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Abstract. In modular robots, the shape of the building blocks (robotic
modules) greatly influences the end result. By changing the physical
properties of the module, different robotic structures with better per-
formance for a given task can be found. In this paper, we modify the
modules of a modular robot platform, the EMERGE modular robot, in
two different ways: changing the length of the module and changing the
shape of the starting module (base). We use artificial evolution to op-
timize robots for a locomotion task using each different module length
and base, and also evolve robots with combinations of modules of dif-
ferent length. Results show that, as the length of the module increases,
the best robots obtained use fewer modules and fewer connections per
module. However, the increase in length results also in a decrease in lo-
comotion performance for large length increases. Interestingly, very few
of the best robots found show symmetric structures, which can be at-
tributed to their tendency to roll over as their main means of locomotion.
Modular robot designers can use the information about the effectiveness
of modules with different lengths, and the use of different starting bases,
to reach trade-offs between the desired number of modules in a robot
and their effectiveness for a given task.

Keywords: Modular robots · Evolutionary algorithms · Design opti-
mization.

1 Introduction

In physical structures, the shape of the building blocks greatly influences the end
result. Therefore, the design of the building blocks should be carefully optimized.
However, there are many areas where these building blocks are difficult to analyse
in isolation, that is, when they are not part of an structure. This is the case of
modular robots.

Robots are usually designed and built for a specific task, normally without
reusing components developed for other kind of robots. In contrast with this
approach, modular robots are built by connecting reusable robotic units, called
modules, together. Modules are autonomous and encapsulate functionality (sen-
sors, actuation, computational resources and energy).

Over the last decades, multiple modular robot designs have been proposed
[22, 26, 8]. Modular robot systems have been demonstrated for locomotion and
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manipulation tasks and studied for their use in space exploration, among other
tasks. In most modular robot works, an engineer decides the configuration of
the robot for a task, given a module design, and then focus on how to control
and coordinate individual modules, usually by using gait tables [27], hormone-
inspired methods [19] or central pattern generators [11].

Some works have addressed the problem of enumerating all the different
configurations that can be generated by using a module design [21]. However,
knowing how many configurations are possible does not shed light on their per-
formance for a specific task. Artificial evolution has been proposed as a method
to find suitable combinations of morphologies and controllers for different tasks
[22].

The simultaneous evolution of morphology and control was first proposed by
Karl Sims [20]. In his work he evolves morphologies and controllers for virtual
creatures which, however, are very difficult to be built physically. Similar tech-
niques have been applied to modular robots [13, 6, 9, 7, 23], with the advantage
being that designed robots can be easily built by joining modules together.

In this paper, we address how can we optimize robotic modules to maximize
the performance of modular robots for a given task and how the different types
of modules give way to different robotic structures that have advantages and dis-
advantages when solving the task at hand. We will focus on changing modules
in two different ways: (1) changing the length of the module and (2) changing
the shape of the starting (base) module. Two bases will be tested: a cuboid base,
similar in size to a normal length module, and a bigger and heavier flat base. A
test with robots that combine modules with different lengths is also performed.
Changing the length of the module allows the module to perform wider move-
ments while reducing the strength of that movement. Therefore, selecting the
length of the module imposes a trade-off that is worth studying.

Similar questions have been studied before. In [14], Miras et al. studied how
codification of the morphology of a modular robot (direct encoding or gener-
ative encoding) influences the morphological features of evolved robots. Their
results indicate that there are no differences in the diversity of morphological
features of the resulting robots when using either encoding. Additionally, Liu et
al. [12] researched how the number of faces in the module influences the resulting
evolved morphology for a given task. The results showed that a lower number of
connection faces could help the evolutionary algorithm to get better results as
long as the faces removed are chosen carefully.

This paper is organized as follows: Section 2 describes the methodology, in-
cluding brief descriptions of the modular robot prototype and the evolutionary
framework used. Section 3 describes the experimental setup and section 4 de-
tails the tests results. The paper follows with a discussion of the results and a
conclusion.
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Fig. 1. EMERGE Module: The magnetic connections in their faces allows a quick
assembly of the modules to build a robot, which is useful to test evolved morphologies
and controllers.

