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Abstract—Passive joints provide a means to reduce the mechanical complexity of a robot because they do not require
direct actuation from a motor. However, the inclusion of such
components complicates the design process, as their behavior
is highly dependent on external stimuli in combination with
actuation of other robot components. In this paper, we describe
a study on the coevolution of morphological characteristics and
controller parameters for an amphibious robot with passive arm
joints. Results show that this approach is able to exploit the
properties of passive joints to produce effective locomotion in
both aquatic and terrestrial environments. Evolved solutions
demonstrated a strong coupling between fin morphology and
control strategy with respect to performance.

I.

I NTRODUCTION

Natural organisms exhibit an astounding array of functionality via complex interactions among muscles, bones and
nerves. Primary movement is typically produced through
muscles guided by the nervous system, but often passive
parts of morphology (such as fins, feathers and webbed feet)
enhance these movements. Passive components can increase
performance in robots, by emulating capabilities found in
biological organisms. For example, a passive flexible caudal
fin (tail) has been shown to produce more thrust than a
rigid fin when oscillated at the appropriate frequency [1].
Moreover, integrating passive components reduces the number
of actuators, and correspondingly the mechanical complexity,
needed by the system, which is particularly important in small
robots.
Despite these advantages, the introduction of passive components into the robot poses numerous challenges in the design
of embedded computer systems that can effectively control
such robots. Because the joints are not directly actuated, any
control strategy must incorporate the movement characteristics
of the passive materials as a component of the overall system.
Our approach is to combine evolutionary computation with
efficient methods for modeling materials and their interaction with the environment. Whereas evolutionary computation
guides the search process, computationally efficient models determine how constituent materials behave when acted upon by
forces, enabling accurate evaluation of the robot in simulation.
This approach, coupled with 3D printing for rapid prototyping
of robots with passive capabilities, provides us with an opportunity to begin to bridge the gap between artificial and natural
systems in terms of agility and maneuverability.
In this paper, we present an evolutionary approach to
discovering effective combinations of morphology and control

for an amphibious robot with passive arm joints. Candidate
solutions are evaluated using a rigid body physics simulation
environment with successive generations created through a
process of selection, mutation and crossover. Each evolved
solution comprises a body plan and two controllers, one for
crawling on a flat surface and another for swimming in water.
This two-controller approach exploits the ability to change
control patterns between different environments, whereas the
morphology of a robot is fixed after fabrication.
The contributions of this paper are as follows. First, we
demonstrate evolved solutions that harness the properties of
passive joints to move effectively in both the terrestrial and
aquatic environments. The passive joints become an integral
part of locomotion for the individuals. Second, we show
that the coevolutionary process finds solutions whose control
and morphology are highly intertwined, demonstrating the
importance of exploring both facets together. We fabricated
the best evolved solution using a multi-material 3D printer
and have conducted preliminary experiments with it on an
evolutionary robotics testbed.
The remainder of this paper is organized as follows.
Section II presents related work. Methods are discussed in
Section III, and experimental results are presented in Section IV. Key aspects of the study are discussed in Section V,
and conclusions are presented in Section VI.
II.

R ELATED W ORK

Over the past 15 years, extensive progress has been made
in several aspects of evolutionary robotics [2]–[8]. A variety of
approaches have yielded controllers adapted to tasks, including
evolution of neurocontrollers for walking [9]–[17], grasping
an object [18], control of finless rockets [19], swimming [1],
[8], station keeping [20], and complex behaviors such as
foraging and game playing [7], [21]–[29]. While many studies
focus on evolving controllers for fixed morphologies [2], [3],
[5]–[7], [30]–[34], several recent investigations have addressed
the evolution of morphology [8], [35]–[38], and even the coevolution of morphology and control [13], [15], [33], [39]–
[42]. Brain-body approaches have proven successful in a broad
range of problems from the development of a catapult [43],
locomotion [40], [44], and object manipulation [33]. Coevolutionary approaches are particularly well suited to problems
where solutions involve complex interactions among sensors,
actuators, control, active and passive physical components, and
the surrounding environment. However, the co-evolution of

