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Abstract—Energy sharing in modular self-reconfigurable
robots ensures the energy balance of the modules, thus allowing
the system to work sustainably. This paper proposes an energy
sharing mechanism for a novel modular self-reconfigurable
robot that allows free connections among modules, termed
as FreeBOT, such that each FreeBOT can share energy with
peers through surface contact. Corresponding energy sharing
rules are proposed to achieve an energy sharing network
structure without invalid components. As alternative choices,
several types of networks subjected to the above requirements
are provided, which also maximize the number of FreeBOTs
joining to share energy. We implement and test the prototype of
the energy sharing mechanism on FreeBOT. The experimental
results show that the mechanism can effectively achieve energy
sharing among FreeBOTs.

I. INTRODUCTION

In recent years, distributed robotic systems have been
widely studied and applied [1]-[5]. However, in a distributed
robotic system, each robot may be responsible for different
tasks and therefore they have different residual energy. If
some critical robots run out of energy first, then the robotic
system may not be able to complete the task. Energy sharing
among robots can effectively enable energy scheduling in a
distributed robotic system and ensure sustainable work.

Some studies have been focusing on the methods and
applications of energy sharing on distributed robotic systems.
Based on the assumption that agents in the system can
share energy, many energy scheduling strategies have been
proposed [6]-[9]. These studies have all come to a common
conclusion that the benefits of energy sharing in distributed
robotic systems are enormous. However, these exciting stud-
ies are still at the simulation stage and very few have
been reported about the implementation of energy sharing in
realistic robotic systems. Several distributed robotic systems
physically demonstrate energy transfer between two agents
[10]-[12], but such mechanism limits energy scheduling
efficiency and is not suitable for extension to large-scale
robotic systems.

Modular Self-Reconfigurable Robot(MSRR) systems are
a special class of distributed robotic systems in which the
modules(agents) can physically combine to form a variety
of configurations to cope with different task requirements
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Fig. 1. Energy sharing mechanism for FreeBOT

[13]-[20]. Energy depletion of modules will inevitably affect
the proper function of the entire modular robotic system.
Therefore, it is a challenging topic to combine the onboard
energy of each module into one large energy source to power
the whole. The vast majority of MSRRs implement docking
between modules mainly through fixed-position connectors,
and those connectors are easily extended into a switchable
real-time energy transfer channel [21]. FreeBOT is a modular
self-reconfigurable robot with arbitrary connection points,
while the modules can freely connect through a spherical
shell and magnets [22]-[24]. However, managing the battery
of FreeBOT is difficult due to the coverage of the spherical
shell. Before the mechanism proposed in this paper, once
the FreeBOT ran out of power, it could not be recharged or
restarted unless the shell was disassembled. It is conceivable
that there are greater challenges in implementing energy
sharing on such a modular self-reconfigurable robotic system
that cannot directly manage batteries.

In this paper, we propose an energy sharing mechanism
for FreeBOT that allows each FreeBOT to share energy
with peers through surface contact. Corresponding energy
sharing rules are proposed to ensure that the formed energy
sharing network structure is without invalid components that
cause short circuits / open circuits / cycles. As alternative
choices, several types of networks subjected to the above
requirements are provided, which also maximize the number
of FreeBOTs joining to share energy. We implement and test
the prototype of the proposed mechanism on FreeBOT, which
is the first approach to solve the problem of 3D freeform
robot energy sharing. The experimental results show that
the mechanism can effectively achieve energy sharing among
FreeBOTs.

II. DESIGN

A. Mechanical Design

FreeBOT is a freeform modular self-reconfigurable robotic
system that consists of two main parts: an internal driving ve-
hicle equipped with a magnet, and a ferromagnetic spherical
shell. The internal magnet in each FreeBOT is able to attract
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FreeBOT with energy sharing mechanism

Fig. 3. FreeBOTs form a network through energy sharing mechanism

the entire ferromagnetic shell surface of other FreeBOTs,
so each FreeBOT can be connected to any point on other
surfaces [22]. The system can be easily rearranged and
flexibly transformed into various configurations. However,
since the FreeBOT is contained inside the closed shell, it is
difficult to operate the internal battery without disassembly,
and it is even more challenging to achieve energy sharing
among FreeBOTs.

