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Salamandra Robotica: A Biologically Inspired
Amphibious Robot that Swims and Walks

Alessandro Crespi and Auke Jan Ijspeert

3.1 Introduction

One of the key characteristics of animals, perhaps the most impressive, is their abil-
ity to move. It is the result of millions of years of evolution, and its complexity,
flexibility, and energy efficiency are yet to be approached by robots. The control
and coordination of many degrees of freedom in a robot is complex, and there is
no well-established technique to deal with this: on their side, animals often have
hundred degrees of freedom and use them with a surprising ability.

The purpose of this project is to develop an amphibious robot inspired by the
salamander in two aspects: the biomechanical structure and the locomotion control.
The first purpose of the project is to explore and develop new technologies inspired
by the salamander. In particular, we aim at developing a robot that can robustly
swim, crawl, and walk. The second purpose is to use the developed robot as a test-
bed for neurobiological models in a real (as opposed to simulated) embodiment.
Finally, with its multiple gaits, such a robot would be useful for inspection or ex-
ploration purposes in difficult environments (e.g., flooded zones, under collapsed
buildings, etc.).

The salamander, a tetrapod capable of both swimming and walking, offers a
remarkable opportunity to investigate vertebrate locomotion. It is considered as
closely resembling the first terrestrial vertebrates and represents, among vertebrates,
a key animal in the evolution from the aquatic to the terrestrial environment [6, 18].
It also has orders of magnitudes fewer neurons than mammals have [29, 30] and
is therefore at a level of complexity that is more tractable from the understanding
and modeling point of views. Finally, the central nervous system of the salamander
shares many similarities with that of the lamprey, an extensively studied primitive
fish, and many data and models of the lamprey’s swimming circuitry are therefore
available to guide the understanding of the salamander’s locomotor circuitry. From
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a robotics point of view, it is very attractive to develop an amphibious robot capable
of swimming, crawling, and walking. To the best of our knowledge, such a robot
has never been developed before.

3.1.1 Robots as Tools for Biology

Robots are increasingly being used as tools to verify biological hypotheses or as
models of biological sensorimotor systems [37]. Examples include lamprey loco-
motion [33, 41], lobster locomotion [1], cricket phonotaxis [40], and cat locomo-
tion [17]. For a more detailed review, see [38, 39].

Compared to computer simulations, the use of real robots is interesting as it pro-
vides several advantages:

• The model is completely interacting with a real environment, using real sensors
and real actuators. This therefore eliminates the need to simulate the sensors and
the actuators (which can be generally simulated only with approximate models).
The absence of simplified models or biased results owing to the simulation is a
great advantage, as some aspects could strongly depend on the interaction with
the environment.

• There is no need to simulate complex environments or complicated force mod-
els. A correct simulation of some phenomena (e.g., friction forces, hydrodynam-
ical forces, etc.) is extremely difficult (especially if associated with articulated
moving bodies, whose shape is not constant); simulations are therefore generally
limited to a simplified model and could introduce artifacts that cause the model
to behave differently than in the real world.

However, it is also important to notice that the use of real robots has some draw-
backs compared to simulations:

• Reproducing the mechanical properties of real animal bodies on a robot is very
difficult. A robot will only be an approximation of the real animal, as generally
it is technically not feasible to build a robot having the same properties (espe-
cially for the number of degrees of freedom: a robot with hundreds of degrees of
freedom like a real snake would be much larger than the animal with the current
technology). The visco-elastic properties of animal muscles are also difficult to
implement in robots.

• Almost everything can be designed in a simulation, including systems using com-
ponents (e.g., sensors or actuators) that are expensive, hard to use, or even not
existing with the current technology. For example, some animal sensory systems
(like touch) are difficult to replicate with currently existing sensing devices.

• Building a robot generally requires much more work than implementing a simu-
lation, and robots sometimes have to be repaired or maintained. Moreover, robots
only run in real time (simulations can be faster).
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3.1.2 Related Work

This section briefly presents existing snake and salamander robots.

3.1.2.1 Snake-like Robots

Snake-like robots can be classified into two main groups:

• Robots that move using powered wheels or caterpillars (i.e., a torque is applied
on the axis of the wheels, which are in contact with the ground, producing a
rotation and consequently a movement).

• Robots that move by applying torques on the joints between the segments.
Among these robots, some have passive wheels.

Robots using powered wheels are simpler to control: the design techniques are
well known and standard algorithms for the control of mobile robots can be used;
however, the resulting locomotion is completely artificial and the wheels may not
be adequate in every environment. Robots of this type are often developed for in-
spection tasks in difficultly accessible zones [23, 27] and are sometimes used, for
example, for the inspection of pipes [5]. On the other side, robots that use powered
joints instead of powered wheels are more complicated to design, and the control
algorithms that can be used are partially unexplored.