2 Methodology

The methodology employed makes use of the EDHMOR system which is an evo-
lutionary framework specifically designed to evolve morphologies and controllers
for modular robots. In this paper, we evolve robots from modified versions of the
EMERGE modular robot prototype. This section describes both of these tools.

2.1 EMERGE Modules

The EMERGE (Easy Modular Embodied Robot Generator) modular robot is a
robotic platform designed to be easy to build, maintain and modify [16]. This
enables us to quickly assemble morphologies, be it using homogeneous modules
[15] or heterogeneous modules [12].

Each module has only one hinge, comprised of a servo motor attached to a
pair of brackets, and resembles a small cube. Attached to the brackets are PCBs
(Printed Circuit Boards) and 3D printed mating magnetic connector faces. A
male connector has protrusions that match holes in three female connectors. The
connector assembly maintains mechanical and electrical connections between any
two modules (Figure 1). Magnetic connectors provide a quick and practical way
of assembling evolved robot morphologies and controllers. The simple design of
the module also allows for an uncomplicated simulation model (See table 1),
which can be easily modified for the purposes of this work.

2.2 EDHMOR

The Evolutionary Designer of Heterogeneous Modular Robots (EDHMOR) [7]
has been selected as the evolutionary framework to evolve the robotic structures
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in this work. It is based on the Java Evolutionary Algorithm Framework (JEAF)
[4], but specifically designed to evolve modular robots.

EDHMOR generates a direct encoding that represents the modular robot
and its controller. Specifically designed mutation operators are applied to indi-
vidual robot solutions. After an initial population of robots has been generated,
EDHMOR performs the following phases in a loop, until the stop criteria is met:

1. Growing phase: Add a module in a random position.
2. Morphological adaptation phase: Change some of the connections of the

robot (the place a module is attached to or its orientation).
3. Control adaptation phase: Change some of the control parameters.
4. Pruning phase: Remove all the modules that do not contribute to the fitness
5. Replacement phase: Remove the worst N individuals and replace them with

N/2 random individuals and N/2 variations of the best individuals of the
population after applying a symmetry mutation.

In all these phases, the resulting individual only replaces its parent if it can
beat the parent fitness, except in the growing phase. This means that the growing
phase always adds modules, even if the fitness gets worse. This is done to protect
innovations and give them some time to be tested and adapt (morphological and
control adaptation phase) before the pruning phase. For a more detailed expla-
nation of EDHMOR, see [7]. The EDHMOR system can be adapted to different
kind of modules and it has already been used in conjunction with EMERGE
modules before [12].

3 Experimental Setup

Using the EDHMOR framework, robots are evolved for a locomotion task. The
algorithm is configured to use 2 growing phases, 2 morphological adaptation
phases, 1 control adaptation phase and 2 pruning phases. Each growing and
morphological adaptation phases test 3 different individual variations, while the
control adaptation phase tests 10 individual variations for each mutation. A
population of 40 individuals is used and 10 robots are replaced in the replacement
phase.

Robot morphologies, the number and way in which modules are connected to
each other, are encoded using a tree style encoding genotype. The genotype also
includes information about the movements of the individual modules: each mod-
ule joint position (pos) is controlled using a sinusoidal generator as in equation
1.

pos = α ·Amax · sin(ω · Vmax · t+ ϕ) (1)

Where α, the amplitude ([0, 1]), ω, the angular velocity ([0, 1]) and ϕ, the
phase shift ([0, 2π)), are control parameters encoded in the individual’s chro-
mosome. The quantities Amax and Vmax are fixed and based on the module
properties, and t is the simulation time. Individual robot solutions are tested by
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Table 1. Different properties of all the modules employed in these work: EMERGE
modules, starting with their original size (1xL) and up to 8 times longer (8xL), and
two different types of bases, a cuboid base and a flat base, are shown. All EMERGE
modules have the same motor and both bases are passive. The cuboid has connectors in
all faces except for the upper face (+Z) and the flat base has four connectors pointing
in all outward directions at each corner.