controllers and morphologies for robots with passive components, addressed in this paper, is a relatively new area of
study [37].
A major hurdle to any simulation-developed solution is
how well it transfers into a physical robot. A so-called “realitygap” arises when solutions that appear to work well in a
simulated environment face issues in a physical environment
that were either unforeseen or incorrectly modeled [3], [42],
[45]. Approaches to addressing this problem include evolving
the simulator in conjunction with a robot [46] and directly
rewarding solutions for performing similarly in reality and
simulation [42]. In the latter approach, only solutions that have
a high transferability (a low disparity between simulation and
reality) are deemed highly fit. The introduction of flexible materials and passive properties into the robot design potentially
widens the reality gap, as the material properties and how they
are affected by actuators, need to be captured accurately in
simulation. The study described in this paper addresses this
problem in the context of amphibious robots.
III.

and fin locks at vertical on the power stroke, providing a larger
surface area for swimming or acting as a leg to lift the body
off of the ground for crawling. As the arms move forward
on the recovery stroke, the fin collapses backward, reducing
drag. Since the passive joint does not require a dedicated
motor, it reduces both the power requirements imposed on
the robot as well as the complexity of the physical design.
Instead, the passive joint moves with a combination of gravity
or hydrodynamic drag in concert with the actuated arms driven
by a motor at the base of each arm. Hence, complexity is
shifted to the controller, which (along with the dimensions and
characteristics of the arms and fins) is the focus of optimization
during the evolutionary process.

M ETHODS

This study focuses on developing a robot whose passive
joints not only reduce motor requirements but also enhance
performance. Many aspects of the robot (dimensions, materials, controller parameters) are evolved, as described later,
while others (for example, mechanical components) systems
are designed. The following sections describe the specifics
of the robot, the simulation model, the evolutionary approach
used, and the fabrication of the physical model.
A. Robot Overview
The robot used in this study features a main body and two
arms placed to each side at the front; a simulation model is
shown in Figure 1. Battery, controller, and motors are assumed
to be contained within the main body, with the arms connected
directly to the motors.

Fig. 2. CAD model of the passive hingejoint used in the fin structure. The
arm can be seen extending from the body and is waterproofed by a flexible
gasket. The arm attaches to the fin in a passive manner allowing the fin to
move according to the forces acting upon it.

Control of the arms is governed by a sinusoidal input with
parameters related to joint limits and the speed of oscillation.
The control parameters are optimized through the evolutionary
process and are executed by a controller that moves both limbs
synchronously. An individual robot also has two controllers,
one for each environment.
B. Treatments and Evaluation
Three evolutionary treatments were conducted. In Treatments 1 and 2, respectively, simulated robots evolved in a
terrestrial or an aquatic environment. These single environment
treatments served as benchmarks for comparison of solutions
evolved in Treatment 3, where evolved robots were evaluated
in both environments. Evaluation of each candidate solution
was based on the total distance traveled forward in 10 seconds
of simulated time.

Fig. 1. Simulation model of the robot used in this study. The arms move
in a sweeping motion pivoting at the top of the fins through a passive hinge
joint.

Each arm features a passive, hinge joint between the arm
and flipper, as illustrated in Figure 2, enabling locomotion in
both terrestrial and aquatic environments. The arms function
similarly to the pectoral fins of fish and move in a sweeping
motion from the front to back. The passive joint between arm

The two evaluation environments were built atop the Open
Dynamics Engine (ODE) [47], a three-dimensional real-time
physics simulation engine. ODE accounts for physical conditions such as friction and gravity, as well as handling of
collisions. The terrestrial environment emphasizes parameters
relevant to locomotion across a flat surface, such as a sidewalk
or tabletop. In the aquatic environment, forces are required
to account for the propulsion component of the fins and the
hydrodynamic drag on the robot components during forward
movement. Hydrodynamic forces were simulated using two
principal components. First, the drag force on the front fact of
the main body and arms was calculated using the standard drag

equation. Similarly, the propulsive force was also calculated
using the drag equation with the propulsion applied to each
fin as it moved throughout the simulated fluid.

