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HIGHLIGHTS

We designed, implemented, and tested the Roombots (RB) modular robots.

We explain the RB design methodology: active connection mechanism and module.

RB use locomotion on-grid (lattice-based environment), and off-grid locomotion.

RB join into metamodules on-grid, and can transit from off-grid to on-grid.

We demonstrate RB overcoming concave and convex edges, and climbing vertical walls.

ARTICLE INFO ABSTRACT

Article history:

In this work we provide hands-on experience on designing and testing a self-reconfiguring modular
robotic system, Roombots (RB), to be used among others for adaptive furniture. In the long term, we
envision that RB can be used to create sets of furniture, such as stools, chairs and tables that can move in
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?gf)f‘j\;ggsr;ﬁ urin their environment and that change shape and functionality during the day. In this article, we present the
Modular rolfots J first, incremental results towards that long term vision. We demonstrate locomotion and reconfiguration

of single and metamodule RB over 3D surfaces, in a structured environment equipped with embedded
connection ports. RB assemblies can move around in non-structured environments, by using rotational
or wheel-like locomotion. We show a proof of concept for transferring a Roombots metamodule (two
in-series coupled RB modules) from the non-structured environment back into the structured grid, by
aligning the RB metamodule in an entrapment mechanism. Finally, we analyze the remaining challenges

Active connection mechanism

Module joining

Module climbing

Grid environment

Homogeneous modular robotic system

to master the full Roombots scenario, and discuss the impact on future Roombots hardware.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

We are working towards the idea of a living environment
where classic roomware components are merged and enhanced by
elements from robotics and information technology. We tackle this
task by designing Roombots (RB), an instance of self-reconfiguring
modular robots (SR-MR) which are meant to be embedded into
our living environment, to build intelligent furniture and other
components of our daily life. Self-reconfiguring modular robots
are highly integrated, self-sustaining robotic building blocks with
limited degrees of freedom (DOF). A number of them can connect
to each other with active connection mechanisms (ACM), creating
a robot or structure with more capabilities than a single module.
Eventually, we see the task of RB to build adaptive furniture that
connects into different shapes, such as stools, tables, or sofas. It
should also adapt to the user’s needs, by changing shape over time,
and by moving around.

* Corresponding author. Tel.: +41 216932644.
E-mail addresses: alexander.sproewitz@epfl.ch, alexspr@gmail.com
(A. Sprowitz).

0921-8890/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.robot.2013.08.011

Several designs of self-reconfiguring modular robotic systems
have been proposed, with the goal to assemble larger structures
[1,2]. Such structures could be complex assemblies, such as parts of
a space station, remote, hard-to-reach and hard-to-maintain sys-
tems such as a modular satellite, deep-sea underwater structures,
or scaffolds. For the Roombots project, we are aiming to assemble
furniture-like structures. For our furniture, we want to minimize
the number of active robotic modules by combining active mod-
ules and passive elements—a table assembled from light-weight el-
ements and a few Roombots modules would be by far cheaper, less
heavy and structurally more sound than one made entirely from
modular robots. Currently, we envision a mix of Roombots modules
and passive elements, as depicted in Fig. 1. Light-weight elements
of several shapes and Roombots modules would create a patch-
work, held together by Roombots modules. Connector “ports” play
an important role in this scenario; these are distributed around the
room as passive connectors in the floor, walls, ceilings, and within
the light-weight elements. The same ports are also part of Room-
bots modules, as its active and passive connectors.

Towards this future goal, we tackle and present experimental
results for five sub-scenarios in this work. Firstly, we imagine a
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Fig. 1. Rendered vision of a table being assembled by Roombots (RB) modules, from
light-weight elements and integrated RB modules. Tiles on the floor are connector
ports. Those, and connectors embedded in modules and passive elements enable
Roombots to grab onto. In this work, we show proof of concept experiments with
two types of RB metamodule locomotion on non-structured ground (subtask 1), RB
metamodule alignment into the structured grid though an entrapment mechanism
(subtask 2), RB locomotion on a structured grid, approaching and overcoming of a
concave corner (subtask 3), and a Roombots module climbing up vertical structures
and overcoming convex corners by merging with a Roombots “helper” module
(subtask 4). For the future, open-loop, on-grid locomotion of RB metamodules
will enhance locomotion and reconfiguration speed (future subtask F1). Further,
handling of light-weight, structural objects by two enhanced RB metamodules
(future subtask F2) is planned to assemble large structures, such as this table.
Currently, Roombots hardware only performs simpler pick-up moves, such as
shown with the light-weight plates. Subtask 5 is a simplified task, and demonstrates
the concept. The lamp was added for size comparison.

stock of Roombots modules on the side, and modules detaching
from it. Not all the floor will be equipped with connector ports.
To reach a port-equipped area (“on-grid”), we show how pair-
wise connected Roombots metamodules (MM) locomote with
oscillating or wheel-like rotating motion patterns over the floor
(“off-grid” locomotion, Fig. 1, subtask 1). Module locomotion is
controlled by a central pattern generator (CPG) [3] implemented
as a network of coupled oscillators, distributed in the different
modules. CPG are decentralized and well suited to organize
rhythmic and non-rhythmic motions of large numbers of modular
robots.

Next, modules have to become aligned to the grid. We propose a
passive mechanism based on an entrapment-like structure (Fig. 1,
subtask 2): Roombots metamodules slide into a sink-like entrap-
ment mechanism (EM). In there the MM automatically aligns, the
MM'’s ACM grippers connect to a EM wall port. With a couple of
predefined joint moves the MM leaves the EM, and “brachiates”
over the grid connection ports [4,5] (simulation results). Roombots
modules can perform on-grid locomotion by iteratively attaching
and detaching to the ports. In some cases, modules fail to attach
when controlled in open-loop because of excessive bending of the
structure, and necessary hardware updates for this task are dis-
cussed in Section 5.

To build a larger structure from modules and passive elements,
Roombots modules will have to approach, climb, and overcome
walls and planes. Those obstacles present themselves either as
“concave” edges, planes, or “convex” edges. Single Roombots mod-
ules are designed and controlled to overcome concave edges (Fig. 1,
subtask 3), and to switch from a horizontal plane to a vertical plane.
To go upwards and switch to the next-level horizontal plane a
single Roombots module has to be merged into a full Roombots
metamodule, together with a Roombots “helper module” (Fig. 1,
subtask 4).

Roombots are meant to assemble larger structures from passive
elements. In subtask 5 we present a brief first step towards
handling light-weight structures. In fact, the future Roombots
hardware will require a stiffness and power upgrade before being
able to handle larger elements, as depicted on the left side of the
figure. For now, two Roombots modules are picking up a pair of

light-weight connector plates (Fig. 1, similar to 5). For the future of
this project, remaining challenges will include the tasks of picking
up light-weight elements by cooperating Roombots metamodules,
transporting those elements to their assembly point (Fig. 1, two
metamodules lifting a light-weight element to the table top),
and finally mounting and assembling everything into meaningful
structures. In this work we focus at the defined five subtasks and
the necessary modular robot hardware to robustly solve these
scenarios. Remaining challenges (e.g. multi-metamodule handling
of passive elements, RB metamodule locomotion on-grid) are
identified along with this work, and are analyzed and discussed in
Section 5.

The paper is structured as follows: Section 2 gives a brief
overview over modular robot (MR) classifications, and significant
MR implementations. In Section 3 we present the mechanical,
electrical, and control design of Roombots. In Section 4, we show
five hardware experiments of reconfiguration and locomotion on-
grid and off-grid, in 2D and in 3D, alignment of RB from off-
grid to on-grid, and handling of light-weight elements through RB
modules. We discuss our results and future work in Section 5, and
conclude the paper in Section 6.