1xL 1.25xL 1.5xL 1.75xL 2xL 4xL 8xL
cuboid
base

flat
base

Length (mm) 77 86.6 96.2 105.9 115.5 192.5 346.5 55(x3) 270/55
Weight (g) 165 174 183 192 201 275 420 100 250
Connection
faces

4 5 16

Torque (Nm) 1.5 - -

placing them in the center of a simulated flat surface environment and allowing
them to move for about 20 seconds. Simulation is carried out in the V-REP
simulator [17]. Modules are connected to each other in simulation by using a
special element in V-REP called force sensors, these allow modules to break if
affected by a force or torque that exceeds a certain value. Using force sensors,
individual robots can break, however, they are not penalized for this. Instead,
the fitness associated to each evaluation is calculated as the final position of the
robot (center of mass) measured in a straight line, in the (x,y) plane, from the
position of the robot at t = 2.5s (Equation 2). This starting time guarantees
that the transitory effects at the beginning of the movement are not taken into
account as all the robots are placed with at least one module in contact with
the floor, but can fall if they are not stable.

F = d((xfinal, yfinal), (xt=2.5, yt=2.5)) (2)

3.1 Modifying module length

For the different tests performed, the distance between the motor axle and the
male face of the EMERGE module is varied by adding a extension to the base
of the motor (Table 1). Each different module type portrays a different distance,
or length, from the motor to the male face: Starting with their original length
(1xL), modules are extended to have 1.25, 1.5, 1.75, 2, 4 and 8 times (8xL)
the original module length. In this way, the effect of the added length can be
measured for small changes (1.25xL, 1.5xL, 1.75xL, 2xL) and for extreme values
(4xL and 8xL). In the real world, the extension can also be added to the module
by means of a part attached between the male face and the base of the motor.

The increase in length also implies an increase in the overall weight of the
module and changes the weight distribution, which in turn makes bigger forces
and torques appear in the module connectors, possibly increasing the number
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of disconnections. The central motor is also required to use bigger torque values
when lifting a chain of modules, reducing the overall strength of the robot.

3.2 Different starting base modules

Tests are also performed using two different types of base modules as the first
building block for each robot: A cuboid base and a flat base (Table 1). The
main difference between both bases is their size: the cuboid base is similar in
dimensions and weight to a normal EMERGE module while the flat base is
bigger and heavier, the number of connectors each base has is also different: the
cuboid base has 5 connectors and the flat base has 16 connectors.

Using these two bases, robots are evolved using only one type of module at
the same time and results are compared to determine whether there is a differ-
ence through various measures: fitness obtained by the best individuals, which
provides an estimate of locomotion performance, number of modules and average
number of connections per module, which provide a look into the shape of the
robot, and number of broken connections (See section 4). A final evolutionary
run is performed for each base, combining modules of all different types. Evolu-
tionary runs are repeated 20 times and configured to perform a total of 25000
fitness evaluations.

4 Results

As mentioned in the last section, the increase in module dimensions strains the
module motor and connections. Bigger forces and torques lead to a decrease in
the fitness of the best individuals obtained as length is increased, which can
be seen on figure 2. This effect can also be seen in figure 3, in which the best
individual fitnesses at the end of each evolutionary run are grouped in box-plots.

The fitness of the best individuals for modules of length 1xL, 1.25xL, 1.5xL,
1.75xL, 2xL and combined module robots (1-8xL) are very similar to each other,
whereas fitness of individuals using modules of length 4xL an 8xL are statisti-
cally significantly different from other lengths and present a sharp decrease of
fitness (p = 2.33e−12 in the case of figure 3a and p = 9.87e−12 in the case of fig-
ure 3b). In the cuboid base case, modules of length 2xL and 1.75xL also present
a statistically significant difference (p = 2.22e−2). Statistically significant differ-
ences for these and subsequent comparisons, are tested using a Kruskal-Wallis
non parametric test for multiple samples, and pairwise statistically significant
differences are verified using a post-hoc Mann-Whitney-Wilcoxon test.