One of the first known snake robots was built by Hirose and colleagues at the
end of 1972 [36]. He generically named this kind of robot an active cord mecha-
nism (ACM). After this first prototype, he built some other snake robots [20]. A
huge snake robot has been developed in 1992 at Caltech [4]. The Jet Propulsion
Laboratory of the NASA presented in 1994 a serpentine robot [24]. Miller devel-
oped several prototypes of snake robots; among them the last one, S5 [26], has a
very realistic lateral undulatory gait (its locomotion is probably the most similar to
a biological snake, compared to other snake robots). Saito and colleagues presented
in 2002 a simple snake robot used to validate some theoretical results [31]. Con-
radt developed WormBot [7], a snake-like robot controlled by local central pattern
generators (CPGs). For a more detailed review of snake-like robots, see [14, 42].

Swimming snake robots (also referred to as lamprey robots or eel robots) are
rarer. They are generally designed to imitate the anguilliform swimming of the eel
(or the very similar one of the lamprey). Several theoretical papers have been writ-
ten on this subject, but there are only a few real robotic realizations. The robots in
this category that are the most interesting are the eel robot REEL II [25], the lam-
prey robot built at Northeastern University [41], and the lamprey-like robot built at
SSSA [33]. In principle, these eel and lamprey robots could be adapted to terrestrial
locomotion, but such experiments have not been reported. To the best of our knowl-
edge, there are currently only a few amphibious snake-like robots, the HELIX-I
([34] as cited in [21, 35]) and its successor ACM-R5 [43], that can both swim in
water and crawl on the ground (although ground locomotion is not described in the
papers).
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3.1.2.2 Salamander-like Robots

Currently, only a few prototypes of salamander-like robots (i.e., quadruped robots
with several degrees of freedom in the spine) have been the object of scientific pub-
lications:

• A salamander robot with six segments and an on-board FPGA-based control sys-
tem has been presented in [19]. It is not amphibious and can only walk.

• Robo-Salamander, a salamander robot with two degrees of freedom for the spine
and two for each leg has been presented in [2]; no experiments seem to have been
done with it, and no other publications followed. This robot was not autonomous
and was powered and controlled using a cable. It is only capable of walking.

There are also some legged robots with flexible spine built by hobbyists, whose
descriptions can be found on Internet, but none of them has been designed or used
for scientific experiments.

None of the robots listed here is capable of swimming, and none is fully au-
tonomous or amphibious.

3.1.3 Central Pattern Generator Model

The swimming motion of salamanders is similar to that of lampreys, using axial
undulations which propagate as traveling waves from head to tail. The walking mo-
tion has a different pattern: the salamander moves the diagonally opposed limbs
together, generating at the same time an S-shaped standing wave (which has nodes
at the girdles) with the body.

Using the salamander as model, we address three fundamental issues related to
vertebrate locomotion: (1) the modifications of the spinal locomotor circuits during
the evolutionary transition from aquatic to terrestrial locomotion, (2) the mecha-
nisms needed for the coordination of limb and body (i.e., axial) movements, and (3)
the mechanisms that underlie gait transitions induced by simple electrical stimula-
tion of the brainstem.

Our model is based on the following hypotheses:

1. The body CPG is as that of the lamprey and spontaneously produces traveling
waves when activated with a tonic drive. The limb CPG, when activated, forces
the whole CPG into the walking mode, as previously proposed in [6].

2. The couplings from limb to body oscillators are stronger than those from body to
body oscillators and from body to limb oscillators. This allows the limb CPG to
“override” the natural tendency of the body CPG to produce traveling waves and
forces it to produce standing waves.

3. Limb oscillators cannot oscillate at high frequencies, that is, they saturate and
stop oscillating at high levels of drive. This provides a mechanism for automat-
ically switching between walking and swimming when the drive is varied [3],
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and explains why swimming frequencies are systematically higher than walking
frequencies [13, 16].

4. For the same drive level, the intrinsic frequencies of the limb oscillators are lower
than those of the body oscillators. This explains the rapid increase in frequency
during the switching from walking to swimming and the gap between the walking
and swimming frequency ranges [13, 16].