2. Related work

In this section, we survey and analyze a selection of modular
robots, with a focus on module density, weight, and classification
of modular robots. The background of this survey is the Roombots
scenario, and the core tasks of RB modules (a) to attach and detach
robustly with other RB modules and the environment, (b) to lo-
comote with brachiating movements through the surrounding on-
grid environment and move in the off-grid environment and (c) to
handle other RB modules and light-weight elements. We aim to
identify successful blueprints in existing MR projects that can con-
tribute to solving the RB scenario or guide the mechanical design
process of such a self-reconfiguring modular robot.

MR research aims to increase robustness by replacing faulty
parts of a robot structure by a functioning module. Active
connection mechanisms (ACM) are the characteristic component
of self-reconfiguring modular robots (SR-MR) which can actively,
and autonomously, attach and detach modules to and from a
structure. Units can rapidly be replaced, because every module
has a high degree of autonomy. Modular robotic systems, or
“cellular robots” [6], are often designed as self-sufficient systems.
Every module will include actuation, computation, sensing, power
supply, connection mechanisms, and a shell structure. If all
modules are designed identical, a modular robot system is
homogeneous [7]. Because such high integration is expensive in
terms of complexity, maintenance, redundancy, weight, and time
to design, several MR systems are designed as heterogeneous
systems [8], with a subset of functionally different cells, but
common connectors, interfaces, and grid size. Stochastic modular
robots are modules that float, glide or swim in 2D or 3D [9-11].
They draw energy from their environment. Further, stochastic
modular robots have the potential for massive parallel, rapid self-
assembly. This is a similar approach to nano-scale structures made
from DNA molecules [12]. Many freely moving, non-connected
modules present a significant organization and control challenge,
in terms of communication, computation, timing, and absolute
and relative position sensing of neighboring modules. Grid based
modules are either connected to an outside grid structure, or
neighboring modules. They can use this mechanical connection to
communicate and self-orient. Many MR are implemented as lattice
grid based MR (e.g. the ATRON robot [13]), with a lattice similar
to that of a crystal. Certain module designs result in tree or chain-
like structures. Such MR are often used as building blocks for robots
moving off-grid, in the unstructured environment with no available
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Fig. 2. Graphical presentation of the robot density of 34 modular robot systems. A more comprehensive robot list can be found in Table A.2. x-axis values show the weight
of each robot normalized by the number of grid units it occupies. RB for example occupies 2 grid units and weighs 1400 g, hence 700 g is plotted. Robot density is shown on
the y-axis, also normalized per grid unit. Since RB uses a 11 - 11 - 11 cm grid, a density of 0.5 g/cm? is assigned. Bubble sizes increase with the number of active joints per
module per unit grid (RB has 1.5 joints per grid unit, Telecubes features six actuators). The number of active connection mechanisms (ACM) per unit grid is color coded, RB
features one ACM per RB grid unit. Very small data points indicate modular robot systems with no active joints; these are typically stochastic modular robots. Black-colored
data points classify modular robots with no ACM. Often chain-like modular robots are connected manually. The dotted line on the right part of the figure indicates a lower
bound of density, valid for most ACM- and actuator-equipped modular robots. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

connector ports. Multi-mode [14] locomotion types are possible,
such as legged locomotion, caterpillar-like locomotion [15], or
modular robots transforming into a wheel [14] and using rolling
motions. Bipartite modular robots (e.g. M-TRAN III, [16]) use two
different sets of connection mechanisms within one module class.
A female and a male set of connectors can be used, because
bipartite systems move typically within a 2D or 3D checkerboard
grid. This feature of bipartite systems can reduce their cost and
complexity. If a modular robot system is not bipartite but any
module part can show up at any place on the 3D grid, an ACM
design with hermaphrodite (genderless) characteristics can avoid
a potential connector mismatch. By allowing wheeled or track-
mounted robots to connect to each other, mobile modular robots
are created. As a collective, they can overcome obstacles that are
larger than a single unit (e.g. Swarm-bots [17]). Hybrid modular
robot systems can include features of all the above systems.

In Table A.2 we have listed 72 modular robot systems, created
since 1988 [18]. From 34 of them we were able to identify the
module’s weight, unit grid volume, number of active connection
mechanisms and number of active DOF. In a few cases we used
approximations to fill up missing values. We normalized the
modules weight per unit grid. This is meant to make MR systems
comparable, since some occupy a single grid unit, and others span
over several grid units. Robot density was calculated as the density
of the robot within the entire grid unit volume, not only the volume
capture by the robot’s shell. Normalized robot mass is plotted over
normalized robot density (Fig. 2), and the x-axis is plotted on a
log scale, due to the large range of different MR systems. Data
point bubble sizes indicate how many active DOF a module has
per unit grid (from 0: e.g. Random Parts modular robot [11] to
6: Telecubes [19]). The smallest bubble sizes indicate no active
degree of freedom. Those MR are often stochastic modular robots,
propelled by their environment. Bubble colors indicate the number
of active connection mechanisms per unit grid. MR systems labeled
in black apply passive or manual connection mechanisms, with
no active connection mechanisms. A lower limit in normalized
robot density in the full range of mass can be found, below a
density of 0.5 g/cm>. More dense packings indicate more features,
such as stronger actuators and gearboxes, multiple sensors, many
active degree of freedom, or a heavier shell design. However, the
modular robot’s normalized density will influence its performance
if modules have to be lifted, and if they are connected in-series.
Joint torques are the result of lever length and effective lever
angle, versus weight of the lever and direction of gravity. With
the task of handling modules and objects, a balanced modular

robot design with many features and a low normalized robot density
is an advantage. MR systems span a large range of weight, from
less than 4 g (Tribolons, [20]) to several kilograms per robot per
grid unit (3D-Unit, 7 kg [21]). Extremely light-weight MR have
typically a simpler design: fewer or no ACM or active joints. The
majority of modular robots ranges from 0.1 to 1 kg. A possible
explanation can be the size of portable and non-portable actuators
(electrical, magnetic, pneumatic), nowadays battery technology,
and the state of current rapid prototyping techniques. The latter
was very influential in the design of Roombots. Many MR platforms
apply printing technology [22-24,16] during their production.

If we remove from Fig. 2 all MR systems without an active
degree of freedom (smallest bubbles), and all modular robots
with no active connection mechanism (black bubbles), then the
remaining SR-MR are placed above a minimum density (0.5 g/cm?,
dashed line, Fig. 2). Only two MR systems, the two-dimensional
Crystalline robot [25] and the very large 3D-Unit have a lower unit
density. For normalized robot weights of less than 0.2 kg, the unit
density increases even further. This lower bound is an observation
among current, fully self-reconfiguring modular robots. It could
indicate that to build a fully equipped SR-MR, complexity and self-
sufficiency is being “payed” by a module density of above value. If
the task of a MR system is similar to our Roombots scenario, and
involves handling of modules, brachiating, and handling objects,
then a higher normalized unit density size is a disadvantage. Fig. 2
indicates that the currently observed lower bound is dependent on
the MR unit-module size, and increases with decreasing module
size.

For a full-lattice modular robot, Roombots has a comparatively
low normalized robot density (0.5 g/cm?), a relatively large grid
unit size with a grid cube edge length of 110 mm, and a grid cube
weight of 0.7 kg. These parameters are the result of pushing for
a light-weight construction with three powerful joints. RB can lift
four robot grid units (one full metamodule) in any orientation. For
comparison, the strongest modular robot (Polybot, Yim et al. [7])
can lift five unit grids, one more than Roombots. RB weighs 1.4 kg,
has two of its ten available connector sockets equipped with active
connectors, and features a full set of electronics and batteries. We
find that, in our scenario, a larger grid cube size and many available
connector ports are well suited to build on a macro-scale. The
large choice of MR systems and solutions (Table A.2) and their
capabilities, characteristics, and restrictions (Fig. 2) indicate the
importance of a careful design process for a new MR system.
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3. Material and methods

This section gives details of Roombots’ mechanical design (Sec-
tion 3.1). This includes its active connection mechanism (ACM),
actuator design, and shell and grid design. Section 3.2 presents
Roombots’ electrical components. Section 3.3 describes control
schemes for distributed locomotion, and reconfiguration.

