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Abstract The bioinspired approach has been key in com-
bining the disciplines of robotics with neuroscience in an
effective and promising fashion. Indeed, certain aspects in
the field of neuroscience, such as goal-directed locomotion
and behaviour selection, can be validated through robotic
artefacts. In particular, swimming is a functionally impor-
tant behaviour where neuromuscular structures, neural con-
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trol architecture and operation can be replicated artificially
following models from biology and neuroscience. In this arti-
cle, we present a biomimetic system inspired by the lam-
prey, an early vertebrate that locomotes using anguilliform
swimming. The artefact possesses extra- and proprioceptive
sensory receptors, muscle-like actuation, distributed embed-
ded control and a vision system. Experiments on optimised
swimming and on goal-directed locomotion are reported, as
well as the assessment of the performance of the system,
which shows high energy efficiency and adaptive behaviour.
While the focus is on providing a robotic platform for test-
ing biological models, the reported system can also be of
major relevance for the development of engineering system
applications.

Keywords Bioinspired autonomous robot · Lamprey-like
robot · Goal-directed locomotion · Muscle-like actuation ·
Compliant robot · Distributed control

1 Introduction

Experiments on animals have, for a long time, been the only
viable approach in order to validate theories and hypothe-
ses in neuroscience. For instance, this applies to the mecha-
nisms underlying goal-directed locomotion in living organ-
isms. Animal experiments enable validation of organism-
level theories; however, they are often difficult to perform
due to a variety of ethical and methodological factors. Con-
sequently, conducting tailored experiments on animals focus-
ing on goal-directed locomotion requires great effort.

Progress in the technology of robotics has opened up new
opportunities for applications in biological research. Robot-
ics enable the use of advanced machines, capable of per-
ceiving the environment and acting within it. Historically,
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robot design has often been inspired by living organisms in
order to develop systems with better reactive behaviour in
the real world (Beer et al. 1997). The adoption of bioinspired
approaches in robot design has led to advancement in engi-
neering technology, especially in terms of more compliant
and reliable mechanisms, and new developments in materi-
als, sensors, actuators, control schemes and energy efficiency
(Hochhalter 2011; Barranco et al. 2009; Hu et al. 2010; Maz-
zolai et al. 2011; Durr et al. 2004; Scarfogliero et al. 2009).

Bioinspired robots have become a useful scientific tool for
studying biological systems (Kawato 2000; Manfredi et al.
2006, 2009; Ascari et al. 2009; Chiel et al. 2009) and in par-
ticular various animal forms (Webb 2001; Webb and Consi
2001; Stefanini et al. 2012; Li et al. 2012). These develop-
ments have brought about a new methodological approach to
the study of biological systems.

This new methodology consists of adopting neurobiolog-
ical knowledge and models directly in artefacts that are capa-
ble of autonomous behaviour in the physical world. Neuro-
scientists and computational neurobiologists can “program”
jointly with roboticists, by designing the machinery of these
artefacts in order to observe the resulting behaviour when
interacting with the physical world.

Recent research has reported cases where robots were able
to replicate the neurological systems, which have been seen
as a valid hypothesis within the field of neuroscience.

Webb reported on the process of biological model val-
idation using a robot (Webb 2008). Earlier (Webb 2000),
this author proposed a discussion on the topic “What does
robotics offer animal behaviours?”, which is the inverse of
“What does animal behaviour offer robotics?” reported by
Arkin (1998, p. 52). In this work, Webb presented a wide
description of how robot-based research can become a new
approach to investigate animal behaviour. She gave an objec-
tive description of the robot-validation approach compared to
a simulation approach. In a later paper (Webb 2001), the same
author proposed a new discussion on the validation of bio-
logical models with robots. In this work the author proposed
a detailed description of the process needed to build a simula-
tion in order to demonstrate behaviours of biological models.
Differing from the former work, the author gave more detail
about the interpretation of the results, which came from the
validation. Kawato (2000) has reviewed the current under-
standing of brain mechanisms by using robots. In a more
recent review, Ijspeert describes the use of central pattern
generators (CPGs) in biology and in robotics (Ijspeert 2008).
The outcomes for neurobiology given by this new class of
experimental tools are evident: models can be implemented
in bioinspired robots, and the resulting behaviours can be
observed, thus helping in the attribution of behaviours to
specific neural mechanisms. However, some constraints in
the actual technologies could act as a limitation to the under-
standing of the biological model. These limitations provide

reciprocal feedback and a stimulus to engineers to redesign
and improve the current technology in terms of mechanics,
sensors and new strategies of control able to adapt and to
operate in unstructured environments (Bar-Cohen 2012).

This paper presents a bioinspired autonomous swimming
robot as a tool for neuroscientists to study goal-directed
locomotion control and related neural control mechanisms,
adopted from the lamprey model aimed at vertebrate loco-
motion. The robotic artefact mechanics were inspired by the
real animal structure mimicking the flexibility and the passive
dynamic movement utilising custom-designed actuators. The
electronic digital control is distributed along the body in order
to replicate the distributed architecture of CPGs in the animal
spinal cord. A stereo vision system is included which can
implement models of visuo-coordination for goal-directed
locomotion. Both the mechanical and the electronic design
have high energy efficiency, allowing the robot to continu-
ously perform up to 5 h. Experimental results, presented in
the article, prove a satisfactory level of biomimesis and open
the way to a number of future investigations, as discussed in
the final section.