The number of modules also shows a sharp decrease as the length of the
module goes over 2 times the length (2xL) of the original (See figure 4) for the
best individuals of each evolutionary run. In this case, robots using combinations
of modules of different length (1-8xL) also have a lower measure than robots built
with modules of length below 2xL. The number of modules present a statistically
significant difference between robots built using modules of length 1xL and 2xL,
between modules of length 4xL, 8xL and all other lengths, and between combined
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(a) (b)

Fig. 2. Evolution of the best individuals fitness for (a) a cuboid base, (b) a flat base.
For the sake of clarity, only evolution plots corresponding to robots with modules of
lengths 1xL, 2xL, 4xL and 8xL are shown in each graph, the plots corresponding to
robots with modules of lengths 1.25xL, 1.5xL and 1.75xL overlap with 1xL.
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Fig. 3. Fitness obtained by the best individuals at the end of each evolutionary run,
when using (a) a cuboid base, (b) a flat base. Fitness values for robots with com-
bined modules (1-8) are similar to those of robots built with modules of lengths below
2xL. Stars indicate the level of statistical significance: * p < 0.05,**p < 0.01,***p <
0.001,****p < 0.0001.
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Fig. 4. Number of modules of the best individuals at the end of each evolutionary
run, when using (a) a cuboid base, (b) a flat base. The number of modules decreases
sharply for extreme length values (4xL and 8xL) as well as for robots with combined
modules (1-8xL). Stars indicate the level of statistical significance: * p < 0.05,**p <
0.01,***p < 0.001,****p < 0.0001.

module robots (1-8xL) and robots with modules below 1.75xL (p = 9.05e−15)
for the cuboid base. For the flat base, statistically significant differences also
arise between robots built using modules of lengths 4xL and 8xL and robots
built with modules of length below 2xL, and between combined module robots
(1-8xL) and robots built with modules of length below 2xL (p = 6.43e−16)).

A similar phenomenon appears for the average number of connections per
module (See figures 5): Robots built with modules of length 1xL, 1.25xL, 1.5xL
and 1.75xL show similar average number of connections per module and there is
a decrease in this measure for robots built using modules of length 2xL, 4xL, 8xL
and 1-8xL, in the case of the cuboid base. In the case of the flat base, robots built
using modules of length 1xL, 1.25xL, 1.5xL, 1.75xL and 2xL present a similar
behavior, while robots built using modules of length 4xL, 8xL and 1-8xL show a
decrease. Statistically significant differences reappear between robots built using
modules of length 1xL and 2xL and between robots built using modules of length
4xL, 8xL, 1-8xL and robots built using modules of length below 1.75xL(p =
8.88e−13) for the cuboid base, and between modules of length 4xL, 8xL, 1-8xL
and robots built modules of length below 2xL (p = 6.43e−16) for the flat base.

These two measures indicate that robots tend to maintain a small form fac-
tor by using less modules and less connections per modules as module length
increases. This leads to robots that resemble long chains more and more and
can be seen in figures 7 and 8. Robots built using a combination of modules of
different length also show this behavior, although less pronounced, as can also
be seen on figures 4 and 5. The increase in connector strain also leads to more
broken connections as module length increases. When using the cuboid base and
lengths 1xL to 2xL, most of the best individuals obtained in each evolutionary
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Fig. 5. Average connections per module of the best individuals at the end of each
evolutionary run, when using (a) a cuboid base, (b) a flat base. The average number of
connections per module decreases sharply for extreme length values (4xL and 8xL) as
well as for robots with combined modules (1-8xL). Stars indicate the level of statistical
significance: * p < 0.05,**p < 0.01,***p < 0.001,****p < 0.0001.