3.1. Mechanical hardware

This section provides hands-on details on the Roombots hard-
ware design and design process, its active connection mechanism,
actuation, and shell design. A brief description of the passive grid
design is included.

Active connection mechanism. Roombots’ active connection mech-
anism design was loosely inspired by the AMAS [1] ACM based on
physical latches, and has been adapted and evolved for Roombots’
needs. Our requirements for a connection mechanism, through
the application of RB in our daily living environment, were rather
strict; a list is added in this section. This list ruled out several
early design options. We excluded high-voltage surfaces and latch-
ing principles which required an external power supply or other
non-internal means of force transmission, such as pressurized
gas or fluids. Initially we excluded static or switching high mag-
netic forces, as they might damage storage devices. However, we
later chose to test a hybrid ACM design, and found very good re-
sults. Therefore, we will later also present one experiment with a
hybrid gripper-magnetic ACM. Recently a number of novel con-
nection mechanisms have been developed, which are based on
material connections, rather than frictional connections. Neubert
et al. [26] introduced a connection mechanism for self-assembly in
a fluid tank that applies melting and solidifying of a low-melting
point soldering material: Field metal. Revzen et al. [27] applied
rapidly solidifying foam to connect internal MR components; this
could also be extended to connect entire MR modules. Miyashita
et al. [20] froze water between two neighboring connection plates
with the help of Peltier elements. The ice bonds the two neighbor-
ing modules together. Wang and lida [28] used hot-glue to con-
nect MR robotic elements. The glue connection can be reversed by
reheating the bonding layer. The aforementioned techniques are
still at a prototyping stage. For Roombots’ ACM, we were looking
for a reliable, low energy consuming connection principle. Eventu-
ally, connection principles based on electromagnetic forces, elec-
trostatic forces, hydrostatic pressure, hydrodynamic forces, and
atmospheric and vacuum pressure were set aside in favor of a
connection mechanism based on physical latches. Roombots’ ACM
needs to provide the following features: (a) Locking of all degrees
of freedom: No translation or rotation is allowed after connection.
The entire mechanism should be very stiff, to reduce bending of
the RB structure. (b) Passive guidance: We were aiming at using the
latches and/or the connection surfaces to guide the connection pro-
cedure. Zykov and Lipson [9] shaped connection surfaces to guide
approaching modules in a fluidic environment. Vona et al. [29]
designed very large grippers, which robustly connected the robot
to truss-structures. (c) Stiffness and size: By studying e.g. the ac-
tive connectors of AMAS [1] and ATRON [13], one can identify
that the connection mechanism should be small enough to easily
fit into a modular robot, and still leave space for actuation, elec-
tronics, and batteries. It should also rigidly integrate into the RB
shell, such that it will not weaken the module’s overall stiffness
characteristics. (d) Grasping range can help to increase the robust-
ness of the connection process. Fig. 5 depicts four principles; based
on a pin-and-socket system, a simple rotating hook, the AMAS
ACM, and the RB ACM. The AMAS and the RB ACM are complex,
but also compact. The RB connection mechanism was designed to

produce a scooping movement which pulls the neighboring mod-
ule towards itself. Potential misalignments (parallel distance up to
3.5 mm) between modules can be self-corrected by this scooping
movement. A basic hook design (Fig. 5(b)) also applies a scooping
movement. However, the analysis of the hook design shows that
separating forces between modules apply an opening torque to
the gripper. (e) Groove shape: Often connection robustness is in-
creased by providing a special groove design, (Fig. 4(b), left and
right of the black latches). Around 2 mm of misalignment in
sideways directions are compensated by Roombots’ ACM groove
design. (f) Symmetry, gender, and bipartite systems. RB is a ho-
mogeneous MR system, with an ACM that can connect directly
to any other RB ACM, but also to a passive connection port.
It has male and female connector features within one ACM:
latches and grooves (hermaphrodite ACM). A bipartite system,
such as Molecules [30], has latches and grooves separated. (g)
The latch and groove design allows one to design flat connec-
tors, and the absence of pins or other extrusions allows a rel-
atively smooth surface design. Hence, we can easily integrate
non-actuated connector plates of Roombots’ ACM into the floor,
wall and ceiling. A simple connector surface characteristic is also
helpful for furniture design. (h) A compact, flat, and wide design is
advantageous for equipping a modular robot with several ACMs.
We found through testing and experimentation that it was sulffi-
cient to equip only two of ten available Roombots module sockets
with ACMs, for all the shown tasks in this work. This is also possible
because of Roombots’ three DOF: they allow any mounted ACMs
to swivel to any socket position in its unit grid. If we encounter
cases where more ACMs are required then we can equip sock-
ets accordingly. Especially for the full Roombots scenario, where
RB modules are tightly packed into structures together with light-
weight, structural elements, more ACMs will become important, to
strengthen the connection and stiffen, for example, the table struc-
ture (Fig. 1). (i) The power consumption of an ACM must be minimal,
by applying power only during the change of connection mode.
For example, using frozen ice as a bonding material [31] requires
constant cooling to keep the connection. Roombots’ ACM requires
no power in the connected state. Its crank and slider mechanism
(Fig. 4(a)) pushes the latch into an externally non-reversible sin-
gularity position. Roombots’ ACM has a weight of 57 g, including
actuation, mechanical elements, and the electronic control board.
It is 65 mm in diameter, and between 19 mm (without motor)
and 32 mm (with motor) in height. A 150:1 geared motor (#21,
Fig. 4(a)) actuates a drive chain of three plastic spur gears (#26
#18 #5).Acrank (#15)and slider (#9) move the latch (#10), which
rotates around two axes (#11 #27).

Module degree of freedom. When we chose the Roombots’ degree
of freedom type, we searched for a design which could maximize
the number of ACM per module. The Molecubes [32,22] DOF design
offered the most connectors (six) for a regular cubic grid, by
using a diametrical DOF. However, a modular robot occupying a
single grid unit is less potent for self-reconfiguration on-grid, at
least two coupled DOF spanning over two grid units are required.
Examples for such paired MR are M-TRAN [33] and SuperBot [34].
RB are designed with three continuously rotatory degrees of
freedom (Fig. 3). We chose to implement a system with two outer,
diametrical, Molecubes-like DOF. In Roombots, we connected the
two outer diametrical DOF by a central, continuously rotatory
DOF, similar to SuperBot’s center DOF. This outer-central-outer
DOF design allows Roombots to approach a concave edge, by
freely choosing the required orientation of its two diametrical DOF
(Fig. 8).

Eventually, Roombots combines wanted features from at least
three SR-MR: Molecubes, and its continuously rotating active
degree of freedom and many available sockets, Superbot with a
center joint between a module spanning over two grid units, and
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a

Fig. 4. Roombots (RB) active connection mechanism (ACM). (a) Schematic
presentation of its mechanical gear train. (b) Photo of the real mechanism. (c) ACM
explosion view.

M-TRAN [33], which applies a module design with a pair of joints
distributed over two unit grids.

To create a Roombots half shell, the common volume between a
cube with an edge length of 0.11 m and a sphere with a diameter of
0.128 m is cut in half (Fig. 6). Four of these half-spheres create one
RB module. RB has no joint limits, all DOF can turn continuously.
This allows for a highly versatile grid based locomotion (Section 4).
We found that continuous joint rotation is very helpful during
reconfiguration, because a choice of direction, clockwise or counter
clockwise, is available. Roombots’ rounded shell shape is well
suited for human-robot interaction. Half-spheres can further be
used as wheels (see Section 4.1).

Actuation. Roombots’ degrees of freedom allow for not just oscil-
lating, but also continuous rotatory movement. Roombots’ outer

shells can be used as wheels. After locomotion, the second ma-
jor task of RB is self-reconfiguration and locomotion through self-
reconfiguration. Any of the three Roombots’ joints needs at least to
be able to lift the weight of a single module, and a second attached
module (four grid units, see Section 2). To fit this actuator require-
ment, we implemented a custom-designed gear train, where we
choose plastic spur gears with low weight and a large gear mod-
ule. The gearbox aspect ratio is wider than it is high (Fig. 7). The
gearbox is light-weight, compared to commercially available spur
or planetary gear trains of similar size.