2 Locomotor control system in lamprey: a general
description

The ability of moving and orienting in the environment is
undoubtedly of crucial importance for all living animals,
from the invertebrates to the vertebrates. Even the basic
motor task of locomotion requires the coordinated activity of
a set of neural control systems providing propulsion, equi-
librium/stability, steering and adaptation to the environment.
Neural circuits located within the spinal cord accomplish
the pattern-generating function of locomotor control (i.e. the
sequential activation and precise timing of appropriate mus-
cles). These neural circuits are usually referred to as central
pattern generators (CPGs) (Grillner 2003), and they control
the activity of spinal motor neurons and, hence, force produc-
tion in the muscles. The control systems appear very similar
among all vertebrates, from lamprey to mammals, and they
are to a large extent conserved throughout vertebrate evolu-
tion, although the locomotor movements themselves differ
between types of locomotion (e.g. walking, swimming, fly-
ing) but also between species, where each species can dis-
play specific characteristics (Grillner and Jessell 2009). The
preservation of the control system for locomotion implies
that in all vertebrates the same principles to control move-
ment coordination are governed by similar functional units.
In this scenario, the lamprey, one of the first vertebrates to
emerge about 560 million years ago (Rovainen 1979), has
become a prototype for the studies on vertebrate locomo-
tion. The lamprey is an experimentally amenable model to
study from the cellular/molecular level up to the behavioural
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Fig. 1 Main subsystems involved in the control of motor behaviour

level due to the relative simplicity of the neuronal structures
of its locomotor control system.

Figure 1 illustrates the general organisation of the locomo-
tor control system. In all vertebrates, the interconnected CPG
networks within the spinal cord generate the species-specific
locomotor movements involved in the control of locomo-
tion and are responsible for the sequential activation of the
different muscle groups. The CPG networks also receive
movement-related feedback involved in the adaptation and
correction of any perturbation occurring during each phase
of locomotion. The CPG networks are turned on from evo-
lutionarily conserved brainstem locomotor command areas
(mesencephalic and diencephalic locomotor regions—MLR
and DLR) that, through the reticulospinal system (RS), a
group of excitatory neurons located along the brainstem,
provide excitation to the spinal circuits. The activation of
the RS system results in the transition between the quiescent
and the active behavioural state in the animal. These compo-
nents constitute the propulsive neural machinery, where the
underlying operational mechanisms were elucidated for the
lamprey model system (Grillner 2003; Grillner and Graybiel
2006; Grillner et al. 2007).

Another relevant system involved in the goal-directed
locomotor is visuo-motor coordination, which plays an
important role in this behaviour. A specific research objective
is to further investigate the physiological processes underly-
ing visuo-motor coordination in lamprey through biological
experiments in combination with computer simulations and
robotic system validations.

The locomotor command areas in the brainstem and the
CPG systems were replicated on the artefact presented in

this work. The basic mechanisms of functioning have been
modelled and implemented on board and described in more
detail in the following sections.

3 The biorobotic lamprey

The interaction between the central pattern generators and
the generated swimming movements in the lamprey has pre-
viously been studied in simulations (Ekeberg 1993; Eke-
berg and Grillner 1999). Several swimming robotic platforms
have been implemented to investigate swimming locomotion
behaviour. Hirose has compiled a tutorial on a snake-like
robot, where he presents his previous amphibious artefact
named ACM-R5 (Hirose and Yamada 2009). Ayers et al.
(2000) presented an autonomous lamprey robot, which used
shape memory alloy (SMA) as actuators. Crespi and Ijspeert
(2009) reported on a robotic salamander used to validate the
amphibious behaviour of the CPG.

This section describes the autonomous robotic lamprey,
which was designed in order to replicate a simplified model
of the living animal. The robot, one metre long, is composed
of ten active segments (mimics of myotomes), and the design
of the mechanical structure allows the robot to achieve com-
pliant movements. The actuators are laid out in a symmetric
left/right antagonistic configuration, and on-board proprio-
ceptive sensors measure the curvature of the robot in order to
replicate the function of stretch receptors in the animal. The
tail allows the robot to improve the swimming performance.
A distributed digital control replicates the CPG, and two
miniaturised cameras implement the stereo vision system.

The components of the bioinspired system and their cor-
responding subsystems in the real animal are shown in Fig. 2.

3.1 The mechanical design

Anguilliform swimming, which is used by the lamprey,
arises from the interaction between water and body defor-
mation. The artificial replication of such swimming therefore
requires a structure that is deformable, ideally continuously
deformable, and controlled by means of force-controlled and
compliant muscle-like actuators (Madden et al. 2004). It is
well understood that artificial mechanical and natural bio-
logical (muscle) actuator systems have very different phys-
ical properties and that the design and control of adaptive
motor systems is still a persistent and fundamental challenge
in biomimetic robotics. The design of the presented lamprey
robot has sought solutions to avoid some of the most limiting
mechanical constraints, and a novel actuator system based on
permanent magnets has been conceived by the authors. It is
controlled by a simulated central pattern generator emulat-
ing the lamprey’s natural motor command chain. The design
of the aforementioned actuator is based on two novel con-
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Fig. 2 The model and the
artefact. This scheme describes
the similarities between the
animal and the presented
artefact. The robot is composed
of a stereo vision system, stretch
sensors receptor, distributed
control, hydrodynamic tail and a
compliant waterproof silicone
skin

cepts: the use of the direct interaction between permanent
magnets to generate actuation forces and the control of actu-
ation forces by acting on the relative orientation or position
of the magnets by using dedicated servomotors.

The actuators developed according to these working prin-
ciples can generate force-driven, compliant and efficient
movements mimicking the behaviour of natural muscles. Fur-
thermore, permanent magnets can transmit forces without
any mechanical connection improving energy efficiency and
simplifying the overall design of the actuator and its integra-
tion with the robot body.

The working principle of a generic permanent magnet
actuator is reported in Fig. 3 considering two magnets: one
connected to a rotational joint while the other one can only
translate. This magnetic layout has an equilibrium position
shown in Fig. 3a where the right magnet can freely translate
without being subject to any force. The maximum achievable
attractive or repulsive forces are obtained respectively with
a 90◦ rotation of the circular magnet in either clockwise or
counterclockwise directions (Fig. 3c, b). Intermediate rota-
tions generate force levels from zero to maximum attraction
or repulsion values.