run did not break connections, by contrast, the majority of the best individuals
of lengths 4xL and 8xL broke at least 1 connection. In the case of using the flat
base, most of the best individuals using lengths 1xL to 1.75xL did not break
connections, while the majority of the best individuals of lengths 2xL to 8xL
broke at least one connection, with some 8xL individuals breaking up to three
connections. When mixing modules of different lengths, most of the best indi-
viduals tested did not break connections when using the cuboid base, and most
of the individuals using the flat base broke at least 1 connection. The number of
broken connections presents a statistically significant difference between groups
in the case of both starting bases (p = 6.75e−20 cuboid base and p = 7.58e−20

flat base).

The type of base also influences the final number of modules and number of
connections that the evolutionary algorithm finds. A direct comparison of these
measures between base types can be seen on figure 6. A statistically significant
difference is found between the number of modules that robots evolved with the
cuboid base end up with and the number of modules that robots evolved with
the flat base have at the end of the run (p = 3.1e−4), a statistically significant
difference can also be found in the case of the average number of connections per
module (p = 3.1e−4). In both measures, the flat base presents the lower values,
something that can be attributed to robots trying to maintain a small shape
given the bigger dimensions of the flat base. In these figures is also noticeable
the sharp drop in the number of modules, and connections per module when
module length exceeds 2 times the original value.

In all of the best robot obtained, mainly two types of movement arise: a
rolling movement in which the whole robot structure rolls over, taking advantage
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Fig. 6. Comparison of (a) the number of modules and (b) the average connections
per module of the best individuals at the end of each evolutionary run, when using a
cuboid base and a flat base. The smaller number of modules and average connections
per module in the flat base case can be attributed to robots trying to maintain a small
shape given the bigger dimensions of the base.

of the small shape in the case of robots made of modules of lengths below 2xL or
the thin shape in the case of robots with modules of lengths 4xL and 8xL, and
an oscillatory movement in which part of the structure oscillates or tumbles to
generate traction, this last movement type can be seen specially in robots built
using the flat base as a starting point. Examples of this movements can be seen
on figures 7 and 8. A third type of movement is also observed, in which some
parts of the structure move almost independently, in a fashion similar to wheels,
while the rest remains somewhat stable.

5 Discussion

Evolving modular robots with different module lengths sheds lights on the influ-
ence of module dimensions on the final performance of the robots obtained. This
is beneficial from the point of view of modular robot designers since they can
explore the limitations and advantages that each type of module offers. Further-
more, using easy to build modules of predefined lengths provides an easier and
quicker alternative to approaches in which modular robots have to be fabricated
from scratch [2]. In this case, results clearly show a drop in the performance of the
best robots as length goes past 2xL with both bases (Figures 3 and 6), but also
a decrease in the number of modules used. This means the designer can choose
for module designs that produce robots with fewer modules at the cost of losing
some performance in the locomotion task. Interestingly, the module lengths at
which evolved robots show the best performance (115.5 mm and below) roughly
match with human designed module dimensions, which usually reach between
100 and 150mm of length [3], with a tendency to use smaller dimensions in the
latest prototypes [5].However, a direct comparison with human designed lengths
must take into account the maximum torque of the chosen actuator and the
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1xL

2xL

4xL

8xL

Fig. 7. Examples of the movement of some of the best robots obtained for each module
length with the cuboid base. Each row shows a different robot. Robots with longer mod-
ules tend to have fewer modules and module connections, which make them resemble
a long chain.
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1xL

2xL

4xL

8xL

Fig. 8. Examples of the movement of some of the best robots obtained for each module
length with the flat base. Each row shows a different robot. Robots with longer modules
tend to have fewer modules and module connections, which make them resemble a long
chain.
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strength of the module connectors. Furthermore, results show that evolution is
also able to find robots with good locomotion performance, and fewer modules
than if they used only one length, in the case of evolving robots that mix dif-
ferent lengths. This is similar to the results in [1], in which robots evolved using
modules of mixed sizes are also able to perform a locomotion task. Thus making
evolution a good automatic aid when selecting among module designs.