More details about the underlying biological hypotheses can be found in [22].
The body CPG model is a double chain of oscillators with nearest neighbor cou-

pling (Fig. 3.1). An oscillator models the activity of an oscillatory center in the
spinal cord (a group of about 50,000 neurons that produce rhythmic activity). The
chain is designed to generate a traveling wave from the head to the tail of the robot.
This wave is used to achieve anguilliform swimming in water. In addition to this
body CPG, limb oscillators have been added to the model (one per limb); they are
bidirectionally coupled together and unidirectionally coupled to all body oscillators
(see Fig. 3.1). During swimming, these oscillators are stopped (they do not oscil-
late), and thus do not influence the behavior of the body CPG, which continues to
produce a traveling wave. During walking, the oscillators are enabled and influence
the body oscillators, which begin to produce an S-shaped standing wave that can be
used for walking.

The total number of oscillators is N = 20: NB = 16 oscillators (i.e., eight pairs)
for the body CPG (which controls six real elements and two fictive joints placed in
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Fig. 3.1 Structure of the CPG used in the robot
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the limb elements), and NL = 4 oscillators for the limbs. Body joints (both real and
fictive) are numbered 1–8 from head to tail. Oscillators in the left chain of the CPG
are numbered 1–8 and those on the right side are numbered 9–16 from head to tail.
Limb oscillators are numbered 17–20.

The oscillators that compose the CPG are implemented as amplitude-controlled
phase oscillators:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

θ̇i = 2πνi +∑
j

wi j sin
(

θ j −θi −φi j

)
,

r̈i = ai

(
ai
4 (Ri − ri)− ṙi

)
,

xi = ri

(
1 + cos(θi)

)
,

(3.1)

where the state variables θi and ri represent, respectively, the phase and the ampli-
tude of the i th oscillator, the parameters νi and Ri determine the intrinsic frequency
and amplitude, and ai is a positive constant. The coupling between the oscillators is
defined by the weights wi j and the phase biases φi j. The variable xi is the rhythmic
and positive output signal extracted out of oscillator i.

3.1.3.1 Influence of Drive: Saturation Function

To allow the control of the whole CPG with a single parameter, reproducing the
output of the mesencephalic locomotor region (MLR) in the animal (i.e., the region
of the brainstem that outputs the descending signals controlling the locomotion), a
saturation function has been introduced:

(
νi

Ri

)
= g(d) =

(
gν(d)
gR(d)

)
. (3.2)

This function is a stepwise linear function, defined by the following equations:

gν(d) =
{

cν,1d + cν,0 if dlow ≤ d ≤ dhigh

νsat otherwise,
(3.3)

gR(d) =
{

cR,1d + cR,0 if dlow ≤ d ≤ dhigh

Rsat otherwise.
(3.4)

Body and limb oscillators use different saturations functions, as they have to
saturate at different levels of drive (see Fig. 3.2).

The frequency and amplitude parameters of all oscillators are determined, on the
base of the input drive d, by the saturation function:

(
νbody

Rbody

)
= gbody(d),

(
νlimb

Rlimb

)
= glimb(d).

(3.5)
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Fig. 3.2 Saturation function used on the robot

The actual saturation function is plotted in Fig. 3.2.
To achieve turning, different drives dL and dR can be applied to the left and right

sides of the body oscillator.

3.1.3.2 Setpoints

For the body, the setpoints ϕi, that is, the desired angles for the six actuated joints,
are obtained by taking the difference between the xi signals from the left and right
oscillators. A standard PD motor controller is then used to compute the voltage τi

applied to the motor (using a PWM signal):

ϕi = xi − xN+i

τi = Kpei + Kdėi
(3.6)

where ei = ϕi − ϕ̃i is the tracking error between the desired angles ϕi and the
actual angles ϕ̃i measured by the motor incremental encoders, and Kp and Kd are
the proportional and derivative gains.

As the limbs need to make complete rotations, their setpoints should monotoni-
cally increase, instead of having rhythmic movements like the body joints. The set-
points ϕi are therefore directly calculated from the phases θi of the limb oscillators
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Fig. 3.3 Leg rotation function used on the robot. θ1 and θ2 correspond, respectively, to the begin
and end of the stance phase of the leg

using a nonuniform rotation function (which accelerates the movement of the leg
when it is not in contact with the ground):

ϕi = h(θi)
τi = Kpei + Kdėi

(3.7)

The h(θ ) function used on the robot is plotted in Fig. 3.3. With this function, the
stance duration is approximately 40% of a whole cycle.

3.1.3.3 Inter-oscillator Couplings

In the body oscillator, the phase biases φi j are chosen to be equal to π between
left and right oscillators (i.e., these will oscillate in antiphase). The phase biases
between neighbor oscillators are set to 2π

NB/2 = 2π
8 for the descending connections

and to − 2π
NB/2 = − 2π

8 for the ascending connections; this produces a complete wave
of the body. In the limb oscillator and for the couplings between body and limb
oscillators, φi j = π is used for all connections.