The aforementioned actuator was conceived in order to
overcome the limitations of conventional actuators (e.g. elec-
tromagnetic motors commonly used in robotics), which have
performances and properties different from those achieved by
the natural muscles (Hunter and Lafontaine 1992). Although
electromagnetic actuators have a power-to-mass ratio signifi-
cantly superior to natural muscles, their mechanical power is
mainly available at high speed with lower forces compared to
those that can be generated by muscular tissue. Torque den-
sity can be tuned by adding reduction gears; however, this
increases the passive impedance of the actuators due to addi-

tional inertias, irreversibility, friction, reduction in compli-
ance and poor stiffening capabilities. In order to preserve high
torque density without compromising the impedance, two
approaches are commonly used. The first consists of modu-
lating the apparent impedance of the actuator by using ded-
icated control algorithms and by employing torque and full
status feedback (Albu-Schaffer et al. 2007; Ott et al. 2008).
Although this technique was demonstrated to be successful in
many applications, these control algorithms are an artificial
expedient that is not appropriate for robots being conceived
as tools for neuroscientific model validation. Being interested
in highly adaptive systems, the artefact behaviour cannot be
pre-programmed (Pfeifer et al. 2005); on the contrary, loco-
motion will emerge from the exploitation of intrinsic material
properties of the agent, and the interaction between the arte-
fact and the environment. In this way, behaviour will be not
only internally generated, but it will result from a system–
environment interaction. This implies that much attention has
to be paid in making this interaction as close as possible to
the one shown by the living animal.

The second approach involves the use of an additional
compliant element—e.g. a spring (Pratt and Williamson
1995)—together with a servomotor (electromagnetic actua-
tor coupled with reduction gears). This solution has intrinsic
mechanical impedance that can be tuned according to the
stiffness of the elastic elements. Additionally, the primary
output of the actuator (servomotor coupled with a compli-
ant element) is a force that can be controlled according to
the deformation of the compliant element. For these reasons,
we can assume that this system is force-driven and compli-
ant, similar to natural muscles. A robotic system with a stiff
servomotor (high mechanical impedance) has its shape gov-
erned by actuators. On the other hand, if adopting an intrin-
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Fig. 3 Working principle of the actuator. The force is generated by the
interaction between two magnets. By modifying the orientation of the
circular magnet, the direction and the intensity of the actuation force

are controlled. Three different orientations of the circular magnet cor-
respond to: a zero force (neutral configuration), b attraction force and
c repulsive force

sically compliant and force-driven actuator (low mechani-
cal impedance), the locomotion and the posture of the robot
result not only from actuation stimuli but also from the exter-
nal forces exchanged with the environment. This phenom-
enon is due to the intrinsic compliance of both the actuator
and the body of the artefact.

Pratt and Williamson (1995) proposed a compliant actua-
tor, which relies on springs coupled with servomotors instead
of using permanent magnets. The major difference between
the aforementioned and the proposed actuator is the use of
permanent magnets instead of springs. Unlike spring actua-
tors, permanent magnets can transmit forces without contact,
simplifying the design and improving the efficiency of the
robot.

Figure 4 describes a 3D model of the vertebrae and the
working principle of the new kind of muscle-like actuation
system designed by using direct magnet interaction for pro-
ducing forces (Stefanini et al. 2011) instead of using springs.

The presented robot has a modular design based on ten
independent and flexible segments comprised of a middle
active vertebra (V2), which is magnetically coupled with
two passive ones (V1 and V3). The flexible segment has a
total length of 61.6 mm and a minimum curvature radius of
48 mm. The active vertebrae (Fig. 4a) are equipped with a
servomotor (c) to control the orientation of a shaft, on which
two cylindrical magnets with radial magnetisation (a.1 and
a.2) are placed (one for each side of the vertebra). The two
magnets are axially aligned, but their orientation is opposite
(i.e. they are axially aligned with opposing polarity, with a
180◦ rotation). The passive vertebrae (Fig. 4b) are equipped
with two fixed magnets (h.1 and h.2), one for each side and
with the same orientation. Furthermore, each passive verte-
bra contains a battery pack (j) and control electronic boards
(k), which are described in more detail in the section “control
electronic boards”. In order to mimic a flexible notochord,
the vertebrae are connected together with two wires (e.1, e.2,
e.3 and e.4) made of spring steel.

The novel actuator is based on direct permanent magnet
interaction to generate actuation forces that can be controlled
by servomotors acting on the relative orientation of magnets.
This operating principle is described in Fig. 4c, d: when the

Fig. 4 Design of the vertebrae and working principle of the magnetic
actuator. a describes the design of the active vertebrae: a movable cylin-
drical magnets, b shaft, c servomotor, d gears, e notochord, f frame, g
boards to connect the stretch sensors. b describes the design of the pas-
sive vertebrae: h fixed cylindrical magnets, e notochord, j batteries, k
electronic boards, l frame, g electronic boards to connect stretch sen-
sors signals. c and d describe the working principle of the permanent
magnet actuator developed for the lamprey robot. In both pictures, a
cross section shows the layout of the permanent magnets. c is the neu-
tral configuration where the bending moment of the magnets is zero.
By rotating the magnets inside the active vertebra of −90◦, the magnets
on the right side repel each other, while the magnets on the left side are
attracted generating the left bending of the segment

orientation of the active magnets (a.1 and a.2) is perpendicu-
lar to one of the fixed magnets (h.1 and h.2), a neutral config-
uration is achieved (β = 0◦). In this layout, the value of the
bending moment is zero; thus, the vertebrae are parallel, and
the segment is straight (Fig. 4c). The servomotor can mod-
ify the orientation of the magnets (max rotation of ±90◦),
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Fig. 5 Performance of the
magnetic actuator. a reports the
torque required by the
servomotors to modify the
orientation (β angle) of the two
active magnets when the
vertebrae are parallel (Tp) or in
the maximum bend
configuration (Tb). b reports the
bending moments of the
permanent magnets and the
elastic notochord in relation to
the radius of curvature of the
segment. Mn and Ma refer
respectively to the condition
when the vertebrae are in the
neutral and in the maximum
attraction configuration. −Me
refers to elastic bending moment
generated by the elastic
notochord