F itness = [4 − (2 − aqua dist) − (2 − terr dist)]2 , (1)

C. Evolutionary Process
Populations comprised 250 individuals and were evolved
for a total of 400 generations. Each treatment was conducted
using 20 replicate runs in order to produce statistically significant results. The initial population was seeded with individuals containing randomly generated genomes for the different
parameters. At each generation, the individual solutions were
evaluated in the simulator, and the next generation was formed
based on a two phase selection process. Elitism was used
to maintain the best performing solution across generations.
Remaining parent solutions were selected using a tournament
selection process to fill out the parent solutions for the next
generation with a tournament size of 3. New individuals were
created using single point crossover with a probability of 25%
or through mutation with a 30% chance to alter a gene in a
genome.
1) Genome: Each genome consists of 11 real-valued parameters, listed in Table I. Practical constraints are also placed
on certain genes such that the simulated robot is more readily
transferable into physical designs. For example, fin width is
allowed to range between 1 and 3 centimeters, while also
being constrained to being only as wide as the overall arm
width. Other intergene constraints impose restrictions on the
total width of the robot body and arms as well as to keep the
limits of joint oscillation from crossing the high and low limits
of a servo motor.
TABLE I.

2) Fitness: In Treatments 1 and 2, fitness is defined simply
as the forward movement in 10 seconds of simulation time. For
Treatment 3, fitness is a function of performance in the two
environments, as defined by Equation 1:

where aqua dist represents the normalized distance travelled
in the aquatic environment and terr dist represents the normalized distance travelled in the terrestrial environment. The
maximum fitness possible under this scheme is 16 and the minimum possible is 0. This fitness function places an emphasis
on individual solutions that perform well in both environments.
D. Prototype Fabrication
Taking the best evolved solution from Treatment 3 as a
model, a prototype robot was fabricated using an Objet Connex
350 multi-material 3D printer. The prototype is shown in
Figure 3. The controller was implemented using an Arduino
micro-controller with servo motors actuating the arms. This
physical model was used to validate the results of evolution
and identify any differences in movement characteristics and
performance when transferring from simulation to reality.

I NDIVIDUAL G ENE L IMITS

Parameter
Lower Fin Height
Lower Fin Width
Body Width
Arm Width
Arm Friction
Osc. Freq. Land
High Limit Land
Low Limit Land
Osc. Freq. Water
High Limit Water
Low Limit Water

Min. Value
1cm
1cm
4.5cm
1cm
0.7
.25Hz
-70 ◦
-70 ◦
.25Hz
-70 ◦
-70 ◦

Max Value
5cm
3cm
7.5cm
5cm
1.0
1Hz
70 ◦
70 ◦
1Hz
70 ◦
70 ◦

Under this encoding scheme, the morphological parameters, except for fin friction, which is primarily used in the
terrestrial environment, are subject to competing environmental
pressures. Over the course of evolution, parameters relating
to the robot morphology reach values that allow the robot to
move in both environments. The control parameters, oscillation
frequency and joint limits, are specific to each environment.
High and low joint limits were incorporated into the controller
to evaluate different ranges of motion. In this way, a controller can define the range of movement, within the physical
constraints of the motor, to use in locomotion. This approach
produces a robot whose morphology is adapted for movement
in both environments, but with controllers specifically adapted
to each environment and its morphology.

Fig. 3. 3D printed robot of the best performing solution in this study. The
passive hinge joint can be seen between the arm and fin. The fins collapse
backwards as the arms move forward allowing the robot to move in both
terrestrial and aquatic environments.

IV.