We use wi j = 10 for all connections, with the exception of the couplings from
limb to body oscillators, which need to be stronger, for which a value of wi j = 30
has been used. For all oscillators, ai = 20. The PD coefficients Kp and Kd are tuned
manually for each element (e.g., elements in middle of the chain require larger gains
than those at the extremities for good trajectory tracking).

The d parameter can be modified online by a human operator from a control PC
using the wireless connection. The CPG will rapidly adapt to any parameter change



3 Salamandra Robotica: Amphibious Robot that Swims and Walks 43
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Fig. 3.4 Switching from walking to swimming; activity of the CPG model when the drive signal
is progressively increased. a xi signals from the left body CPG oscillators (oscillators on the right
side are exactly in antiphase). Units are in radians (scale bar on the top right). Note the transition
from standing waves (with synchrony in the trunk, synchrony in the tail, and an antiphase relation
between the two, 4 s < t < 20 s) to traveling waves (20 s < t < 36 s). b xi signals from the left-
limb CPG oscillators. Ipsilateral fore- and hindlimbs are in antiphase. c Instantaneous frequencies
measured as θ̇i/2π in cycles s−1. The variations in the instantaneous frequencies among individual
oscillators at times t = 4 s and t = 20 s correspond to brief accelerations and decelerations before
resynchronization. d Linear increase of the drive d applied to all oscillators. The horizontal lines
correspond to the lower (dlimb

low = dbody
low = 1) and upper (dlimb

high = dbody
high = 5) oscillation thresholds

for limb and body oscillators in arbitrary drive units

and converge to the modified traveling or standing wave after a short transient pe-
riod. An example of how the CPG reacts to parameter changes can be observed
in Fig. 3.4: even with a continuously changing input drive, the oscillator generates
smooth trajectories without any discontinuities in the outputs.

The differential equations are integrated by the microcontroller of the head (see
Sect. 3.3.3) using the Euler method, with a time step of 10 ms and using fixed
point arithmetics. As the current trajectory generator has a limited computing power
(10 MIPS with one 8-bit register), the code heavily uses lookup tables for calculating
functions.
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3.2 Robot’s Design

3.2.1 First Prototype

The first prototype of salamander robot (Fig. 3.5) was built using three body el-
ements and two limb elements. A head element was also present, but was inter-
nally empty, the trajectory generator being an offboard computer connected to the
robot with a shielded cable. The body elements were those of the AmphiBot I snake
robot [8–10].

Fig. 3.5 The prototype of salamander robot built with the first generation elements

3.2.2 Body Elements

Each element has a single degree of freedom, and elements are fixed such that all
axes of rotation are aligned. They consist of four structural parts: a body, two covers,
and a connection piece (a drawing of two connected elements is visible in Fig. 3.6).
All parts are molded using polyurethane, using molds created from positive parts in
aluminum shaped with a CNC milling machine. The Li-Ion battery is directly incor-
porated into the bottom cover when the polyurethane is cast in the mold. To ensure
the waterproofing of the robot, O-rings are placed between each cover and the body
and around the output axis (the bottom O-ring has been subsequently replaced by a
silicone sealant, because the complete closing of the bottom cover was generating
mechanical problems to the gearbox). An element has a length of 7 cm and a section
of 5.5 by 3.3 cm.

Each element contains two printed circuits (one for the power supply/battery
charger and one for the motor controller, see Fig. 3.7), a DC motor, and a set of
gears. Two different voltages are used inside an element: 3.6 and 5 V. The first one
is the typical value of a Li-Ion battery and is only used to power the motor; the
second one is used to power the electronics. When the robot is battery-powered (no
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Fig. 3.6 Two first generation elements connected together

(a) Power supply (b) Motor controller (top)

(c) Motor controller (bottom)

Fig. 3.7 The printed circuit boards of the first prototype (real size)

external power source is connected), the motor is directly powered using the battery,
without any intermediary regulator or converter, and the 5 V used by the electronics
are generated with a capacitive charge-pump step-up converter (LTC3200). When
an external (5 V) power source is connected, the 3.6 V for the motor are generated
using a low-efficiency diode to create a voltage drop, and the electronics are directly
powered using the external source. When the external power source is present, the
battery could also be charged if this is necessary; for this reason, a small battery
charger (LTC1733) is part of the power supply circuit. The charger can be enabled
or disabled by the user over the I2C bus. The battery has a capacity of 600 mAh,
which is enough to power the element for an average time of approximately 2 h of
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continuous use (but this largely depends on the movements that the robot has to do
and on the external constraints applied to it). An empty battery can be charged in
approximately 1 h.