generating a magnetic moment that produces the bending of
the passive vertebrae (Fig. 4d). The servomotor controls the
magnitude of the bending moment and its direction (left or
right) by modifying the orientation of the magnets (β angle)
in the active vertebra. As previously mentioned, as opposed
to a robot where the movements are mainly enforced by ser-
vomotors, the proposed magnetic actuator has the advantage
of generating a force as direct output. This design allows
the robot to have a natural behaviour responding to both
the internal actuation and the external interaction with the
water.

The performance of the actuator was evaluated through
finite element analysis. This analysis calculated the torque
required by the servomotors to modify the orientation of the
active magnets. Additionally, it assessed the bending moment
provided by the active segment. Figure 5a shows the torque
required by the servomotors to modify the orientation of the
two active magnets when the vertebrae are parallel (Tp) or
in the maximum bend configuration (Tb). When the verte-
brae are parallel (straight segment), the rotation of the active
magnets is self-balanced (Tp = 0) due to the specific mag-
netic layout. Indeed, when the three vertebrae are parallel, the

torque on the magnet a.1 compensates the torque on the mag-
net a.2 during the rotation of the shaft. This design ensures
that the energy provided by the DC motor to modify the ori-
entation of the magnets is almost completely used to bend the
vertebrae in order to achieve locomotion (part of the energy
is lost due to friction between mechanical elements). In other
terms, the specific magnetic layout uses energy only for net
output mechanical work, and near-zero energy is lost for mag-
nets orientation. The torque evaluated when the vertebrae are
fully bent (Tb) represents the maximum torque required by
the servomotor. Figure 5b reports the value of the magnetic
moment in the active segment as a function of its radius of
curvature, when the magnets are either in neutral (Mn) or
in maximum attraction (Ma) configuration. In Fig. 5b, also
the value of the elastic bending moment (−Me) generated by
the flexible notochord is presented. The graph shows that the
neutral position is unstable since Mn facilitates the bending
of the vertebrae. However, the stability of the neutral config-
uration is achieved by ensuring the condition below:

Mn < −Me < Ma (1)

123



Biol Cybern (2013) 107:513–527 519

The notochord stabilises the vertebrae, ensuring their par-
allelism and alignment when the magnets are in the neutral
configuration. Meanwhile, the attraction configuration of the
magnets causes the complete bending of the segments.

Swimming locomotion is characterised by a periodic
movement of the segments of the robot with cyclical accel-
erations and decelerations. The synergy between the elastic
notochord and the compliant magnetic actuators increases
the actuation efficiency of the robot by exploiting the pas-
sive dynamics of the robot. During the deceleration phase,
the kinetic energy of the segments is stored in the elastic
notochord and into magnetic regions where repulsive forces
occur, and it is then released during the acceleration phase.
Both the elastic behaviour of the body and the conserva-
tive nature of the magnetic forces imply that the robot has
a natural swimming frequency, which maximises the swim-
ming efficiency of the system. The natural frequency of the
artefact results from physical characteristics of the artefact’s
body, from the intrinsic compliance of the magnetic actuator
and the interaction of the body with water during swimming.
The main characteristics of the body that influence natural
frequency are the mass of the vertebrae and the stiffness of
the notochord. The natural frequency increases if the stiff-
ness of the notochord is higher and decreases if the robot
is heavier. Permanent magnets behave similarly to nonlinear
springs, and they also contribute to the natural frequency of
the whole robot. Finally, since the robot displaces water dur-
ing swimming, added mass reduces the natural frequency.
The natural mechanical frequency of the artefact has been
experimentally evaluated to be around 0.6 Hz as illustrated
in Fig. 10.

As shown in Fig. 6, the robot is equipped with two stretch
receptors (left and right) for each adjacent vertebra in order to
measure the local curvature of the body. The stretch receptors
are optical sensors composed of an infrared-emitting (a) and a
receiving diode (b) connected to dedicated electronic boards,
(g) in Fig. 4. The diodes are enclosed inside a soft black
silicone tube as shown in Fig. 6, which prevents the external
light interfering with the measurements. When the vertebrae
bend, the silicon tube is stretched, reducing transmitted light
and causing a variation in the signal acquired by the receiver.

A waterproof and compliant “skin” covers the artefact. It
provides some elasticity, thus providing bending stiffness in
addition to the elastic notochord. However, this membrane
only slightly affects the dynamics of the robot since it is
composed of very soft and thin layers of silicone. Each layer
is separated by means of a film of hydrophobic lubricant in
order to improve waterproofing and crack resistance. Indeed,
the hydrophobic layers act as a release agent, thus reducing
the risk of crack propagations.

The tail is made of a fibreglass-reinforced polymer, show-
ing little hysteresis and experimentally tailored passive com-
pliance. As demonstrated by Park et al. (2012), a tail with a

Fig. 6 Overview of the stretch receptors. b shows a picture of three
consecutive vertebrae with their stretch receptors. a shows the work-
ing principle of each stretch receptor: it is composed of two electronic
boards, one with an emitter diode (a) and one with a receiver (b). The
electronic boards are connected to the vertebrae of the robot as shown in
Fig. 4a, b. The sensors are embedded inside a silicone tube (c) in order
to reject possible interference from external light sources. In b a close
view of the vertebrae shows the integration of the stretch receptors. The
stretch receptor on the right is in the neutral configuration, while the
one on the left is stretched

tailored compliance maximises swimming thrust and, there-
fore, the robot’s performance.