To operate the battery directly from the outside of the
FreeBOT, we added a switchable brush mechanism to the
internal vehicle that extends the battery port to the outside
(as shown in Fig. 2). The brush mechanism is essentially a
conductive spring that connects the internal mechanism to
the shell in a tight and movable manner. With the proposed
mechanism, in any pose of the internal mechanism, the
battery port always effectively extends to both hemispheres
of the shell. These two conductive hemisphere shells, termed
as charging contacts, are not directly connected to each other.
Moreover, there is a polarity conversion circuit between the
charging contacts and the batteries (see next section), based
on which the batteries of multiple FreeBOTs connected in
parallel will be adjusted to the same polarity so that their
batteries are always connected in parallel with the same
polarity. Parallel FreeBOTs are in the same energy sharing
subnet and can share energy(as shown in Fig. 3). It is
worth mentioning that although FreeBOTs can magnetically
connect only one peer, the overlap of charging contacts in the
proposed mechanism does not require a magnetic connection;
as long as the charging contacts are in contact, it is a valid
circuit connection.

B. Circuit Design

The proposed mechanical design ensures that multiple
FreeBOTs can be combined to form a physical network
through charging contacts. Further, to ensure that the batter-
ies are always connected in parallel with the same polarity

Fig. 4. H-bridge based polarity conversion circuit

within the formed network, a circuit capable of automatically
adjusting the polarity is desired. To achieve this, we adopt the
H-bridge circuit as the polarity conversion circuit(as shown
in Fig. 4). The proposed circuit has two modes:

« Open-circuit mode. By default, the robot is in open-
circuit mode; it is open between the two charging
contacts.

« Energy sharing mode. If the robot is in energy sharing
mode, its battery can join the energy sharing network
through the charging contacts.

FreeBOT is in open-circuit mode by default, so physical
contact between FreeBOT shells will not result in battery
contact, which is to prevent safety issues caused by acciden-
tal contact. In contrast, the energy sharing mode connects the
polarity conversion circuit to the charging contacts, and the
circuit matches the polarity of the battery with that from the
charging contacts. If the voltage from the charging contact is
positive, MOSFETs Q> and Q3 will turn on, while )7 and
4 will turn off. Conversely, if the voltage from the charging
contact is negative, MOSFETs @); and ()4 will turn on, while
Q2 and Q3 will turn off. Overall, the FreeBOTs in parallel
share two charging contacts, and the polarity conversion
circuit ensures that their batteries are connected in parallel
with the same polarity. The resulting network consists of a
series of parallel circuits, termed as energy-sharing subnets,
where each FreeBOT will share energy in the subnet it is
in. It is worth mentioning that in case of overcurrent, the
protection circuit will immediately disconnect the battery
from the network; in addition, FreeBOT is powered by an
8.4V lithium battery, the low voltage harmless even when
human contact.

III. ENERGY SHARING RULE

The networks formed by FreeBOTs are random, and there
may be safety risks associated with components such as short
circuits/cycles in the networks. To ensure the implementation
of energy sharing among FreeBOTs, corresponding energy
sharing rules are necessary to adjust the network topology so
as to transform the random network into a safe and effective
energy sharing network.

A. Describing topology with graph theory

Suppose an energy sharing network consists of IV robots.
The battery of each robot(i) is extended by the proposed
mechanical design to two hemispherical shells, termed as
Shell(i); and Shell(i)q, (i = 1,2,...,n). N robots’ batteries
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Fig. 5. An energy sharing network example. (a) Network formed by real
FreeBOTs; (b) Network topology with contact charging contacts are marked
as the same vertex; (c) Undirected graph obtained from network topology;
(d) Simplified undirected graph; (e) Resulting energy-sharing network.