The motor controller is built with a PIC microcontroller (PIC16F876) and some
external components. The motor has a magnetic encoder, which generates 16 pulses
for every complete rotation of the axis. This encoder is connected to a LS7084
quadrature detector that filters and decodes the signals of the magnetic coder, gener-
ating a clock signal and a direction flag; these two signals are sent to the microcon-
troller, allowing it to track the current position of the motor. A 10 kΩ potentiometer
is fixed to the output axis (after the reduction gears) and is connected to an analog
input of the PIC; this potentiometer can be used to read the absolute position of the
axis (e.g., when the robot is switched on, or to detect possible skews between the
position measured with the magnetic coder and the real one).

The motor coil is powered through a SI9986 H-bridge, which supports currents
up to 1 A. The H-bridge is driven by the microcontroller using a pulse-width modu-
lation (PWM) signal, allowing the speed of the motor to be changed.

Between the H-bridge and the motor, a 1 Ω resistor causes a voltage drop. The
resistor is connected to the input of an INA146 operational amplifier, the output
of which is connected to one of the analog inputs of the microcontroller, therefore
allowing a measure of the current used by the motor, and then indirectly of its torque.

The 0.75 W DC motor (having a maximum torque 1.2 mN m) drives a set of re-
duction gears with a reduction factor of 400 and an efficiency around 60%. The
output axis of the gears is fixed to the aforementioned potentiometer and to the
connection piece fixed to the next element. Considering the typical working speed
of the motor and the reduction of the gears, a maximum oscillation frequency of
approximately 0.3 Hz can be obtained if the full amplitude of 45◦ is used.

Five wires, passing through the (internally empty) axis, are connected to the con-
tacts that are molded into the connection piece; four of them are used to pass the
I2C bus and the external power source all along the robot.

3.2.3 Limb Elements

The first limb elements, very similar in structure to the current ones (see Sect. 3.3.2)
but with the same electronics as the old body elements, were also tested as a first
prototype of a salamander robot (without its tail; see Fig. 3.5).

Most of the body elements were damaged by water leakages (which were not
immediately detected) after the tests published in [10]; only three of them were still
working and have been used for the salamander prototype. This was therefore only a
preliminary design for testing the conception of the limb elements (no experiments
have been done), and no detailed description of them will be given.
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3.2.4 Design Problems

This first prototype suffered of several design problems, which have been mostly
corrected in the current version of the elements (see next sections):

• The direct use of 5 V for the external power supply (mostly due to the lack of
internal space for step-down converters, which require big coils) rendered the us-
age of the robot with external power (and the battery charging) very problematic,
as only a limited amount of current can pass through the internal wires (having a
section of 0.127 mm2). For instance, a current of approximately 2 A on the wires
caused a voltage drop along the robot around 2.5 V, causing part of the elements
to reset (disabling battery charging).

• The torque generated by the elements was insufficient to achieve full oscillations
at frequencies greater than 0.3 Hz, resulting in very slow locomotion.

• The waterproofing of the elements was very problematic and required sealing
them with silicone.

• There was no possibility to detect the presence of water inside elements. Any
malfunctioning supposedly owing to water leakage required the robot to be com-
pletely unmounted.

• The rigid connection between the elements combined with the small differences
in the pieces caused the mounted robot to have bad contact with the ground (i.e.,
it was not perfectly flat).

• No battery protection mechanisms were implemented, and there was no possibil-
ity of turning off the robot; therefore, it had to remain connected to the external
power all the time to preserve the batteries from being completely discharged
(and thus rendered unusable).

• No connectors were on the circuits, and all the connections (including those to the
motor) were realized by directly soldering the wires to the PCB. This operation
was difficult (hence giving high mounting times for each element) and rather
unreliable.

• The absence of any onboard trajectory generation capabilities and of radio com-
munication required the direct control of the robot through a long shielded cable
connected to a PC using a RS-232–I2C converter.

3.3 Hardware

This new prototype (Fig. 3.8) address most of the problems found with the previous
one, particularly in terms of mounting simplicity, electronic reliability, and water-
proofing.
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Fig. 3.8 Salamandra robotica

3.3.1 Body Elements

The same material of the first generation elements (polyurethane resin lighted with
glass microballs) has been chosen for the external casing of the elements. They con-
sist of two vertical symmetrical parts that are fixed together with screws. This is
different from the first prototype, which was having a body closed with two covers
(top and bottom). The elements are connected (both mechanically and electrically)
using a compliant connection piece (molded with polyurethane rubber) fixed to the
output axis, which contains six wires. The use of compliant connection pieces cor-
rects the bad contact with the ground that was a serious problem of the previous
generation elements, and allows the robot to better deal with irregularities of the
ground. All the output axes of the elements are aligned, therefore producing planar
locomotion. To ensure the waterproofing of each element, custom O-rings (placed
between the two parts composing the body) are used.