3.2 Control system and local network communication

Biological systems rely on distributed neural networks sys-
tems, which are involved in locomotor behaviour such as
swimming and walking. This distributed organisation allows
the biological system to achieve fast responses using periph-
eral reflexes reducing the “computational burden” of the
brain. This biological structure inspired the control system
design for the presented artefact. The control of the robot is
composed of seven low power consumption electronic boards
as shown in Fig. 7: one in the head, named head-board (HB),
five along the body, named segment-board (SB), and one
on the tail, named wireless board (WB). An external con-
sole (EC) implements more complex behaviours (high-level
control) involved in the visual process, and it monitors and
controls the parameters of the robot such as voltage, sen-
sor information and motor control. The external console is
involved in the implementation of more complex biological
behaviour, which cannot be implemented in the robot due
to low on-board computational burden. Figure 8 highlights
how the vision control loop is implemented by exploiting the
external console in order to process the images streamed by
the artefact.

The design of each electronic board is the result of a trade-
off between mechanical design, available space and compu-
tational performance required to implement the control sys-
tem. Each electronic board includes a Microchip DSP 16 bit
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Fig. 7 Control hardware architecture embedded in the lamprey-like
robot. The control hardware is composed of seven electronic boards dis-
tributed along the body: five segment-boards, one head-board and one
wireless board involved in the wireless communication. Each segment-
board controls two segments and creates a local proportional, integrative

and derivative (PID) control to impose the position or the velocity for
each segment. Each segment-board has 8 A/D (analogue to digital) con-
verters to acquire the sensors of the angle of the segment. All the boards
communicate by means of a CAN bus

Fig. 8 Vision control loop. The figure illustrates the control algo-
rithm loop. The artefact platform performs the swimming behaviour
autonomously by streaming a stereoscopic video to the external console.
The external console calculates the position of the target in the field of
view of the robot and sends the new CPG parameters to the robotic plat-
form. Start and stop conditions change according to the tasks. Examples
of start–stop conditions are swim/rest command or target visible/target
reached

and a power supply chip, which stabilises the voltage level
provided from the battery supply to 3.3V. The voltage signals
from the Control Area Network (CAN) bus used to communi-
cate between the segments are converted by means of a dedi-
cated chip (Microchip MCP2200), which is involved in both
signal noise rejection and differential signal transmission.
The segment-boards include, in addition, two standard H-
bridge motor drivers in order to control two DC motors. The
wireless board uses a Microchip MRF24J40, which imple-
ments a wireless serial communication at 2.4 GHz with a
bandwidth of 1 Mbit/s.

The head-board represents the middle-level control of
the system. It is involved in the monitoring of the seg-
ments and, together with the wireless board, represents a
bridge between the external console and the robotic plat-
form. The head-board sets all the new control parame-
ters to the segment-board where the low-level control is
implemented.

Both the middle- and low-level controls are involved in the
management of the artefact in order to perform autonomous
tasks. The platform can be controlled in two methods: (i)
remotely, by means of an external graphical interface and
a joy-pad; and (ii) autonomously, by implementing a goal-
directed locomotion behaviour, by using the vision sensor
and by targeting an external target. In the first method, the
users can control the artefact by setting different commands
such as start, reverse swimming, turn and stop. This is impor-
tant to control the robotic platform during both demonstra-
tions and experiments. The second method allows the robot
to be autonomous, and due to the high computational burden,
it is used to implement more complex behaviours involving
the vision system.

The boards inside the artefact are connected together by
means of a local network communication, which relies on a
CAN serial bus. This bus is widely used in automotive and
industrial control because of its reliability, high immunity
from external noise and the simplicity of its cabling.

The signal transmission uses a differential codification,
and it is composed of only two wires, named CANH and
CANL. The communication protocol can be either configu-
ration, such as multi-master or multi-slave. This bus is suit-
able for replicating a neural network communication system
because it can simulate the neural interconnections.

The cabling for the communication and the power supply
is located in the dorsal side of the artefact like an artificial
spinal cord. This solution simplifies the cabling of the arte-
fact, and it prevents the wires from being stretched because
of body movement of the artefact. This bioinspired artificial
spinal cord handles afferent and efferent signals implement-
ing a distributed and decentralised control. The afferent sig-
nals are represented in the artefact by the sensors detecting
the angle/curvature between each segment as described in
Fig. 6.

This distributed control allows the robot to be a useful
tool to study biological models because it is able to replicate
different models of CPG due to each segment-board hav-
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ing a dedicated Digital Signal Processor (DSP), which can
replicate local neural networks. The local communication
network of the robot represents the neural connection, and
the head-board represents the locomotor control, which is
involved in the swimming pattern selection.

Several models of CPG have been proposed within a
swimming platform (Ijspeert 2008). Our model consists of
a network of phase oscillators, reported in Ijspeert (2008),
which can be represented in the following differential equa-
tions:

ϕ̇i (t) = 2πνi +
N−1∑

j=0

ωi j sin
(
ϕ j (t) − ϕi (t) − φi j

)

ϕi (0) = ϕi0, i = 0, ..., N − 1, t ≥ 0 (2)

r̈i (t) = −2ςωnṙi (t) + ω2
n(αi − ri (t))

ri (0) = ri0, ṙi (0) = ṙi0 (3)

θi (t) = ri (t)cos(ϕi (t)) + �i (t) (4)

where ϕi (t), ri (t), θi (t) represents the phase, the oscillation
amplitude and the angle of the joint i, ωi j represents the
weight of the phase of joint j on that of joint i, φi j is the
desired steady-state phase difference between segments i
and j, ς, ωn > 0, αi , is the desired steady-state amplitude of
oscillation of segment i, νi represents the desired steady-state
oscillation frequency, and N is the number of the segments.
In the presented work, we assumed the following rules:

ωi j =0 if j =0, ..., N − 1 otherwise ωi j =ω, j = i ± 1

(5)

νi = v (6)

φi j = 2π S

N
, if j = i − 1

φi j = −2π S

N
if j = i + 1

φi j = 0 otherwise

(7)

where S is the number of sinusoids described by the shape
of the robot.