The weight of one RB module is 1.4 kg, its center-center
length is 110 mm, the overall length is 220 mm, and its outer
dimensions are 110 mm x 110 mm x 220 mm. Approximately,
the required torque for lifting a stretched metamodule from a
horizontal position is 2.5 Nm for the center joint and 4.9 Nm for
the outer joints. Brushed motors (Mcepter = 0.048 Nm, Myyier =
0.08 Nm stall torque, Fig. 3) drive an initial spur gear train. This
first stage provides a gear ratio of ~27:1. An in-series double
planetary gear stage increases the gear ratio by a factor of 13.5
and the total gear ratio is 366:1. Neglecting losses, which are
between 5% and 10% per gear stage, a stall torque of Mcepter =
17 Nm and Myyer = 29 Nm is available. This actuator design
proved to be sufficient to rotate a full RB metamodule from any
position, at reasonable speed. To lift up heavier objects, such
as a third module at the end of a metamodule, and with full
lever length, the current actuator design would be too weak.
For this reason, and because long-levered, in-series manipulators
show large uncontrollable deflection, we currently envision two
metamodules handling objects in cooperation (Fig. 1, F2). The case
of multiple Roombots metamodules handling passive objects in
cooperation has not yet been researched, and presents one of the
remaining challenges of the full Roombots scenario (discussed in
Section 5).

Shell design. RB shells are 3D printed from acrylonitrile butadiene
styrene (ABS) plastic (Fig. A.21), keeping the idea of rapid
manufacturing, scalable production, and multiple design iterations
in mind.

Early RB prototypes [4] showed large module deflection under
load. We identified that the module design as a sum of in-series
coupled ABS half-shells, active and passive connector plates, and
joints was of too low a stiffness [35]. This prevented RB prototypes
from successfully mastering, for example, the wall-climbing task.
We introduced two major changes to increase the stiffness of a
single RB module.

We replaced the previous RB single-hull shell design (Fig. 9(a))
with a hull-rib-hull design (HRH, Fig. 9(b)). The larger cross-
sectional area of the HRH-shells provides an approximately double
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Fig. 5. Four different active connection mechanism principles, based on mechanical latching. (a) Pin-and-socket, (b) simple rotatory hook, (c) AMAS [1] connection

mechanism, (d) Roombots active connection mechanism.

Fig. 6. Creation of Roombots half-shells. Four half shells build one 3-DOF Roombots module. The diametrical degree of freedom (left image) was first applied by the

Molecubes [22] modular robot platform.
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Fig.7. Roombots’ gearbox design. A brushed motor (1) drives an initial drive-chain
of spur gears (3-5). A second set of planetary gears (6-9) increases the available
torque further. A slip ring (10) provides power and communication at continuous
joint rotation.

shell stiffness. These results were gathered with the help of finite
element analysis (FEA) of a simulated RB module, applied in
Solidworks (data not shown). Although the shell is stiffer, its
weight was kept mostly constant through its hollow-wall design.
A disadvantage of the new design is less space within the modules.

A big difference was made by a set of custom designed, large-
diameter POM bearings between two RB hemispheres of the
same module (Fig. 3, left). Earlier RB designs applied a single,
small-diameter metal ball bearing at the DOF center, and bending
affected the fiber glass sheets between the half-spheres. Both

changes, plus further material and parameter adjustments on
the ACM latches, were required to successfully run 3D grid-
based locomotion and reconfiguration experiments. Robustly
connecting ACM are necessary, and have to be supported by the
entire RB module. The RB hardware configuration presented here
could robustly perform the presented subtasks (1-5). Important,
currently infeasible subtasks include on-grid locomotion of
metamodules (as opposed to single module on-grid locomotion,
which works well) and cooperative RB metamodule handling of
light-weight, structural elements. For these subtasks the current
RB metamodule shows too large a deflection, and prevents open-
loop grasping of the end-effectors.

Building materials. At the initial design phase of a modular robot
system, it is hard to estimate the final weight and volume
distribution. Values for Roombots are provided in Fig. 10, for a
Roombots module with a mass of 1.4 kg. ABS pieces provide a
quarter of the robot’s mass and half of its volume (Fig. A.21). The
sum of Roombots’ frame and its ACMs is composed of ABS pieces,
glass fiber plates, milled POM pieces, and three off-the-shelf steel
ball bearings. This accounts for more than half of the robot’s mass
(65%, 0.72 kg) or 82% of its rigid volume. Using ABS is easing the
RB production. At the same time, 3D printed ABS is less rigid and
of lower quality than molded ABS. Therefore, the Roombots HRH
shell design was helpful to improve the ABS shell stiffness.

Grid design. For the grid implementation (structured environment),
we directly reused the connector layout, which we fused with the
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Fig. 8. Roombots module approaching a perpendicular wall (concave corner). The module is placing its connector parallel to the wall of this concave barrier by rotating its

three joints simultaneously.

Fig. 9. (left) Partial cut-view of the earlier RB shell design, with a single-hull layer. (right) Cut-view of the upgraded shell design, a hull-rib-hull (HRH) construction. With
the new hull design, the shell weight was kept low, the cross-sectional area was increased, and the shell was stiffened by a factor 2. The HRH shell design also slightly reduced

the available space inside the modules.
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Fig. 10. Mass (left) and volume (right) distribution of mechanical and electrical components within one RB robot. Volume is measured per volume of rigid components. The
distribution of rigid parts versus empty volume is roughly 35:65, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

grid connector plates. These grid plates are placed on a wooden
frame equipped with recesses made for Roombots’ grippers. To
be compatible with Roombots’ ACM, grid plates must have the
same thickness as the RB connector plates (1.5 mm). Fig. 18 shows
two RB modules handling two grid plates. Each grid plate has
four integrated docking ports and the outer plate dimensions are
220 mm - 220 mm - 1.5 mm.

3.2. Electronics hardware

RB modules have full computational, energy, and actuator
autonomy. Each RB module includes a set of modular electronic
boards (Fig. A.19), with motor boards (MB) for main joints and
active connection mechanism actuation, power management (PB),
and wireless communication (Bluetooth board: BT). RB modules
can be powered both from an unregulated, external power supply,
or a set of internal batteries. We are currently using a 4-cell (4S-1P)
Lithium Polymer (LiPo) battery pack (BAT, Fig. A.19) with a capacity
of 910 mAh. LiPo batteries do not provide a constant voltage. The
output voltage of a single cell varies from about 4.2 V to 3.0 V,
therefore the output of the RB battery pack varies from 16.4 to
12.0 V. The power board protects the batteries from discharging
below 12 V. It further generates two supply voltages for the RB
electronics: (1) The main motor supply is generated through a
single ended primary inductance converter (SEPIC, LT3757 [36]).
It can both boost and step down the battery voltage and provides

a stable 15 V supply (black lines, Fig. A.19) with a continuous
output current of at least 5 A. (2) All other electronics and ACM
motors are powered from a 6 V supply (red lines, Fig. A.19). This
voltage is generated by a step-down converter (LT3680 [36]), with
a continuous output current of up to 2 A. In its resting state, RB
modules consume 350 mA, allowing the module to stay active on
battery for roughly 2 h.

Communication and power are transmitted within the mod-
ules through slip rings, which allow continuously rotating joints.
Intra-RB communication is realized by a half-duplex RS485 com-
munication bus (green lines, Fig. A.19). We chose RS485 as the
physical communication layer as it is based on differential wires.
This makes the communication robust against noise. RB commu-
nication has been tested and been found well suited for trans-
mission through the module’s slip rings. Integrated RS485 driver
circuits (ADM3078E [37]) can directly be connected to the uni-
versal asynchronous receiver transmitter (UART) interface of a
microcontroller. In combination with the 40 MIPS dsPIC33 mi-
crocontroller (dsPIC33FJ128M(C802 [38]), raw data rates up to
10 Mbps were reached. In practice, a 115200 baud rate was suf-
ficient.