Each element contains three printed circuits (a power board, a PD motor con-
troller, and a small internal water detector) connected with a flat cable, a DC motor
with an integrated incremental encoder, a set of gears (which uses two additional
printed circuits as mechanical support), and a rechargeable Li-Ion battery. A view
of an open element can be seen in Fig. 3.11. In opposition to the old elements, where
all connections were realized by soldering the wires directly on the printed circuit
boards, the new circuits use MicroMatch connectors for all the interconnections
(bus, battery, motor, and inter-circuit connection); only the water detector (which
was added later to the design; see below) uses directly soldered wires for space rea-
sons. The elements are completely independent from each other (both electrically
and mechanically). The density of the robot elements is slightly lower than 1 kg m−3

(the density of the old elements was slightly higher; therefore, the first robot was not
buoyant). The battery is placed at the bottom of the elements to have the center of
mass below the geometrical center, therefore, ensuring the vertical stability of the
robot during both swimming and crawling.

In this description, for simplicity, we will not distinguish on which of the printed
circuits each component is located. A block schematic diagram of the circuits can
be found in Figs. 3.9 and 3.10. The motor controller is based on a PIC16F876A
microcontroller and is basically the same of the first prototype. It is connected
to the I2C bus of the robot through a simple bidirectional repeater (built using
two BSS138 MOS transistors), which is very useful to protect the microcontroller
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Fig. 3.10 The power circuits of the body (and legs) elements

internal drivers. The motor has an integrated magnetic incremental encoder, which
generates 512 pulses for every complete rotation of the motor axis. The encoder
is connected to a LS7084 quadrature detector that filters and decodes the signals
coming from the encoder, generating a direction flag and a clock signal, which are
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Fig. 3.11 Internal view of a body element (real size). The output axis is not mounted

connected to the microcontroller. Compared to the first generation elements, the
potentiometer has been removed to simplify the mechanical structure.

The motor coil is powered through three SI9986 buffered H-bridges connected
in parallel (each of which has a maximum current of 1 A; the maximal current that
can be drawn by the motor is thus 3 A). These H-bridges are driven by the micro-
controller with a PWM signal, allowing the speed of the motor to be changed by
modifying the duty cycle of the control signal.

To measure the current used by the motor (and then, indirectly, its torque), a
couple of 0.2 Ω resistors in parallel are inserted between the output of the H-bridges
and the motor. The voltage drop obtained on these resistors is amplified by a INA146
operational amplifier and sent to an analog input of the microcontroller. The negative
power (−5 V) for the operational amplifier is generated using a small capacitive
inverter (MAX1719).

The power supply part of the electronics has been completely redesigned com-
pared to the first prototype. A battery monitoring and protection circuit, which
was missing, has also been included. The circuit generates the voltage required
by most of the electronics (5 V) using a capacitive charge-pump step-up converter
(LTC3200-5). All the electronics can be either powered by the internal Li-Ion
battery or by an external power source (connected to the last element and dis-
tributed internally to all elements). When no external power source is connected,
the battery (connected to the rest of the circuit through a DS2764 battery monitor-
ing/protection circuit that controls two IRF7410 power MOSFETs) directly powers
the motor. When an external power source is connected, an inductive step-down
converter (LT1977) generates a voltage of approximately 4.6 V, which can both re-
place the battery voltage (to power the motor and the step-up converter) and power
the LTC1733 battery charger. The circuit accepts up to 35 V (to reduce as much as
possible the current on the internal wires, which have a limited section). The switch
between the internally generated 4.6 V and the battery is realized with a LTC4411
“ideal diode” and a SS34 Schottky diode. The used battery is the same as that was
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used in the previous prototype and has a capacity of 600 mAh; it can power an ele-
ment for approximately 2 h of continuous use in normal conditions. When empty, the
battery can be recharged in approximately 1 h. The battery protection circuit discon-
nects the battery when its voltage drops below a critical threshold, thus preserving
it from the often irreversible complete discharging. The circuit can also measure the
instantaneous and accumulated current used by the circuit (or by the battery, during
charging) and the battery voltage. This information could be read out using an I2C
bus, but these signals are currently left unconnected on the power card to limit the
total number of devices on the bus (which is global to the robot).