In Eq. (4), the variable �(t) allows the robot to steer left
and right by adding an offset at the oscillation amplitude of
the vertebrae. This offset imposes a local curvature in the
body, which is propagated from head to tail. As described
later, this control variable changes according to the target
inputs from the visual system.

The head-board sets the oscillation wave for each segment-
board, and each segment-board is able to keep its oscillation
by itself controlling the oscillation (amplitude, frequency and
offset from zero position) of the permanent magnets (β angle)
and closing a local loop within the local sensors such as the
sensors of the angle of each segment.

In order to improve both the quality of the video streaming
and the capability to maintain a target in the field of view of

the cameras, the oscillation of the head is reduced by impos-
ing an opposite phase only at the first, as reported in the
equation below:

θi (t) = −ri (t) cos(ϕi (t)), i = 0 (8)

3.3 Vision system

A common characteristic of living organisms is the capabil-
ity to sense the surrounding environment acting and mov-
ing dexterously in known or unknown spaces. The presented
vision system is relevant in the evaluation of the neurosci-
entific models and goal-directed behaviour in the lamprey
animal.

The sense of sight in the lamprey is strictly related to the
locomotion patterns (Saitoh et al. 2007), and it is directly
involved in the selection of behaviour during swimming.
The vision system is composed of two 2D CMOS cameras,
MO-S3588-2G-N from Misumi. These cameras are mounted
with an overlap angle of 30◦ in relation to the sagittal plane.
Together, the overlap angle and the fish eye lenses mounted
on the cameras allow the robot to achieve a field of view of
up to 150◦.

Figure 9 describes the vision system. Two cameras stream
the video at 30 frames per second to the external console.

The software implemented in the external console is writ-
ten in C#. The image-processing algorithm detects both the
position and the mass of the target object in the camera ref-
erence system. The position of the target is in pixels, and
the mass is represented as the number of pixels detected.
These data are used to control the turning rate of the arte-
fact by modulating the main CPG parameter such as the
offset of the amplitude. The target is detected using a stan-
dard OpenCV library (Bradski and Kaehler 2008) for image
detection.

The new offset (�(t) in Eq. 4) for the oscillation angle of
the vertebrae is calculated as below:

� = k · (αDl · Pl − αDr · Pr) (9)

where k and α are normalised coefficients, and Dl, Dr,, Pl

and Pr are the dimensions and the centre of mass in pixels of
the target, on the image left and right, respectively.

This control rule allows the robot to follow and reach a
target. If k becomes negative, the robot avoids the target by
turning in the opposite direction.

3.4 Energy consumption

Energy consumption is one of the major issues in the
design of autonomous robots. This limitation determines the
operation time. In an autonomous platform, the energy con-
sumption is distributed between actuators, embedded digi-
tal control, the vision system and the computational burden

123



522 Biol Cybern (2013) 107:513–527

Fig. 9 Vision control loop implementation. The figure illustrates the
implementation of the control loop and its block scheme as reported
in Fig. 8. The videos of the cameras are streamed to the external con-
sole involved in the video processing (an example of the graphical unit
interface is shown in step 2 of the picture). The wireless communica-
tion system of the robot is composed of two transmitters. The first one

is involved in the video streaming and is located in the head (1). The
communication transmission protocol is analogue at the frequency of
2.4 GHz. The second uses a digital communication protocol at the fre-
quency of 2.4 GHz and streams the data to control the platform such as
the sensors, the motor control and the parameters of the CPG. This is
located in the tail in order to avoid noise in the communication (3)

Table 1 Features of the robot in terms of power consumption and
mechanical performances

Robot size Length 990 mm, diameter 54.5 mm

Swimming speed Up to 0.25 body length per second

Power consumption (Pwc) Up to 8 W

Control board (Pwc) 2 W

Wireless board 0.2 W

Vision system (Pwc) 0.28 W × 2 = 0.56 W

Actuators (Pwc) Up to 0.4 W × 10 = 4 W

Bending radius 75 mm

Weight 1,640 g

Number of DSP 7

Run time Up to 5 h

needed to replicate the biological model. In order to reduce
the energy involved in the computational burden, as described
above, the vision system algorithm is processed in an external
console.

The energy source of the robot relies on ten battery pack-
ages connected in parallel and located along the entire body
in order to achieve a uniform distribution of the weight. Each
package is composed of four parallel 3.7 V lithium batteries
with an energy capacity of 1,120 mAh. The total capacity is
about 10.5 Ah. This design allows the robot to swim up to
5 h with an average speed of 0.25 body length per second
using an average power of 10 W. Table 1 reports the energy

consumption of the robot referring to each subsystem of the
robot and mechanical performances.

4 Experiments, testing and performances of the artefact

The high energy efficiency of the system allows the team to
perform lengthy experiments extending up to 5 h.

A number of experiments were carried out in water within
different experimental set-up contexts. The robotic platform
was also able to perform object tracking tasks consisting of
avoiding or following light or objects. Indeed, the artefact is
able to respond to an external visual stimulus by changing
its behaviour such as combining the swimming locomotion
pattern with turning movements.