Inter-module and PC-to-module communication was realized
by a wireless Bluetooth link. The communication board (BT,
Fig. A.19) features a Class 1 Bluetooth module (WT11-A [39]). It
supports data rates up to 550 kbps. The Bluetooth link was used
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Fig. 11. First off-grid Roombots metamodule (MM) locomotion type: MMs use the module’s outer spheres as wheels, only two of six joints are active. The distance between
light-green marker lines is 0.5 m. The maximum continuous locomotion speed was 13 cm/s, and the direction of locomotion is to the right. Marker lines on the floor were
emphasized to identify module movement. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

during the experiments to remotely control RB modules from a
host PC.

Each RB degree of freedom is actuated by a brushed motor,
controlled by a motor-driver board (MB, Fig. A.19). Each MB
contains a dsPIC33 microcontroller running the software motor
controller and communication protocol for the remote motor
control. The microcontroller drives a brushed motor through a full-
bridge PWM motor driver integrated circuit (IC, A3959SLP [40]).
It takes the motor’s relative position encoder signal as feedback
for PID position and speed control. The processing power
of the dsPIC33 was sufficient to further integrate a central
pattern generator controller. The motor-driver board can provide
continuous currents of up to 2 A.

The grippers of a Roombots active connection mechanism
(Fig. A.19) are position controlled, using a PD controller with
hysteresis adaptation. The controller is implemented on a dsPIC33
that drives the ACM brushed motor through a full-bridge PWM
motor driver integrated circuit (A3953SLB [40]). It provides
currents up to 1.2 A. The controller uses an analog potentiometer
feedback, read by the microcontroller’s analog-to-digital (AD)
converter, with a 12 bit resolution.

Fig. A.20 shows the externally measured, instantaneous current
consumption for a simple motion and connection/disconnection
sequence: the ACM releasing the connection (1 ] energy consump-
tion), the RB module rotating to a vertical position (13 J), the mod-
ule moving back to the horizontal (7 ]), and the ACM closing (3 ]).
During normal operation, we measured a base power consumption
of 5W.

3.3. Control

RB modules can move in two basic ways: (1) Single modules and
metamodules can move on-grid, via passive connectors embedded
in floor, walls and ceilings and in other RB modules, through
brachiating moves. (2) Off-grid: a structure made of RB modules
can move freely by modulating its shape rhythmically, actuating
the modules’ main degrees of freedom.

To control RB to move on-grid through reconfiguration, we
developed a reconfiguration software framework. To exploit the
ability of single RB modules to autonomously reach any position on
a 2D grid, we developed an online reconfiguration planner based
on the D* algorithm and motor primitives. This planner is closely
linked to the RB hardware and allows one to control a Roombots
module on a 2D grid by requesting a final reaching position [5].
The current implementation of our reconfiguration framework
for controlling RB metamodules [41,42] takes inspiration from the
work by K. Stoy [43].

Our off-grid locomotion control framework combines central
pattern generators (CPG) with learning techniques [44]. CPG
are networks of coupled oscillators producing rhythmic outputs
without requiring a rhythmic input [3]. CPG are capable of
generating robust and synchronized locomotion patterns with few
control parameters. Those can be found using learning techniques.
The distributed oscillators of a CPG can directly be mapped to the
morphology of a modular robot.

4. Experimental results

To demonstrate the capabilities of the RB system, we conducted
five main experiments. The results are presented in this section.
The link to the video including all experiments can be found in
Table A.1.

4.1. Off-grid metamodule locomotion

Roombots can be used to study both the reconfiguration
and locomotion control of articulated robots. Here, we explored
two off-grid examples of RB metamodule locomotion. With 6
degrees of freedom, RB metamodules can perform various types
of locomotion.

RB joints are capable of performing both oscillatory movements
and continuous rotation. Snapshots of a Roombots MM configura-
tion exploiting continuous rotation are shown in Fig. 11. Two RB
modules were joined and folded, and the outermost RB spheres
were used as wheels. We controlled the speed of two of the meta-
module’s six joints, while four joints stayed still. The RB metamod-
ule reached a maximum forward velocity of 13 cm/s. The direction
of (wheeled) motion was easily controllable by directly setting a
speed difference between the two active joints.

Snapshots of a gait where the metamodule’s DOFs were
controlled with joint oscillations are given in Fig. 12. RB joints
were controlled with a network of six oscillators, coupled into a
central pattern generator. Oscillators were implemented as a set
of coupled differential equations [44], running on-board, and were
solved with an Euler integration with a time step of 10 ms. This
configuration reached a forward velocity of 4 cm/s at an oscillation
frequency of 0.16 Hz. In Fig. 12, the metamodule is shown while
passing over an obstacle with a height of 23 mm.

4.2. Reconnection of RB metamodules to the on-grid environment

We showed earlier that RB modules can locomote off-grid, if for
instance no connector ports are available, or to reach a point on the
plane rapidly. To connect a Roombots metamodule from off-grid to
on-grid, its ACM has to be aligned to a grid element. We designed
and implemented an entrapment mechanism [46] (Fig. 13) that
helps to autonomously align and connect RB metamodules on-grid.
The EM is a passive tool, and a metamodule has to provide its
own actuation to reach it, slide into it, and go on-grid from there.
The experiment (Fig. 13(a)—(d)) is a proof-of-concept of RB module
realignment and on-grid connection. Physical intervention by the
experimenter was not required, but RB modules are currently not
equipped with sensing of their position and orientation in world-
coordinates. Therefore a human operator remotely controlled the
joint movements and ACM actions. We found that small joint
oscillations helped to align the MM at the base of the EM. This
also helped the ACM to grip the EM-port (number 5, Fig. 13(d)).
In the future, the following steps will be required for an automatic
module transfer from off-grid to on-grid: (a) The orientation of the
metamodule after sliding into the entrapment is firstly unknown.
Sensors will detect the MM's orientation, and guide further moves.
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Fig. 12. Second off-grid metamodule locomotion type: it applied oscillating motions at four of Roombots metamodule’s six joints. Joint motions were controlled by a network
of coupled oscillators. On its way the metamodule overcomes a small obstacle (central red line) of 23 mm height (20% sphere height). These locomotion patterns moved the
module to the right, with an average speed of 4 cm/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
Source: Snapshots were taken from a movie [45].

Fig. 13. Demonstration of transferring a Roombots metamodule from off-grid to on-grid. An off-grid moving RB-MM approaches the entrapment mechanism (EM) via point
1, and is guided through a set of walls (2) over a plastic slope (3) to the base of the entrapment mechanism (4). While sliding, it self-aligns with the entrapment. A vertical
connection port (5) is mounted at the end of the EM. The MM locks itself to the port, and leaves the EM upwards, now on-grid (6).

Source: Pictures modified from [46].

(b) Currently, the elasticity and backlash of one metamodule (two-
series coupled RB modules) is too large to autonomously and open-
loop reach the goal connector on-grid. A human in the loop was
required to remotely adjust joint movements. For an automated
metamodule EM escape, we are working on a controller for
elasticity and backlash compensation (control), and on stiffening
the RB MM design (hardware).