E XPERIMENTS

The following sections describe the results of the three
individual treatments, followed by a discussion of differences
among them.
A. Treatment 1 - Terrestrial Environment Only
In a terrestrial environment, the primary challenge faced
by any robot is how to move the body efficiently. Doing
so generally involves minimizing the contact area with the
ground. Not surprisingly, Treatment 1 arrived at solutions with
fins that were significantly taller than the main body in 19
of the 20 replicate runs. An evolved individual, shown in
Figure 4(a), lifted the body off of the surface and rocked
forwards as the arms moved towards the rear of the body. This
gait allowed the individual to move forward at a relatively rapid
pace. Furthermore, the main body evolved to its narrowest
allowable value, while the fin friction evolved to be near its
maximum value. Evolved controllers tended to move the arms
near the fastest allowable frequency while also favoring the

largest range of motion. The greater range of motion allowed
the robot to keep its body off of the ground for a longer period
during the rocking gait, increasing the distance travelled during
a simulation.

vertical position during the power stroke. Bodies of individuals
in this treatment evolved toward the narrowest allowed value,
even more so than Treatment 1, in order to minimize drag.
Unlike Treatment 1, however, the oscillation frequency of the
evolved controllers exhibited more variation, apparently tied to
the different fin height values observed in this treatment. This
relationship is discussed later in this section.

C. Treatment 3 - Amphibious Environments
Treatment 3 produced morphologies and controllers that
performed well in both environments, specifically, fins that
are tall enough to propel the robot forward in the terrestrial
environment while also being effective swimmers. However,
the gaits in the terrestrial environment were characteristically
different than those from Treatment 1. Due to shorter fins,
which were better for swimming, the terrestrial gait resembled
a sliding motion, where the fins were able to lift the body
slightly off the ground, dragging the body instead of lifting
it. In terms of swimming, the evolved solutions solutions
reached approximately 75% of the average distance traveled
by solutions in Treatment 2. Figure 4(c) shows the dominant
morphology that emerged in this Treatment. In comparision
to the first two treatments, the evolved fin widths that were
approximately 66% as wide, further indicating a likely compromise between fin height and width.
D. Fitness Evaluation

Fig. 4.
The three different morphologies that evolved in the different
treatments. Subfigure (a) represents the dominant morphology that emerged
in Treatment 1, note the tall pectoral fins. The dominant morphology for
Treatment 2 is presented in (b) and is characterized by shorter pectoral fins.
The morphology that emerged in Treatment 3 can be seen in (c). This adaptive
morphology exhibits a compromise in the pectoral fin height between the
terrestrial and aquatic morphologies, enabling the robot to perform well in
both environments.

B. Treatment 2 - Aquatic Environment Only
In contrast to robots in the terrestrial environment, individuals in an aquatic environment tend to perform better by
reducing the surface area exposed to the direction of travel. As
a result, fins of robots in the aquatic environment evolved to
be, on average, only 29% the height of those in the terrestrial
environment, although fin widths were similar. An example is
shown in Figure 4(b). Shorter fins produce less drag during
the recovery stroke and also accelerate the transition to a fully

The fitness landscape of solutions found in Treatment 3
is illustrated in Figure 5, where each of 2,000,000 individual
solutions is represented by a small circle. This plot includes
all individuals found during the evolutionary run showing
the landscape covered by evolution. In this figure, the darker
shaded areas indicate regions where many solutions performed
similarly. The axes represent the fitness for each respective
environment. Solutions that fall along one of the two axes
performed well in one environment at the expense of performance in the other environment. Many individual solutions
did not perform well in either environment, as indicated by
solutions in the lower left of the plot. These solutions are
likely the earlier generations of evolutionary runs. The area of
specific interest in this plot is surrounded by the dashed box
in the upper right corner. Here we can see the solutions that
performed relatively well in both environments. In analyzing
the results, we found that the best solutions from Treatment
3 performed in the terrestrial environment about 95% as well
as those evolved only from Treatment 1 and in the aquatic
environment about 75% as well as those from Treatment 2. In
this region, we also see clusters of solutions, as indicated by
the darker shaded points. This area also demonstrates that there
are multiple possible solutions, each of which arrives at slightly
different fitnesses while being effective in both environments.
Figure 6 plots the normalized performance of solutions
from Treatment 3 in each environment over evolutionary time.
Fitness values in this figure have been normalized to the best
results from Treatments 1 and 2 respectively. In this figure, we
see that evolved solutions tend to perform approximately 75%
in the aquatic environment when compared to the normalized
fitness from Treatment 2 and 95% as well as those in Treatment