The decrease in the number of modules and module connections can be at-
tributed to the increase in weight: As the forces exerted on the module con-
nectors increase and the maximum torque of the motor remains constant for
bigger module lengths, moving the weight of more modules becomes less advan-
tageous for the locomotion task defined. This loss in strength due to an increase
in the number of modules is characteristic of modular robots [18, 1]. And this
helps maintain a small form factor (fewer modules with fewer connections per
module as the length of the module increases, see figure 6) of the best robots
found throughout all module lengths. It also leads to more broken connections
in robot evaluations. The decrease in the number of modules and the average
connections per module is even more visible for robots using the flat base. As
this base is heavier, robots tend to have fewer modules to be able to move with
the extra weight. This is also seen on morphologies found in [10], in which a set
of predefined parts containing a big core component is used to build robots.

Velde et al. [24], also in a locomotion experiment, found a correlation between
the maximum fitness and the average symmetry of a population of modular
robots. Surprisingly, very few of the best robots found have symmetric properties
in our results, despite the evolutionary algorithm using symmetry operators as
in the original EDMHOR work [7]. Nevertheless, symmetric structures were only
found in [7] when robots were tested in environments with rough terrains or while
they were made to carry loads. A rolling non-symmetric structure is probably a
more efficient way of locomotion in flat terrains. Similar experiments in rough
terrains are needed to determine whether symmetry would appear in the robots
used in here. Finally, this work concentrates only on modules with fixed shape,
but there are also modules that can change shape, for example soft modular
robots [25]. Checking the validity of the results presented here with this kind of
modules is still pending.

6 Conclusions and Future Work

In this work, we present a way of optimizing robotic modules to maximize the
performance of modular robots for a locomotion task. Different types of modules
give way to different robotic structures that have advantages and disadvantages
when solving the task at hand. We focused on changing modules in two different
ways: (1) changing the length of the module and (2) changing the shape of the
base module. Two bases are available: a cuboid base, similar in size to a normal
module, and a bigger and heavier flat base. An evolutionary run with robots
that combine modules of different lengths is also performed.
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Changing the length of the module, in this case enlarging it, implies an in-
crease not only in the range of its movements but also in its overall weight, which
reduces the effective force of the module actuator. This reduction in the strength
of the module movements results in a decrease in the number of modules and
average connections per module in the best robots found, and an increase in the
number of broken connections, as the length of the module increases (Figures 6).
Consequently, resulting robots tend to have similar sizes across module lengths
and robots become thinner (resembling long chains) as module length increases
(Figures 7 and 8). The strength reduction even makes robots with big module
lengths (4xL, 8xL) less effective in the locomotion task compared to their shorter
counterparts (Figures 2 and 3).

Furthermore, the shape of the base module, used as a starting point for
the robot, also influences the morphological configuration of the best robots
obtained. As the flat base is heavier and bigger than the cuboid base, robots
using the former are inclined to use fewer modules than robots using the latter
one (Figure 6). Additionally, although robots combining modules of different
lengths also present the same reduction in strength, they are able to achieve
fitness values on par with robots built using modules between 1xL and 2xL
(Figure 3). Future work includes further testing of evolution as an automatic aid
for the modular robot designer to select among module designs with different
advantages and disadvantages for a given task.

Interestingly, very few of the best robots found show symmetric structures.
This can be attributed to the tendency of resulting robots to produce rolling
movements, which may be more efficient in flat terrains. Experiments in different
kinds of terrains must be performed in future works to study when symmetry
could be an advantage.

As a final conclusion, modular robot designers can use the information about
the effectiveness of modules with different length, and the use of different starting
bases, presented in this work to strike trade-offs between the desired number of
modules in a robot and their effectiveness for a given task. Future work will
focus on other module properties, like motor strength or movement speed, for
different tasks.
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