4.3. Single module on-grid locomotion in 3D

This subtask illustrates the ability of a single RB module to
autonomously overcome a concave edge and climb a structured
wall. The setup (Fig. 14(a)) is composed of a horizontal and a
vertical plate (of 2 x 6 and 8 x 6 grid units), shaping a concave
corner. A single RB module starts on-grid, one grid unit away
from the wall, and climbs the wall in 14 steps (Fig. 15), with

four sub-sequences. (1) The approaching move towards the wall
is a pre-computed, inverse kinematic (IK) based motion sequence
(Fig. 14(a)-(c)). To avoid collision with the wall through the
module’s rotation, the approaching ACM is guided through IK
based motion to stay parallel to the approaching wall. (2) Fig. 14(c):
The module connects the wall approaching ACM, and disconnects
its foot ACM. (3) Fig. 14(f): As before IK based motion was applied to
avoid ACM-wall collision when rotating the module upwards. (4)
A cyclic sequence of moves was used to climb the vertical surface.
The RB DOF does not allow for a straight movement, but the
module performed a zig-zag motion: right, up, left, and up (Fig. 15).
Each move was followed by an ACM connection-disconnection. In
Figs. 14 and 15 we show one RB module overcoming a concave
edge and climbing a vertical grid wall. RB joint moves were
executed autonomously, but we triggered ACM connections and
disconnections manually. This ensured that a successful ACM
connection had been established at every step.
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Fig. 14. A single RB module overcoming a concave edge. The initial configuration is shown in (a): the module is placed in its SRZ configuration and one grid unit away from
the wall. (b) The module approaches the wall using inverse kinematics. In the connection phases (14(c) and (e)) always one ACM is first connected and then the second ACM

is disconnected. (f) The module escapes the concave corner upwards.

" =
(=3

i ¢
=l
=)

() 1
an.o °o[g->o epE»ot

4.
]
(+)

o
A
Y|
o
()
o
u
Rad™
o
g 2
0
()

/E\o
\E} El
(-]

Fig. 15. (left) The sequence of 14 atomic moves used to climb the wall. IK: inverse kinematic based motion, R move to the right, U move up, L move to the left, in the global
coordinate system. A connection and disconnection phase took place between each move.

In all above experiments we proceeded with an identical set of
RB hardware: two RB modules, each equipped with two ACMs with
mechanical grippers. Under standard laboratory conditions, such
as module preparation, careful preparation of the on-grid plates
and their connector ports, and constant module maintenance, the
ACM gripping range of 3.5 mm was sufficient for all shown exper-
iments. However, under rougher conditions, such as an open-day
exhibition with many demo repetitions, we learned that the Room-
bots’ purely gripper-based ACM required an improvement in grip-
ping robustness. We observed that misalignment in connector port
mounting and wear-out in the main gearboxes and ACM gripper
mechanism lead to several unsuccessful connection attempts.

Therefore, we deviated from our very early ACM design
constraint - not integrating a connector principle based on
magnetic forces - and mounted a permanent magnet at the center
of the gripper-based ACM and to each connector wall port. We
experienced that this hybrid ACM - applying grippers to align, grip
and hold, and the magnets to align - helped to dramatically reduce
the number of unsuccessful connection attempts, after many
experimental runs, and under rougher than standard conditions.
We repeated the 14-step wall climbing experiment 15 times,
and tested the robustness of the hybrid ACM. In 10 out of 15
trials the sequence was executed successfully in a completely
autonomous manner. At four times the module had difficulties
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Fig. 16. A Roombots module overcomes a convex edge by joining with a helper module into a Roombots metamodule. (a) Module 1 (M1) is one grid unit away from the
wall. (b) The module climbs the wall for one grid unit. (c) Module 2 connects its ACM to the approaching M1. (d) M1 is lifted onto the horizontal plane.

passing the initial concave corner, and was helped with a short
human intervention by a small vertical force applied on top of
the module. We identified a misaligned wall as the cause of
this interference. Only once did the module systematically fail
to connect after the R movement, and had to be helped. Those
unsuccessful steps were not related to the grippers and we suspect
a faulty joint sensor read-out. In sum, the hybrid ACM allowed very
robust vertical wall climbing experiments.

If we continue using the hybrid ACM for the next generation
of RB modules, we will exchange the centrally placed, fixed
permanent magnet by a freely [4] rotating diametrical magnet, or a
diametrical magnet with a small motor to turn, similar to the ACM
design of Miche [47]. The tested hybrid ACM is in the current state
not genderless, but the fixed-mounted magnets’ polarity requires
a magnetically matching counter port. The experiment in the next
section again applied Roombots’ standard, hermaphrodite, gripper
based ACM.

4.4, Two Roombots modules join into one metamodule—crossing
convex edges

This experiment demonstrates the ability of a Roombots
module to overcome a convex edge with the help of a second
module, and the ability of RB modules to join into metamodules.
We showed earlier that single RB modules can overcome concave
edges. To overcome a convex edge, a single RB modules requires
the assistance of a second module. This is a kinematic constraint:
the shortest distance from one connection port on the wall, over
the convex edge, to the next port on the above plane is three
grid units. Single RB modules are only two grid units long. The
experimental setup was composed of three grid planes forming a
concave/convex edge (#3 Fig. 16(a)). Two untethered RB modules:
M1 and M2, were used. M1 was placed on the lower plane, and
M2 “waited” on the upper grid plane. To approach and climb the
wall, M1 performed the same motion sequence as in the concave-
edge experiment (Fig. 14). Once M1 reached M2, both connected
(Fig. 16(c)) into a metamodule. The MM lifted itself over the convex
edge (Fig. 16(d)).

4.5. Manipulation of passive grid elements—building a table

In this example, two Roombots modules handle light-weight
elements, and form a very simple table-like structure. Both RB
modules grab their own passive, light-weight plate (connector port
plate), lift it, rotate it, and form a table-like structure with a series
of simple joint motions. In the experiment, both modules started
on a horizontal grid (Fig. 18). One edge of the to-be-lifted grid
plate (c; and c;, Fig. 17) was rounded, to prevent collision with the
underlying support structure during lifting. Module positions and
lifted tiles are shown schematically in Fig. 17, while pictures of the
setup are shown in Fig. 18.
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Fig. 17. Schematic view from the top of the setup used during the light-weight
element manipulation task. Module 1 (M1) and module 2 (M2) are represented by
filled, numbered black circles. ¢; and ¢, are passive connectors to which M1 and M2
attach, respectively. Dashed tiles are the to-be-lifted, light-weight elements.

5. Discussion and future work

The presented hardware experiments show the capabilities
of the current Roombots generation. These experiments also re-
veal the remaining challenges for the full, envisioned Room-
bots scenario. We successfully demonstrated that RB modules
autonomously move on a 2D grid, overcome concave corners, form
metamodules, and cooperate to overcome convex corners in a
structured 3D-grid environment. We presented a proof-of-concept
showing how RB modules can handle passive, light-weight parts.
An entrapment mechanism makes it possible to realign RB meta-
modules back on-grid, after off-grid locomotion.

The challenge for the presented experiments was a Roombots
module design and implementation that worked reliably in the
presence of module and docking port elasticities, and material and
production tolerances, such as gear backlash. At the same time,
module weight had to be kept low. It was also important to provide
sufficient torque to move RB metamodules, and enough joint
velocity to reconfigure and move with a reasonable speed. While
an earlier RB prototype generation already worked on horizontal
grid planes [5], climbing vertical walls, overcoming convex corners,
and joining Roombots modules in 3D into a metamodule was so
far not possible. The stiffness of earlier RB prototypes was too
low, because of the in-series structure of RB half-shells (single-
layered ABS), small-diameter ball-bearings, weaker joints, and RB
connectors. This led to a module deflection larger than what the
ACM latches could compensate for. To be able to run all five
new experiments, we solved this issue by (a) stiffening the RB
shells, (b) introducing large, custom bearings to stiffen the RB
joints and (c) modifying the materials, tolerances, internal friction,
and ACM latch parameters. Printed ABS shells are less stiff than
molded or metal ones. Nonetheless, we kept ABS as the main
shell material. 3D-printed ABS pieces enable us to cheaply and
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Fig. 18. Simple example of two RB modules handling passive structures. Modules picked up two plates and aligned them into a small table-like structure. (a) The initial
configuration of the modules and the passive plates on the 2D grid. (b) Modules were leaning down. (¢) Connection phase during which modules use their free ACM to pick
passive plates from ground. (d) Lifting phase. (e) Intermediate state during the orientation phase of the plates. (f) Final module configuration with lifted plates. Our full
Roombots scenario will require very much more complex handling procedures, including cooperative, parallel handling of structural objects by several RB modules.

rapidly redesign and build modules which are very compact and
light-weight. The ACM latch scooping movement is 3.5 mm deep,
more than double the thickness of the connector plates, and
compensates misalignments in this range. We experienced that
permanent magnets at the center of connection ports improved
latching robustness further, in combination with the latch grasping
movement. This hybrid ACM design counteracted module wear
and enabled on-grid locomotion in a somewhat “flawed” (and
more realistic) grid environment.