Fig. 5. Fitness landscape of all individuals over the evolutionary trials for
solutions evolved in Treatment 3. Fitness values have been normalized using
the best values from the respective environments to allow comparison between
single environment evolved individuals and amphibious individuals. Darker
shaded areas indicate a large number of solutions with similar performance.
The box in the top right contains solutions that perform well in both
environments.

1. This plot demonstrates that the fitness progression in the
terrestrial environment increases at a relatively stable rate,
whereas the aquatic environment experiences more variation
over the course of evolution.

Fig. 6. Average performance of the best individual solutions per trial from
Treatment 3 over evolutionary time. Fitness was based on the performance
in both environments, as such, the performance does not necessarily increase
over each generation.

E. Treatment Comparisons
In two validation tests, we evaluated the controllers evolved
for one environment, when integrated with morphologies
evolved in the other environment. These tests demonstrate
the shortcomings of only evolving morphology for one environment when compared to Treatment 3. When inserting
the evolved morphology for the Treatment 1 into an aquatic
environment, for example, the performance was only 38% of
the optimal distance travelled by solutions for Treatment 2.
Moreover, as is apparent in Figure 4, the morphology from
Treatment 2 is not even capable of moving in the terrestrial
environment, since its fins do not touch the ground. These two
tests demonstrate the coupled dynamics that form between a
virtual robot’s brain and body and the importance of the fin
dimensions for effective swimming. Disrupting these dynamics
by swapping morphologies proved to be extremely disruptive
to their function.
Treatment 3 addresses these shortcomings by evaluating
solutions in both environments. Each environment was allowed
to have its own controller in this treatment, as switching
between controllers is considered to be a trivial process. In
both environments, controllers evolved joint limits near their
maximum values, indicating that a shortened stroke is not

beneficial in either environment. Although the range of motion
was similar, controllers for the two environments differed
significantly (p < 0.001) in the speed of moving the arms.
Average values of 0.6 Hz evolved in the aquatic environment,
while values in the terrestrial environment were closer to 1 Hz.
Effects of brain/body coevolution become apparent when
comparing evolved results of Treatments 2 and 3. Specifically,
the best controller from Treatment 2 exhibited an oscillation
frequency of 0.89 Hz, while that of the best aquatic controller
in Treatment 3 had an oscillation frequency of 0.6 Hz. The
final distributions of evolved oscillation frequencies were significantly different (p < 0.001) between the two treatments,
however, a relationship between oscillation frequency and fin
area can be seen in Figure 7. In the figure, two distinct
distributions between the treatments with regards to the fin
area can be seen, which is the direct result of the dominant
fin morphologies and oscillation frequency that emerged in
each treatment. A quadratic regression model demonstrates
a relationship between the fin morphology and oscillation
frequency in the aquatic environment. The fin area distributions
for the two treatments were significantly different (p < 0.001)

with these differences further evident in Figures 4(b) and 4(c).
In the regression model, fin area accounts for 90% of the
variation in the oscillation frequency (p < 2 x 10-16 ), indicating
a strong relationship between the two parameters. Furthermore, this model provides insight into the strong relationships that form between a robot’s controller and morphology.
Specifically, as the fin area increased (morphology), a slower
oscillation frequency (controller) was used to reach optimal
locomotion strategies. Coevolutionary approaches can discover
these relationships during the evolutionary process to optimize
an overall design. This feature is especially beneficial when
integrating structures such as passive joints into a design, as
these dynamics are not always known a priori.

possible comments on the reality gap [3], [42], [45] will be
addressed in future work upon fabrication of a more robust
physical model.

