can be achieved by a combination
of selective termination of connections between ATCs to
increase motion capability and by changes of the surface
geometry through alteration of the underlying triangular
mesh. The detailed motion control of ATCs for closing is
not part of this work, but we will sketch a feasible approach
in section V.

B. Surface transport of ATCs

In order to transport ATCs by the formation of new
kinematic loops, free edges are inevitably necessary, which
implies that ATCs can only move along the surface of
the PARTS system. For this reason, we first scrutinize the
element transport along the surface of PARTS as the surface
constitutes the main location for reconfiguration to happen.
In this context, we define the terms free ATC, which describes
an adaptive triangular module that has only one connection
to the rest of the system and thus two free edges, and
the term regular surface, which characterizes a surface or
surface section that—except for one free ATC which is to be
moved—does not contain any other free ATCs. For example,
the entire surface of the configuration in Fig. 5 (a) is a regular
surface, while this is not the case for the configuration in Fig.
7 (a), which contains two free ATCs, ATC 1© and ATC 4©.

A free ATC can be moved along a regular surface, because
the closing condition, that is, three ATCs to form a kinematic
loop around a common vertex, is fulfilled at any position
on the surface. This is illustrated in Fig. 8, where one can
see that each vertex on the regular surface belongs to at
least two ATCs. If a free ATC is moved along the surface,
there are thus at least three ATCs at each vertex adjacent to
the connection edge of the free ATC, thereby satisfying the
closing condition and allowing a movement of the free ATC
along the regular surface.

If a free ATC is to be moved along a non-regular surface,
two cases can, in general, be distinguished. Either there are

a) b)

c) d)

Fig. 9. Is the surface path of a moving ATC (dark gray) blocked by another
free stationary ATC (light grey) (a), the stationary ATC can advance on step
along the surface (b) and the free position can be taken by the moving ATC
(c). A swap (d) enables the movement to be continued.

a) b)

Fig. 10. Bridging a kinematic chain (light grey ATCs) (a) by forming a
kinematic loop (b) at the chain end in order to generate a regular surface
for the moving ATC (dark gray).

additional isolated free ATCs on the surface, in the following
referred to as free stationary ATCs, or there are isolated
kinematic chains (a series of connected ATC with a free
ATC at the end). If there are additional free stationary ATCs
on the surface beside the ATC that is to be moved, they
can be surmounted by interchanging roles in the movement
process, henceforth referred to as swap. The basic process
of a swap is shown in Fig. 9. The path of the ATC to be
moved (dark grey), also called moving ATC, is blocked by
another free stationary ATC (light grey), as depicted in (a).
If the stationary ATC advances one step along the surface
(b), the moving ATC can also advance one step and take the
former position of the stationary ATC (c). Subsequently, the
roles of the two ATCs (stationary and moving ATC) can be
interchanged (d), since the modules are indistinguishable in
the configuration topology. Hence, the motion of the newly
selected moving ATC can continue along the surface.

For isolated kinematic chains, as shown in Fig. 10 (a), a
swap is not feasible, because by advancing the free stationary
ATC at the end of the chain, a new free stationary ATC
is formed immediately. A more effective way to guarantee
surface motion, termed bridging, is by interconnecting the
free stationary ATC at the chain end with the chain surface,
which in turn creates a regular surface (b). Bridging can also
be used with single free ATCs, e.g., if the target position in
the configuration topology is on the farther side of the free
stationary ATC.
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C. Reconfiguration planning utilizing binary trees

Due to the unique representation of a distinct configuration
by an EBT and its hierarchical structure, the EBT can be
used as a planning tool for self-reconfiguration. The goal
of self-reconfiguration is the transformation of the EBT
from a given initial configuration to the EBT of the desired
target configuration by the movement of single ATCs. As we
discussed in section IV-B, the motion of individual ATC is
performed along the surface of PARTS.

For reconfiguration planning, the initial and desired con-
figuration must first be analyzed for potential similarities in
the connection topology. Thus, it is convenient to modify the
EBT of the initial configuration by equivalence class trans-
formations to best match the EBT of the target configuration,
so that the largest common subtree, given by all BT-indices
occurring in both configurations, can be determined. The
common BT-indices correspond to ATCs that already occupy
the correct places in the connection topology.

The surface in the binary tree can be determined by
forming the set of all possible child indices of all BT-indices
and subtracting the set of BT- and IC-indices. The result
contains all child indices, which are unoccupied and are
therefore free edges. The hierarchical structure of the binary
tree then allows populating the BT-indices of the desired
configuration in ascending order by moving ATCs along the
surface. This is always possible because
• the root of the tree is considered invariant due to the

kinematic boundary condition and therefore the BT-
index k = 1 is occupied at all times.

• the parent ATC of the next BT-index to be populated
is necessarily in place, since the BT-index of the parent
ATC is smaller and therefore must already be occupied
due to the ascending populating of indices.

• the BT-index to be populated next is necessarily on the
surface, since it is an unoccupied child of the parent
ATC and corresponds therefore to a free edge

• as described in section IV-B the movement of free ATCs
along the surface is possible at all times.

Thus, reconfiguration planning builds the binary tree of the
target configuration from the root by moving individual free
ATCs along the surface of the robot system. When an ATC
reaches the target position in the configuration topology, it is
checked whether a parent to one of the IC-indices is already
in place and then adds corresponding interconnections to the
binary tree. If there are no free ATCs, which are not already
part of the target configuration, available for surface motion,
new free ATCs can be created by opening kinematic loops, as
is schematically depicted in Fig. 11. A kinematic loop next
to the surface (a) can be opened by terminating a connection
not contained in the final configuration in order to create
up to two new free ATCs (b). If all BT-indices of the target
configuration are populated, the reconfiguration is completed.
The entire reconfiguration planning is shown in Fig. 12 as a
flowchart.