Preliminary experiments were performed in order to opti-
mise the swimming of the robot and to identify the nat-
ural frequency of the flexible body, which maximised the
locomotion performance, in terms of speed, while reduc-
ing the energy consumption. As for the identification of
the best swimming parameters, the wavelength of the prop-
agated wave along the body of the robot, the amplitude
and frequency of oscillation of the magnets while perform-
ing forward swimming and turning have been determined.
Finally, a procedure for head stabilisation control (HSC) was
tested in order to facilitate the ability to follow and reach an
object.
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Fig. 10 Forward velocity
(body length/second) of the
artefact achieved using different
oscillation frequencies (Hz) and
amplitudes of the magnets
(angle β in Fig. 4). All trials
started with the artefact located
in one side of the pool. The top
graph describes the experiments
with the HSC off, while in the
bottom graphs, it was on. Both
graphs report the forward
velocity locomotion in an
undirected behaviour

Trials were carried out in air with the artefact suspended in
order to study the behaviour of the flexible body of the robot.
Each vertebra was attached to a horizontal frame with a thin,
long string to constrain the vertical movement of the arte-
fact while maintaining enough freedom for oscillation of the
body. The tests in the air aimed to investigate the response of
the platform to different locomotion parameters, to calibrate
the stretch sensors and to debug the control algorithms. The
robot swims due to a synchronised oscillation of the magnets
in each active vertebra, which generates a rostro-caudal trav-
elling wave. The intersegmental delay of segment activation,
the amplitude and frequency of magnet oscillation are the
main locomotion parameters that control the motion. Tests
in air highlighted the behaviour of the mechatronic platform
in relation to the changes of the control parameters such as
ϕi (t), ri (t), θi (t) and S.

After debugging both the control system and the mechan-
ics, the robotic platform was tested in water in order to char-
acterise the natural frequency of the artefact during forward
swimming. Trials with different frequencies and oscillation
amplitude of the active segment (angle β in Fig. 5) were per-
formed in order to measure the forward velocity of the robot.
Figure 10 summarises the results of the test and reports the
resonant frequency of the robot in an undirected behaviour,

which is 0.6 Hz. Furthermore, the forward swimming veloc-
ity of the artefact increases with the amplitude oscillation of
the magnets.

Extensive tests were carried out to evaluate the perfor-
mance of the robot when it swims with the HSC on (Eq. 8).

The experiments proved that the oscillation of the head
needed to be reduced in order to facilitate object tracking dur-
ing swimming. This phenomenon was related to the difficulty
for the visual system in detecting and maintaining the target in
the field of view of the cameras. Additionally, the swimming
movement is wave generated and propagated from the head
to tail. Comparing these results to the previous experiments
on forward swimming, the graphs in Fig. 10 show a similar
response to the locomotion parameters. However, when the
HSC was on (bottom graph), swimming velocity was lower
than when the HSC was off (Fig. 10 top graph). In the real
animal, the orienting movements of eyes, neck and trunk are
elicited by the same command centre, the optic tectum (i.e.
the homologue of superior colliculus in mammals). Intensity
and location of the activation of the optic tectum determines
the pattern of response. Therefore, lamprey is able to swim in
the direction of the gaze with a very short delay between the
activation of orienting movements and the initiation of loco-
motion (Saitoh et al. 2007). Efficiency of this self-regulated

123



524 Biol Cybern (2013) 107:513–527

Fig. 11 Comparison between the steering capabilities of the lamprey and of the artefact during a left turning episode. These images report the
tracking of two markers one rostrally and one caudally positioned, respectively, marker 1 and marker 2. The animal was about three times faster
than the robot

system of targeting is also made possible due to the anatomi-
cal configuration of the head and neck of the lamprey. In fact,
even if head, neck and trunk show a certain degree of inde-
pendence, a movement of one part will result in a movement
of the other sections.

Final tests were focused on the steering capabilities of
the artefact. The robot can steer and efficiently turns like its
biological counterpart. Steering capabilities allow the robot
to make U-turns in less than a metre square. Figure 11 shows
a qualitative comparison of the body curvature of both the
lamprey and the artefact during a left turning episode.

Motion analysis of the turning behaviour was made
using a high-speed digital camera (CASIO EXILIM High
Speed EX-FH25) and analysed by image tracking soft-
ware (ProAnalyst� Professional Edition). All videos were
recorded from above during free-swimming behaviour in the
swimming pool. To track the movements, both lamprey and
artefact were equipped with a set of markers along the dorsal
side of the body as reported in (Islam et al. 2006).

The reported dynamic data were used to calibrate the para-
meters of the CPG control, that is, the amplitude, phase shift
and frequency of the sinusoidal locomotion movements.

The movement frequency of the swimming lamprey
ranges from 0.5 to 10 Hz, but the current version of the lam-
prey robot is not able to reach the full range of frequencies
of its biological counterpart. Table 2 reports a comparison
between lamprey (with reference to a particular species Lam-
petra fluviatilis) and the robot (Hardisty 1986; Hardisty and
Potter 1971; Laine et al. 1998). Despite this limitation, after
the first experimental session in air, the swimming parame-
ters were modified in order to maximise the performance
of the robot: the maximum swimming speed was 0.25 body
lengths per second (bls) obtained with a frequency of 0.6 Hz
and a wavelength of 1.2 m.

Table 2 The lamprey and the robot

Lamprey (Lampetra fluviatilis) Artefact

Body length (mm) 200–400 990

Diameter (mm) 20–80 54.5

Body weight (g) 60 1,640

Swimming velocity 110 (cm/s) 0.25 (bls)

Comparison between the real animal and the robotic artefact

Additional experiments were performed in order to inves-
tigate the goal-directed locomotion driven by visual stimuli.
The visual input from the two cameras on the head produces
a stereo image, which was processed and used to control
the swimming direction of the artefact. Goal-directed loco-
motion can be achieved by using very simple rules (such
as distinction between targets or obstacles) by detecting the
target position via the visual input.