A future challenge will be on-grid locomotion with a meta-
module, instead of multiple separated, single RB modules as we
are currently showing here. Metamodules could potentially reach
more remote positions in the 3D grid, and could handle objects
freely over distances. However, the long-lever, in-series structure
of a metamodule deflects significantly under gravitational forces.
While we were able to improve the stiffness of Roombots mod-
ules, for example through a double hull shell design, a current
generation fully stretched Roombots metamodule will not reach
precisely, repeatably and open-loop a goal connector, while sin-
gle RB modules robustly succeed in this task. We plan to use ex-
ternal sensor information to locate nearby ports, and to estimate
and compensate for metamodule deflection. We are working on
adapting technological and manufacturing advancements, such as
direct metal deposition printing and carbon fiber reinforced shell
parts. These should make it possible to replace ABS shell elements
by equally light-weight parts, but with significant higher stiffness.

In a few experiments visual human guidance was required to
compensate for elasticity and backlash effects, or to determine in
which orientation a module landed in the entrapment mechanism.
We will integrate off-the-shelf accelerometers, allowing RB
modules to autonomously detect their orientation with respect to
each other and within the grid environment. Absolute encoders
will detect joint backlash, and infrared sensors will give a distance
and alignment estimation of Roombots’ ACMs. External sensors
such as the MS Kinect can provide a knowledge of the environment.

We believe that larger RB structures are best built from a mix
of RB modules and light-weight elements with embedded docking
ports. Despite the compact RB design, modules currently lift little
more than one additional RB module, in sum one RB metamodule.
To lift heavier loads (full Roombots scenario) several RB modules
will have to cooperate, and possibly also receive an actuator
update. Cooperation of modules will create closed kinematic
chains. To simplify the cooperative handling of structural elements,
both mechanically and control-wise, we plan to insert “loose”
joints, i.e. universal, passive joints connected in-series.

Through analyzing examples of self-reconfiguring MR, we have
an estimation of the normalized module density of many MR and
SR-MR systems (Fig. 2). This indicates to us that decreasing the
normalized module density, while preserving module complexity,
will be a challenge. But the analysis can guide us to optimize the
gear ratio, motor size, and module’s shell design. Advancements
in portable electronics might help to reduce Roombots’ power
consumption and the weight of the electronics.

Both reconfiguration and locomotion experiments demon-
strated that RB modules benefit from their configuration of three
continuously rotating joints, with no joint limits. Roombots in-
herited its outer joint orientation from the Molecubes modular
robot [32]. By choosing a module design ranging over two grid
units, like M-TRAN [48], we reduced the mechanical complexity
of the Roombots design: only a single ACM per unit grid was re-
quired for all presented experiments. ATRON modular robot [13],
for example, rigidly integrates its ACM into its structure. This de-
sign proved to produce a very stiff module, but it would be hard
to remove unnecessary ACMs. Fewer ACM per unit grid lead to a
lower robot weight: RB have a normalized density of 0.5 g/cm?>.
With two outer diametrical DOF, RB have five available connector
ports per grid unit, and ten connector ports for the full robot. All
of Roombots’ faces can be used as attachment ports to assemble
structures. Designs with non-diametrical DOF (M-TRAN [48], Su-
perBot [34]) have three connection ports per grid unit. In the case
of ACM configurations with male-female characteristics, connec-
tion ports have to be matched to connect. Roombots’ latch-based
ACM is hermaphrodite and can connect to passive module ports,
ACMs, and ports in the environment.

Roombots’ unique and novel feature combinations, its adapted
shell design, a strong, hermaphrodite ACM, a custom made, light-
weight gearbox design, and a robust electronic backbone with
multiple slip-rings enabled it to run successfully many different
sub-scenarios of our full Roombots scenario. This included recon-
figuration on-grid of single RB modules into RB metamodules, sim-
ple handling of light-weight objects, single RB module locomotion
on-grid and in 3D, and off-grid locomotion of RB metamodules.

The currently explored direction of our Roombots design, to-
wards the goal of a full Roombots scenario, such as the assembly
of large structures such as a table, allowed us to identify the fol-
lowing remaining hardware and design challenges: (a) Roombots
modules will require a stiffer construction and assembly of their
structural components to achieve, for example, RB metamodule lo-
comotion on-grid (future subtask F2, Fig. 1); i.e. the assembly of its
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shell, joints, and active and passive connectors. We are planning
to introduce a highly stiff structure (e.g. carbon-reinforced shell
components) and stiffer connections between RB’s structural el-
ements. A low-weight, low density structural design will remain a
strong RB design constraint. (b) Stronger actuators, at equal weight.
The current RB metamodule can move itself around in 3D, in any
orientation, at relatively high speed. To lift and manipulate larger
structural elements a stronger actuation is required, and we are
planning to optimize the motor-gearbox train towards a high effi-
ciency, lower speed, higher torque configuration. According to our
observations (Fig. 2), increasing the output torque while increasing
the weight of the RB modules is suboptimal, as the module’s unit
density will increase. (¢) We found that for all presented experi-
ments two active connection mechanisms per RB module were suf-
ficient. Though, we will equip RB modules with ACM as needed. If,
for example, a table-like structure as in Fig. 1 requires more ACMs,
more RB sockets are available. (d) For multiple RB metamodules
to handle structural elements in cooperation (future subtask F2,
Fig. 1), we envision an in-series coupled, non-actuated, universal
joint. The closed kinematic loop of the on-grid floor, a RB metamod-
ule, the handled piece, another RB metamodule, and finally the on-
grid table structure imposes strong kinematic constraints. We aim
to relax these by adding universal joints between RB metamodules
and the to-be-handled piece.

The fastest metamodule off-grid locomotion pattern we found
exploited continuously rotating joints and Roombots’ shells as
wheels. In simulation [44] Roombots modules have shown to
be good candidates for studies on the locomotion control of
articulated robots with multiple morphologies. Roombots has
the potential to alter these morphologies on-the-fly and we are
currently studying this topic in hardware.

6. Conclusion

In this work we presented the design of the Roombots (RB) self-
reconfiguring modular robotic system. In hardware experiments,
we demonstrated locomotion and reconfiguration of single RB
modules and RB metamodules (two modules connected in-series)
in a 3D structured grid environment. Modules performed on-
grid locomotion by “brachiating” along connector ports, overcame
concave and convex edges, and climbed up structured walls.
RB assemblies also locomoted off-grid, in the non-structured
environment, by using rotational or wheel-like locomotion. A
mechanism to automatically transfer Roombots modules from
off-grid to on-grid was presented, by passive alignment of RB
metamodules inside an entrapment mechanism, and a sequence
of folding movements to reach an on-grid connector port. Finally,
we demonstrated a proof-of-concept of handling light-weight

elements. One of Roombots’ key components is its strong, latch-
based, hermaphrodite, active connection mechanism (ACM). It
is capable of compensating for module and connector port
misalignments by a scooping movement of its latches. It allows
for very flexible integration of Roombots into its environment,
through connector ports that can be placed on top of surfaces such
as walls, floors, or ceilings, but also light-weight objects. Roombots
have a low unit density, compared to other fully lattice-type
self-reconfiguring modular robots (Fig. 2). This is advantageous
when moving around as a metamodule, or when handling objects
and other modules. A Roombots joint can rotate a chain of four
RB unit blocks (one metamodule) in any orientation. Roombots’
three continuously rotatory DOF allow the module to reconfigure
without being limited by joint ranges. Compared to an earlier
prototype, we improved RB hardware by a light-weight, stiffer
shell design, stronger shell-to-shell fixation through enhanced
bearings and joints, and changes increasing the range of the
latch scooping movement, and we also tested hybrid ACMs with
integrated magnets to increase connection robustness. For the
future of the Roombots project we envision our next generation
Roombots creating sets of adaptive, shape-changing furniture in
our everyday environment. The presented, successful hardware
implementation of five sub-scenarios leading towards this goal
shows Roombots’ potential. The hardware experiments shown and
their analysis allowed us to identify necessary improvements, and
we have proposed new hardware and design features of a future
Roombots generation.
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Appendix A. Additional materials