A signal coming from a reed contact placed in one of the elements allows the
user to switch off the robot by placing a magnet on it. This solution was found to
be simpler than using a big waterproof switch. This signal is connected to the enable
pin of the aforementioned LTC4411 (no current is drawn, the signal can therefore
be directly generated using one of the batteries).

The water detector circuit (Fig. 12(e)), used internally to detect and localize any
leakage, is placed at the bottom of the element. It has been introduced in the current

(a) Power and motor circuits (top
side)

(b) Power and motor circuits (bottom
side)

(c) Microcontroller circuit (d) Mocomotion controller

(e) Water sensor

Fig. 3.12 Pictures of the printed circuit boards of the robot (real size)
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elements to ease the detection of water leakages. It has a sensitive surface of about
1 cm2 consisting of several parallel tracks, half of which are connected to the power
source through a resistor. When water (or a big amount of moisture) is on this sur-
face, it acts like a resistor between the power source and the base of an NPN tran-
sistor, which begins to conduce. When water is detected, the circuit blinks an LED
fixed through the top of the element, therefore, allowing the user to immediately
detect the leakage and its position (i.e., the concerned element). The LED blinking
is implemented using a PIC10F200 microcontroller, which in normal conditions ac-
cepts an incoming control signal for the LED and transparently replicates it on the
output, hence permitting the LED to be used for other purposes. The introduction
of this water detector dramatically simplified the handling of water leakages in the
robot, which can now be localized without unmounting all the elements.

The 2.83 W DC motor (Faulhaber 1724 T 003 SR) has a maximum torque of
4.2 mN m and drives a gearbox with a reduction factor of 125. It is approximately
four times faster and stronger than the motor used in the previous generation of
elements, therefore, allowing higher amplitudes and oscillation frequencies to be
reached. The output axis of the gears is fixed to the connection piece, which is
inserted into the next element. Six wires are inserted into the axis and connected
to the power boards of two adjacent elements: two are used for the external power,
two for the I2C bus, one for the power switch, and the last one is reserved for future
usage and currently unconnected.

3.3.2 Limb Elements

The limb elements (Fig. 3.13) have been designed mainly as legs for the salamander
robot, but can indeed be used for other purposes (e.g., the pectoral fins of the Boxy-
Bot fish robot [12]). Each limb element includes a pair of identical circuits (one

Fig. 3.13 Internal view of a limb element (real size)
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for the left limb and one for the right one). The design is unlike a real animal limb:
this element has an axis capable of continuous rotation as output (and thus only one
degree of freedom), similarly to robots using whegs (i.e., wheel-legs, see [28, 32]).
This gives to the element both flexibility (it can be used for other purposes than legs)
and simplicity (only one motor and gearbox per limb).

These elements are based on the same electronics of the body elements; however,
as the printed circuits are also used as mechanical support for the gears and the
motor, the components are differently distributed between the circuits. Additionally,
an infrared LED/phototransistor couple allows the detection of the absolute position
of the output axis (using a hole in the last wheel of the gearbox), to automatically
align it when powering up the robot.

3.3.3 Locomotion Controller Circuit

The locomotion controller circuit has been designed to meet the following criteria:

• To provide a simple but flexible locomotion controller with low energy consump-
tion. It should be possible to implement on it any control algorithm, following the
needs of the user (in the work presented here, CPG-based controllers have been
implemented on it).

• To have bidirectional radio communication capabilities (both on ground and un-
der water) for remote control and measure.

The circuit is placed inside an empty body element (i.e., without the motor and
the gearbox); a variation of the same circuit without the radio communication func-
tions has been used for controlling the BoxyBot fish robot [12]. A block schema
of the controller electronics can be seen in Fig. 3.14. The circuit is based on a
PIC18F2580 microcontroller, which is master on the I2C bus of the robot. It can
implement a locomotion controller (e.g., a CPG) and sends out the setpoints to
the motor controllers of each element in real time. The main microcontroller com-
municates, using a local serial line, with a PIC16LF876A microcontroller, which
controls a nRF905 radio transceiver. The radio communication is handled by this
separate microcontroller for simplicity, and because the PIC18F2580 cannot handle
hardware SPI and I2C at the same time. The antenna is internal to the element and
consists of a simple λ/4 wire (where λ is the wavelength of the used frequency).
The radio system uses the 868 MHz ISM band: preliminary experiments showed
that a 10 mW signal (the power transmitted by the nRF905) on this frequency can
penetrate in water up to at least 30 cm (the maximum tested depth). The more com-
mon 2.4 GHz band has not been used because it is heavily absorbed by the water.
The maximal bandwidth is approximately 50 kbps, largely enough to send control
commands and parameters to the online trajectory generator.