As described in section IV-B, the movement of free
ATCs along the surface assures a transition between feasible

⇒
a) b)

Fig. 11. If no free ATCs are available (a), new free ATCs (dark gray) can
be created by opening of a kinematic loop near the surface (b).

START

Find largest
common subtree

Desired
configuration

reached?

Choose next
BT-index

Free ATC
available?

Open kinematic loop

Choose free ATC

Advance ATC one
step along surface

ATC in
target

position?

Check for
interconnections

END

no

no

yes

yes

no

yes

Fig. 12. Flowchart for reconfiguration planning.

configurations, thus every step in the algorithm moves one
ATC closer to its goal position in the EBT. Therefore, the
algorithm is guaranteed to complete within O(n2) number of
steps. Furthermore, as the algorithm is deterministic by de-
sign, it is also applicable for a large number of modules and
does not suffer from limitations like search space explosion,
a common problem in many search-based approaches [16].

D. Reconfiguration example

To demonstrate the proposed reconfiguration planning,
we consider the configurations in Fig. 13 with the initial
configuration in (a) and the target configuration in (b). The
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Fig. 13. Configuration and binary tree with BT-indices of initial (a) and
target configuration (b).

results of the reconfiguration planning with intermediate
configurations and corresponding EBTs are shown in Fig.
14, where elements in the tree are highlighted that already
occupy the correct position in the configuration topology.

Starting from the initial configuration (a), the ATC with
identifier 12© is first moved along a regular surface to the
lowest unoccupied BT-index of the target configuration (b).
A kinematic loop is then opened to form two new free ATCs,
ATC 10© and ATC 11© (c). Since ATC 10© sits already in the
correct place of the connection topology, a swap between
ATC 10© and 11© (d) leads to the successful population of the
next BT-index (e). As the parent of the IC-index (ATC 7©)
is already in place, the first interconnection is established
by the formation of a kinematic loop (f). After a further
swap between ATC 11© and ATC 6© (g), module 11© can
populate the next BT-index (h). Another swap between ATC
5© and ATC 6© (i) brings the next module immediately

to the correct place in the binary tree. After forming an
interconnection (j), opening a kinematic loop leads to the
creation of new free ATCs (k). By moving ATC 4© to the next
target position in the binary tree (l), the last interconnection
can be added (m). Finally, the last module, ATC 3©, is moved
along the surface to the correct position (n), thus completing
the reconfiguration process.

V. TRANSLATION OF RECONFIGURATION STEPS
TO PARTS

In the following section, we will briefly outline how
the planned steps for reconfiguration can be translated into
specific module movement commands. ATCs are generally
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Fig. 14. Transformation of a PARTS system from an initial configuration
(a) to a target configuration (n) via intermediate configurations (b) – (m).
The highlighted elements in the tree correspond to the common subtree of
the current configuration and target configuration. All numbers refer to ATC
identifiers for associated modules.
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Fig. 15. In order to form the kinematic loop 1©- 2©- 3© (a), selective
disconnection of ATC 2© (b) and ATC 4© (c) increase the motion range
of the modules and allows the formation of the kinematic loop (d).

restricted in their motion capability and can not use their
full range of motion, as major shape changes of modules—
particularly of modules with more than one connection,
which do not belong to an isolated kinematic chain—may
lead to the deformation of connected modules. These defor-
mations can propagate through the mesh until, eventually,
some modules in the propagation path reach their actuation
limits, thus blocking any further deformation. As this block-
ing is hard to predict, we propose to merely take the local
environment of modules that are supposed to be moved along
the surface into consideration and try to avoid any shape
changes of ATCs beyond that region.

The most important step in the transportation process of
individual ATCs along the surface is the formation of new
kinematic loops. Such a kinematic loop is established around
a common vertex, thus to close the loop and form a new
connection, the involved ATCs must complete the full angle
of 360◦ around this vertex.

To overcome motion restrains when trying to maximize the
inner angles at the common vertex, selective disconnection
can be utilized, as depicted in Fig. 15. The motion capabili-
ties of modules can be increased by systematic termination of
existing connections, while the connectivity of the system is
still guaranteed. In (a), ATC 1© is supposed to advance along
the surface by formation of the kinematic loop 1©- 2©- 3©. By
selective disconnection (b), the motion range of ATC 2© can
be increased. The process of selective disconnection can be
continued by also removing connections of other modules
beyond the intended new kinematic loop, e.g., of ATC 4© (c).
The improved motion range can then be used to complete the
loop (d).

However, due to the continuous nature of the morphologi-
cal space, the exact surface geometry is a priori unknown
and can not be reduced to a discrete number of specific
cases to consider. Further research is necessary, as collision
avoidance—particularly for non-convex surfaces—can not be
guaranteed for arbitrary configurations by using heuristic
methods.

VI. DISCUSSION

In this paper, we present a novel description of the config-
uration space of modular robots with a triangular structure
based on extended binary trees. The hierarchical structure of
the trees proves to be a useful tool for reconfiguration plan-
ning. Reconfiguration is accomplished by moving modules
along the surface of the modular robot system and building
the binary tree by populating BT-indices in ascending order.

We are currently working on a general translation of the
planned reconfiguration steps to specific module movement
commands, where collision avoidance is guaranteed. Future
work includes parallelization of module motion to allow
multiple ATCs to move simultaneously along the surface, as
well as solutions to the self-reconfiguration problem utilizing
a stricter closing condition with four modules.
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