are connected through these shells to form an energy sharing
network, where the contacted shells will be marked as the
same vertex in the energy sharing network. The energy shar-
ing network of robots can be represented by an undirected
graph. Let G =< V,E >, E = {e1,ea,...,€i,..c€m},
V = {v1,v9,...,vj, ..., 0, }, Where edge e; denotes robot (i),
and v; denotes a vertex connected by one or more charging
contacts. Then we use the incidence matrix to represent
the connection relationship among the robot batteries. The
incidence matrix of G is M(G) = (M} )nxm. Where

1
mij = { 0
)]

The energy sharing network in Fig. 5 is an example for
explaining the related terminology. Following the definition
mentioned above, we mark the contacted shells in Fig. 5(a)
as the same vertex and then obtain the topology shown in
Fig. 5 (b), while Fig. 5 (c) is the corresponding undirected
graph. Eq. 2 shows the corresponding incidence matrix M.
Both Fig. 5 (c) and Eq. 2 can equivalently represent the
energy sharing network in Fig. 5.
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B. Effective energy sharing network

The graph theory-based description presents the battery
network topology formed directly by real robots. However,
these randomly formed network topologies may have short
circuits / open circuits / cycles, which may lead to energy loss
or even affect the battery lifetime. Therefore, it is necessary
to remove these invalid components from the network by
putting some robots in open-circuit mode to form an effective
energy sharing network.

Since the incidence matrix M equivalently represents the
topology of the robot energy sharing network, we can obtain
how to reduce it to an effective one from the incidence matrix
M. There are three steps to calculate an effective energy
sharing network:

Step 1 Detects if there is a cycle in M. If there is, break
that cycle by switching some robots in the cycle to
open-circuit mode while deleting the corresponding
column in the matrix M. Repeat step 1 until there
are no loops in M.

Step 2 Search the matrix M column by column. If the sum
of a column is not equal to 2, remove that column
from M. The corresponding robot switches its mode.

Step 3 Search the matrix M row by row. If the sum of a row
is equal to 1, remove that row and related columns
from M.

We continue with Fig. 5 (c) to demonstrate how to
compute the effective energy sharing network. Following the
proposed approach: in step 1, we find that v;-ve-v5-v3-v1
is a cycle in M. For the principle of proximity, we break
the cycle by breaking ey, i.e., FreeBOT 1 switches to open-
circuit mode as well as e; in M is deleted; in step 2, the sum
of column eg is not 2, indicating that eg has a short circuit,
so it is deleted; in step 3, the sum of row vy is 1, indicating
that vy has an open circuit, so v4 and eg are deleted; the
sum of row vy is 1, indicating that vs is an open circuit,
so v and ey4 are deleted; finally, an effective energy sharing
network is obtained, as shown in Fig. 5 (d). In the calculated
effective energy sharing network, FreeBOTs 2, 5, and 7 are
in the v1-v3 subnetwork, while FreeBOTs 6 and 9 are in the
v3-U5 subnetwork.

IV. ENERGY SHARING NETWORK TYPES

The previous section explains the calculations from
physics to networks. As alternative choices, this section
provides several types of networks that are arranged in such
a way as to minimize the number of invalid components such
as short circuits/open circuits/cycles, and thus maximize the
number of robots joining the energy sharing network.

A. 2D minimum energy sharing network

In 2D space, a minimum energy sharing network consists
of three FreeBOTs (as shown in Fig. 6 (a)). In the 2D
minimum energy sharing network, the third FreeBOT acts
as an intermediary to connect the other two FreeBOTs to
form an energy loop. The following calculation demonstrates
the pose constraint of each FreeBOT in the 2D minimum
network.



(a)

(b) (©
Fig. 6. 2D minimum energy sharing network. (a) Coordinate frames and
circuit topology; (b) Pose constrains for robot as intermediary; (c) Pose
constrains for robot sharing energy.