Experiments with the artefact and lamprey were per-
formed in two different swimming pools. The pool for the
animal was one metre in diameter. The pool for the robot
was three and half metres in diameter. Each swimming pool
was equipped with two lights placed into the water in dia-
metrically opposite directions. When one light was switched
on, the artefact was able to recognise the visual stimulus and
follow it. When the robot reached the light on one side of
the pool, the visual stimulus was switched off and the light
positioned in the opposite side was switched on. The robot
was able to find the opposite light by turning on itself until a
new visual stimulus was detected. This resulted in the robot
turning and crossing the pool from one side to the other. All
the trials were recorded with a webcam (Microsoft�, wide
angle F/2.0, 720 pHD, 30 fps). Videos collected were used
to measure the swimming parameters. Figure 12 shows two
snapshots of the set-up.
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Fig. 12 Experimental set-up of object tracking. Snapshots extracted
from video recordings made during the experimental session of object
tracking show the artefact in two different moments during the fulfilment
of the task. The light recalls and activates the goal-directed behaviour.

The robot swims towards the left light (left snapshot), and then the light
is switched off. The right light is switched on, and after a few moments
of free swimming and searching patterns (simple turns), the new target
falls within the field of view (right snapshot)

Fig. 13 Time performance in object tracking. Object tracking was per-
formed and compared when the head stabilisation control (HSC) was
in both configurations, on and off. When the HSC was on, the average
time was less than when it was off, 14.6 and 17.7, respectively. The
standard deviation with the HSC on was less than when the HSC was
off. This reports a robustness of control with the HSC on, enabling it to
keep tracking the target

The light-pursuing tasks were performed with the HSC on
and off, in order to explore the relevance and effectiveness
of this control during goal-directed behaviour.

Several trials were performed in order to compare the per-
formance of the visual control to reach the target. We per-
formed fifteen trials with the head stabilisation control (HSC)
on and another fifteen with the HSC off, the start configura-
tion was with the robot in front of the object, with the target
detected by the vision control. The experiment reported an
average time and a standard deviation of 14.6 and 4.11 s when
the HSC was on and 17.7 and 5.15 s when it was off (Fig. 13).
These results highlight the relevance of the HSC to track and
reach a target. While the HSC was on, it permitted the image
processing to achieve a stable detection of the target allow-
ing the platform to reduce the time to reach the target and
never lose the target from the field of view. In contrast, with
HSC off, the artefact lost the target from its field of view in
four of the fifteen trials, resulting in intentional extra turns in
order to find the target again. This behaviour explains both
the higher mean value and standard deviation.

Table 3 Robustness of the HSC control

Performance with the
target lost

Performance without the
target lost

HSC on 0 15

HSC off 4 11

We have reported the number of times where the artefact lost the target
with the HSC on and off. These data report an improvement of the
robustness of the control when the HSC is on, allowing the robot to
keep the target in the field of view avoiding the need to twist on itself
to find the target again

We have analysed the results of the experiments using
Fisher’s exact test. We have evaluated the robustness of the
system with the data reported in Table 3.

The statistical test reports a value of p = 0.096 which
is almost statistically significant. We can conclude that the
HSC control improves the robustness of the artefact keeping
the target in the field of view.

5 Discussion and perspectives on the potential
of the synergy between robotics and neuroscience

This paper introduced and described a novel robotic platform
as a tool for biological model validation. The mechanical sys-
tem is designed to be compliant in order to achieve a natural
interaction with the external environment during locomotion.
The distributed control is designed in order to implement a
control system for the biological models. The vision system is
able to process the video streaming and to implement a more
complex biological system, including goal-directed locomo-
tion driven by visual input. The external console is involved in
the image processing and reduces the computational burden
of the control system embedded in the platform. The arte-
fact is controlled according to locomotion parameters (i.e.
swimming body frequency and speed) based on the behav-
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iour of the real animal. The similarity between the lamprey
and the artefact enables the validation of the neural models
for goal-directed locomotion. In the light-tracking task, the
behaviour of the artefact, as in the lamprey, is driven by exter-
nal visual stimuli, which affect the CPG parameters active in
the moment. We have presented a control system able to sta-
bilise head movements during swimming. We are planning
to integrate more sensors, such as inertial systems, in order to
implement more complex behaviours. In lampreys the pos-
tural control during locomotion is mediated either by visual
or by vestibular inputs that contribute to stabilise the position
of the body and of the head on all three planes (horizontal,
sagittal and transverse). Visual stimuli elicit the response of
eye, neck and trunk and can have a modulatory effect on
locomotion: the animal is thus able to target objects thanks to
body and head-related movements. The driving of postural
control occurs also thanks to the fundamental contribution
of the vestibular system. In fact, damages or lesions to the
vestibular system cause motor disorders, including abnormal
eye positions and asymmetry of the head and trunk position.

The robotic platform enables a biohybrid approach to
animal experiments: interfacing the artefact with the real
animal in order to directly tune internal parameters of the
hardware based on ongoing neural activity in the animal,
making it possible to explore in more detail goal-directed
locomotion. The proposed idea consists of in vivo experi-
ments in which the isolated brainstem of the lamprey is bidi-
rectionally connected to the artefact. Activities of the main
descending motor pathways will be recorded and sent in real
time to the CPG models of the robotic artefact. The princi-
pal motivation for this activity is that intracellular record-
ings in freely moving animals are of key importance but
are also difficult to perform; by using a freely moving arte-
fact with a CPG on board, it may be possible to decou-
ple the natural central nervous system and perform locomo-
tion while performing neurophysiological measurements and
manipulations.

The biohybrid approach could improve the quality of
investigation on the motor pathways as the expression of
a particular locomotor program and the CPG models in a
feedback loop using their implementation in the artefact.

Indeed, advantages introduced by this kind of experiment
include several possibilities. It could be possible to mea-
sure the activity of the descending motor commands, with
the direct verification of control hypotheses during steady-
state locomotion, compared to non-steady-state locomotion.
Additionally, we can explore interaction of the different sen-
sor modalities when they are in action, and by disturbing
some modalities and not others, we can see how it affects
locomotion behaviour. To achieve these results, it will be
necessary to further develop the recording methodology from
the animal, in particular concerning filtering, resolution and
reproducibility.
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