See Tables A.1 and A.2 and Figs. A.19-A.21.
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Fig.A.19. Roombots’ electronics: active connection mechanism (ACM) control board, motor-driver board (MB), power board (PB), batteries (BAT), Bluetooth communication
board (BT), and slip ring (SR). HO, H1, H2, and H3 refer to the half-spheres of Roombots, HO and H2 are colored white, H1 and H3 are black. The (red) power bus runs a 6 V
electrical potential, the black bus a 15 V potential. The green bus is the RS485 communication bus. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table A.1
The video is available as support material for this article (see http://dx.doi.org/10.1016/j.robot.2013.08.011).
Description Location
1 Five RB subtasks, in order 1-5. http://www.youtube.com/watch?v=pRlyb9CYG5g
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Fig. A.20. Top: instantaneous current consumption of one Roombots module for one possible atomic move, bottom: the corresponding module movements. Initially, the
locked active connection mechanics gets released (Open ACM, around 1.1 J). Afterwards, the module lifts itself from the horizontal to the vertical position. Instantaneous
currents up to 1.2 A are measured (Lift module). The lift used ~13 J. The module is rotating back to its horizontal position (Lower module), this used 6.5 J. Lastly, the ACM is
re-locked (Close ACM). Locking takes longer than unlocking, as it involves a complex latch-groove interaction (2.6 J). The full sequence took ~24 ] of energy for mechanical
actuation. A base power consumption (controller boards, communication) of 5 W (0.35 A at 15 V) is visible from the plot.
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Fig. A.21. Left: Printed elements of one Roombots module. 52% (volume) of RB components are 3D printed from ABS material. Right: glass fiber sheet material used in
Roombots.
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Table A.2

This table lists 72 modular robots, from 1988 until 2012. Multiple versions of a robot are listed if major changes are
documented, e.g. in case of M-TRAN [49,33,48,16] and Molecule [50,51]. One-purpose snake modular robots are not
included in the list: e.g. Active Cord Mechanism ACM-R4 [52], and Amphibot Il [53]. The weight and the normalized density
of 34 of these robots was extracted, and is plotted in Fig. 2.

Unit affiliation, Country Reference Year

1  CEBOT Japan, Science U. of Tokyo [18,54,55] 1988
2 RMMS USA, CMU [56,57] 1988
3 PolyPod USA, Stanford, PARC [58,59] 1993
4 Fractum, Fracta Japan, AIST, MEL, MITI [60] 1994
5  Metamorphic USA, Johns Hopkins U. [61] 1994
6  Biomorphs USA, Los Alamos National Laboratory [62] 1995
7  MARS Japan, Nippondenso Co. Ltd, Nagoya U. [63] 1995
8  TETROBOT USA, Rensselaer Polytechnic Institute [64] 1996
9  3-D modular units Japan, AIST, MEL, MITI [21] 1998
10  Molecule Robot (v1) USA, Darthmouth Robotics Lab. [50] 1998
11  Self-organizing collective robots, Vertical Japan, Riken, Meiji U. [65] 1998
12 CONRO USA, USC, ISI [66,67] 1999
13 ICES Cubes, I-Cube USA, CMU, ICES [68,69] 1999
14  Miniaturized Self-reconfigurable System Japan, AIST [70] 1999
15  Reconfigurable Adaptable Micro-robot USA, Michigan State U. [71] 1999
16  Crystalline Robot USA, Dartmouth College [72] 2000
17 M-TRAN Japan, TiTech, AIST [49,33] 2000
18  PolyBot USA, Xerox PARC [73] 2000
19  Proteo USA, Xerox PARC [74] 2000
20  Molecule (v2) USA, Darthmouth Robotics Lab. [51] 2002
21  Pneumatic Japan, TiTech [75] 2002
22 SMC Rover Japan, TiTech [76] 2002
23 Telecubes USA, Xerox PARC [19] 2002
24 M-TRAN II Japan, AIST, TiTech [48] 2003
25  S-BOT (Swarm-bots) Switzerland, EPFL, IDSIA, Belgium, CENOLI, IRIDIA, Italy, CNR [17] 2003
26  Atron Denmark, USD [13,77] 2004
27  Random Parts USA, MIT [78,11] 2004
28  Stochastic USA, Cornell U. [10,79] 2004
29  Catom, Programmable matter, Claytronics USA, CMU, Intel Research P. [80-82] 2005
30 HYDRA, Hydron Switzerland, UnivZ, USD, U. Of Edinburgh England [83] 2005
31  Programmable Parts USA, U. of Washington [84] 2005
32 Slimebeot Japan, Nagoya U., Tohoku U. [85,86] 2005
33  Stochastic-3D USA, Lockheed Martin C., Cornell U. [79] 2005
34  AMAS Japan, TiTech [87,88] 2006
35  Deformatron Denmark, USD [89] 2006
36  Superbot USA, USC [14] 2006
37 Y1 Modules Spain, UAM [90] 2006
38  YaMoR Switzerland, EPFL [91,15] 2006
39  Amoeba-I Japan, Hokkaido U. [92] 2007
40  CHOBIE I Japan, TiTech [93] 2007
41 Miche, Michelangelo USA, MIT [47] 2007
42 Molecube USA, Cornell U. [32,94] 2007
43  Molecubes open-source USA, Cornell U. [95,22] 2007
44  Shady 3D USA, MIT [24,96] 2007
45  TETwalker, ANTS USA, U. of Kansas [97] 2007
46  Tribolon Switzerland, UnivZ, Denmark, USD [20] 2007
47  XBot USA, Penn [98,99] 2007
48  ckBot USA, Penn, FAMU, FSU [100] 2008
49  Em-cube Republic of Korea, DCS lab [101] 2008
50  GZ-1Modules Germany, U. of Hamburg, Spain, UAM, China, ZUT [102] 2008
51  M-TRAN III Japan, AIST, U. of Tsukuba, TiTech [16] 2008
52 MinDART USA, U. of Minnesota [103] 2008
53  Morpho USA, Harvard, MIT [104] 2008
54  0din Denmark, USD [8] 2008
55  Symbrion Germany, U. of Stuttgart [105] 2008
56  Raupi Germany, [imenau TU [106] 2009
57 Roombots Switzerland, EPFL [107,41] 2009
58  Ubet China, HIT [108] 2009
59  Actuated Responsive Truss Canada, U. of Toronto [109] 2010
60  Factory Floor USA, Penn [110] 2010
61 iMobot USA, U. of California [111] 2010
62  Kilobot USA, Harvard U. [112] 2010
63  Modular-Expanding Robots USA, Franklin W. Olin CoE, Harvard U. [113] 2010
64  Pebbles USA, MIT [114] 2010
65  Sambot China, Beihang University [115] 2010

66  Thor modular robot Denmark, USD [116] 2010
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Table A.2 (continued)
Unit affiliation, Country Reference Year
67  Vacuubes USA, Cornell U., Denmark, USD [117] 2010
68 HitMSR II China, HIT [118] 2011
70  ModRED USA, UNL, UNO [119] 2012
71  Smart Blocks France, U. de Franche-Compte, Germany, llmenau U. Of Technology [120] 2012
72  SMORES Australia, U. of South Wales, USA, Penn [121] 2012
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