In the 2D minimum network, each robot is in contact with
the other two ones in the shape of an equilateral triangle,
so we first establish the coordinate system as shown in
Fig. 6 (a). The radius of the spherical shell is R, then the
coordinates of the two contact points in the inertial frame
Y are

R V3R R V3R |
I _ | = _ _
raA = 27 2 27 2 ;0 . (3)

The robot’s attitude is expressed using 'zyz’ Euler
angle(v, «, 0). In the body-fixed frame Y p, the coordinates
of two contact points A and B are
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In this network type, the intermediary robot contacts the
other two robots with one charging contact, while the energy
sharing robot contacts the other two robots with two charging
contacts, respectively. That is, for the robot acting as an
intermediary, the two contacts are located on the same side
of the z-y plane of ¥p, i.., the z-component of ©r,4 and
Prp are of the same sign. For the robot sharing energy, the
two contacts are located on different sides of the z-y plane
of Xp, i.e., the z-component of Pra and Prg are of the
opposite sign. Fig. 6 (b) and (c) show the pose range of the
robots acting as intermediaries and sharing energy in this
network type, respectively.

B. 2D Extended energy sharing network

As an extension of the 2D minimum network, if the
FreeBOTs are in contact row by row as shown in Fig. 7 (a),
they can all effectively join the energy sharing network. The
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Fig. 7. 2D extended energy sharing network. (a) Circuit topology; (b)
Coordinate frames; (c) Pose constrains for robot sharing energy.

resulting extended network does not contain invalid compo-
nents leading to shorts/open circuits/cycles, etc., and each
robot is in energy-sharing mode. The following calculations
demonstrate the pose constraints for each robot in the 2D
extended network.

We first establish the coordinate system as shown in Fig. 7
(b). Each robot in the 2D extended network is in symmetric
contact with the other six robots, and the coordinates of these
six contact points in the inertial frame X; are

T_E@OT I,«__E@OT
A—_27 9 ) B — 2° 9 )
T
ITC*[_R7070}T7 ITD: |:_§7_@’0:| ) (5)
T
ITE_ g’_@’o] ’ ITF:[R7030]T'

Due to the symmetry of the six contacts, the coordinates
of three points A, B, and C in the body-fixed frame ¥ p are
sufficient to express the pose constraints, which are

R
2 Ca
P R 3R
ra= | Bsasp+ LBy |,
%sace — @59 6
_R (6)
ECO‘ _Rca
P 3R P
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In the 2D extended network, one charging contact of each
FreeBOT should contact that of the other three FreeBOTs,
so that these three contact points are on the same side of
the z-y plane of X p, in other words, the z-component of
Pra, Pry, and Pre are of the same sign. Fig. 7 (c) shows
the range of o and 6 for the robot sharing energy in the 2D

extended network.
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Fig. 8. 3D minimum energy sharing network. (a) Coordinate frames and
circuit topology; (b) Pose constrains for robot as intermediary; (c) Pose
constrains for robot sharing energy.

C. 3D minimum energy sharing network

In 3D space, a minimum energy sharing network consists
of four FreeBOTs (as shown in Fig. 8 (a)). In the 3D
minimal energy sharing network, the fourth FreeBOT acts as
an intermediary to connect the other three FreeBOTs to form
a parallel circuit. The following calculation shows the pose
constraint of each FreeBOT in the 3D minimum network,
where each robot is in contact with the other three ones in
the shape of a tetrahedron, so we first establish the coordinate
system as shown in Fig. 8 (a). The coordinates of the three
points A, B, and C in the inertial frame X; are

IT_E@OT IT__E@OT
Ai 27 27 b Bi 27 27 b (7)
ITC:{OQQ}
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Similarly, the coordinates of A, B, and C in the body-fixed
frame X p are
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In the 3D minimum network type, the intermediary robot
contacts three other robots with one charging contact, i.e., the
three contacts are located on the same side of the x-y plane
of ¥p, i.e., the z-component of ©'r4, ©rg, and Pre are of
the same sign. The robot sharing energy has one contact in
contact with A and B, while the other charging contact is
in contact with C only, that is, A and B are located on the

(a)
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Fig. 9. 3D extended energy sharing network. (a) Circuit topology; (b)
Coordinate frames; (c) Pose constrains for robot sharing energy.

same side of the z-y plane of X p, while C is on the other
side. Fig. 8 (b) and (c) show the range of poses of the robots
acting as intermediaries and sharing energy in this network
type, respectively.