Fig. 8. Initial testing of the printed model in an aquatic environment verifies
that the passively hinged fin performs similarly to the characteristics seen in
the simulation. During the recovery stroke, the fin flexes upwards, pivoting on
the passive joint, to reduce drag and enable forward movement of the robot.

V.

Fig. 7. Distribution of the oscillation frequency of the controllers in the
aquatic environment in regards to fin area. The oscillation frequencies are
dependent upon the fin area for a morphology with 90% of the variance
in oscillation frequency being accounted for by the fin area with a pvalue < 2 x 10-16 .

F. Physical Validation
Upon conclusion of the simulation trials, we selected the
best performing solution from Treatment 3 and fabricated it
using a 3D printer. Figure 3 shows the printed model including
the passive hinged fins. Initial experiments with this physical
model found movement similar to that of the simulation results.
The passive joint moved as expected with the fin collapsing
backwards during the recovery stroke before returning to a
vertical position during the power stroke. Aquatic testing
conducted with the physical robot was especially promising,
as the robot was able to swim effectively (Figure 8), indicating
that we had simulated the passive joint dynamic correctly.
However, extensive testing was not possible due to design
issues unrelated to the evolutionary process. Specifically, the
servo to arm connection proved too fragile operating in a
terrestrial environment. Consequently, real world trials and

D ISCUSSION

Although the morphology of a robot is often fixed following fabrication, the controller need not be static. Considering the capabilities of current microcontrollers, maintaining
multiple controllers is a feasible approach that has been
demonstrated in amphibious robots [14]. Working under this
assumption, we coevolved both the morphology and basic
controller scheme for our simulated robot. We demonstrated
controllers that were uniquely tied to their respective morphologies, as such, performance of a robot with either an
altered morphology or controller would not be expected to
perform as well. Simulation results indicate that a unique set
of control parameters exist for each environment given a static
morphology. Accordingly, the two-controller approach used in
this study is an effective way to generate optimal locomotion
across different environments with the same robot.
Passive characteristics in materials and joints have the
potential to enhance robotic designs. Here, the use of a passive
hinge joint allows each fin to be controlled by one servo motor,
leading to a robot with a simple drive-train design and less
dependence upon gearboxes and other mechanical parts that
are subject to failure. Reducing the number of motors can
produce more efficient mobile sensor platforms as well as
potentially smaller robots. Additionally, the incorporation of
passive joints in this robot design allows the motors, controller
and power supply to be housed inside the main body, reducing
the waterproofing requirements of the design and limiting the
potential failure areas. Coupled with an amphibious design,
robots incorporating passive characteristics may be used for
their ability to efficiently navigate in remote areas providing
mobile sensing capabilities.
Simulating physical conditions accurately is a challenge
that produces direct benefits to evolved solutions. The use of
accurate mathematical models to develop simulations can also
greatly increase the quality of simulation results facilitating
transfer to physical designs potentially addressing the reality
gap [3], [45]. Although simulating surface environments is relatively straightforward, developing models for hydrodynamics

is essential to obtaining accurate simulation results for aquatic
simulations. In this paper, we used an approximation for the
hydrodynamic forces by estimating the drag forces the pectoral
fins generate as they move through the water. Through the
development of more robust mathematical models [1], [48]
by working in concert with engineers, simulation qualities
can be improved which in turn will increase the quality of
simulation results. Additionally, performing simulation experiments and validating them in physical models allows for
further refinement to the simulation environments used for
these experiments, thereby improving the results of future
trials. Future work will seek to improve the physical robot’s
design allowing for detailed trials which can then be used to
refine our simulation.
VI.
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