D. 3D Extended energy sharing network

As an extension of the 3D minimum network, if the
FreeBOTs are arranged layer by layer as shown in Fig. 9 (a),
they can all effectively join the energy sharing network. The
following calculation shows the pose constraint of each robot
in the 3D extended network. We first establish the coordinate
system as shown in Fig. 9 (b). Each robot in the 3D extended
network is in symmetric contact with the other 12 robots,
and the coordinates of these 12 contact points in the inertial
frame > are

S (R v3r 7 s R V3R |7
TA = 77770 5 B = _777)0 3
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Considering the symmetry of the contact, the constraint of
the pose can be completely described with only six points.

Hereby we calculate the coordinates of the points A, B, F,
G, H, and J in the body-fixed frame X p:
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Fig. 10. Experiment and result. (a) the energy sharing network from section III; (b) a 2D minimum energy sharing network example; (c) a 2D extended
energy sharing network example; (d) a 3D minimum energy sharing network example; (e) a 3D extended energy sharing network example.
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In the 3D extended network, one charging point of each
FreeBOT should contact that of the other six FreeBOTs such
that these six contact points are on the same side of the z-y
plane in the body-fixed frame X p. In other words, the z-
components of Pra, Prg, Pre, Pra, Pry, and Pry are of
the same sign. Fig. 9 (c) shows the range of « and 6 for the
robots in the 3D extended network.

V. EXPERIMENT AND RESULTS

A. Verification of the energy sharing rule

Fig. 10 (a) shows the verification of the network in Fig.
5. The final state of charge (SoC) of FreeBOTs 2, 5, and
7 converge to about 0.55, while that of FreeBOTs 6 and 9
converge to about 0.75. FreeBOTs 1, 3, 4, and 8 do not join
the energy sharing network, so their SoC doesn’t change.

B. 2D minimum energy sharing network

Fig. 10 (b) shows a 2D minimum energy sharing network,
in which FreeBOT 1 is the intermediary and FreeBOT 2
shares energy with FreeBOT 3. Since FreeBOT 1 serves as
an intermediary, its SoC is a constant. FreeBOT 2 keeps
charging FreeBOT 3 until the SoC reaches equilibria.

C. 2D extended energy sharing network

Fig. 10 (c) shows a 2D extended energy sharing network
consisting of seven FreeBOTs with three subnets. Each
FreeBOT shares energy separately in the subnet they belong
to, and the three subnets end up with three equilibria.

D. 3D minimum energy sharing network

Fig. 10 (d) shows a 3D minimum energy sharing network
where FreeBOT 4 is the intermediary, while FreeBOT 1,
2 and 3 share energy. Thus, the SoC of FreeBOT 1 is a
constant, while FreeBOT 2, 3 and 4 keep sharing energy
until all their SoCs reach about 0.52.

E. 3D extended energy sharing network

Fig. 10 (e) shows a 3D extended energy sharing network
consisting of ten FreeBOTs with three subnets. FreeBOT 1 is
an intermediary, so its SoC is a constant. The other FreeBOT's
are divided into two subnets, and the two subnets end up with
two equilibria.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we propose an energy sharing mechanism
for FreeBOT that allows each robot to share energy with
peers through surface contact. This paper proposed, analyzed,
and validated the first approach to solve the problem of 3D
freeform robot energy sharing. However, some aspects can
be further improved in the future:

1) The proposed energy sharing solution is only applica-
ble to static configurations, and cannot achieve energy
sharing among modules in dynamic configurations.

2) The proposed rules can remove unsafe and invalid
components from the network, but this requires cen-
tralized global information. Currently, the information
is obtained mainly through external sensors.

Overall, although this work has some limitations, it is the
only solution for FreeBOT energy sharing so far. We will
further investigate better solutions in the future to solve the
above limitations, expecting to achieve an energy sharing
FreeBOT system that is free from external sensors and can
work sustainably
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