The software running on the locomotion controller can easily be reprogrammed
with an external programming connector placed on the element.
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Fig. 3.14 Block schema of the electronics of the locomotion controller circuit

3.4 Experiments

Several experiments have been done to characterize the locomotion of the robot. We
first present the measures of how the locomotion speed is related to the input drive
of the CPG, then compare how the robot locomotion is similar to the one of the real
salamanders in kinematic terms (focusing on lateral displacements of the body).

3.4.1 Speed as Function of Drive

The speed of the robot has been measured for 18 different drive values (between 1.0
and 3.0 for walking, and between 3.001 and 5.0 for swimming, with a step of 0.25).
Each measure has been repeated five times, giving a total of 90 measures.

For walking, the speed has been measured by taking the time used to travel a
given distance (i.e., 2 m). For swimming, the procedure was the same, but the dis-
tance was reduced to 1 m and the measure only started after an acceleration space of
approximately 50 cm, to approach steady-state swimming as close as possible. The
results are plotted in Fig. 3.15.

For walking, the speed almost linearly increases over the whole range of drives,
from 3.54×10−2 m s−1 for d = 1 to 1.19×10−1 m s−1 for d = 3. For swimming, the
speed increases linearly from 1.20×10−1 m s−1 for d = 3.001 to 1.40×10−1 m s−1

for d = 3.5, then stabilizes around this value up to d = 4. For d > 4, the speed
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Fig. 3.15 Speed of the salamander robot for walking (d ≤ 3) and swimming (d > 3)

decreases, with a minimal value of 9.24× 10−2 m s−1 for d = 4.5. The decrease
is mainly owing to the torque limits of the motors, which are not high enough to
follow the desired trajectories in water at high frequency, with the consequence that
the speed saturates, and then for higher drives, the traveling wave begins to deform,
with the resulting decrease of speed.

3.4.2 Kinematic Measurements

To compare the movements of the robot with those of the real animal, kinematic
measurements have been done on the robot using a custom video tracking system.
These data have been compared with kinematic recordings of Pleurodeles waltlii
salamanders, which have been provided by Isabelle Delvolvé (INSERM, Bordeaux).

The robot was filmed from above at 15 frames s−1 with a Basler A602fc-2 camera
using an 8 mm C-mount lens. The frame data acquired over an IEEE1394 link was
processed in real time with a custom program using the ARTag library [15] to extract
the (x,y) coordinates of the markers (sort of 2D barcodes, see Fig. 3.16) placed on
the robot. For body elements, the markers were placed at the rotation center of the
output axis; for head and limb elements, they were placed at the same distance from
the element’s border than on body elements. The coordinates have been exported
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Fig. 3.16 The salamander robot swimming with the tracking markers fixed on it

in CSV files and then imported in MATLAB for processing and analysis, as for the
salamander. The tracking markers had a size of 55× 55 mm2. To minimize motion
blur, the exposure time of the camera was set around 2 ms, using two 500 W halo-
gen projectors for lighting. For walking, they were fixed on the top of the robot
with double-sided adhesive tape. For swimming, they were fixed on a PVC sup-
port having the same size as the marker and placed 75 mm above the robot (using a
rigid PVC cylinder of diameter 4 mm) to ensure that the markers were always out
of the water during tracking (Fig. 3.16). The measures were repeated five times for
each drive level. For walking, the camera field of view was always containing two
complete cycles; for swimming, this varied between two and five cycles.

For illustration, snapshots from videos (without the tracking markers) for one
locomotion cycle for walking and swimming can be seen in Figs. 3.17 and 3.18,
respectively.

A detailed comparison of the lateral displacements during a complete locomotion
cycle can be found in Figs. 3.19 and 3.20. The two gaits are easily distinguished:
walking uses standing waves, whereas swimming uses a traveling wave along the
body. As it can be seen in the figures, the generated waves are similar for the sala-
mander and the robot, although there are some small differences.

The envelopes of lateral displacement of each marker (relative to the direction
of motion) measured with the video tracking are plotted in Figs. 3.21 (walking) and
3.22 (swimming), with the corresponding data of the animal. For walking, the mo-
tion is qualitatively similar for the robot and the animal; both have minimal lateral
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(a)

(b)

Fig. 3.17 Snapshots from videos for salamander (a) and robot (b) walking. The time step between
the snapshots is 0.12 s for the salamander and 0.20 s for the robot

(a)

(b)

Fig. 3.18 Snapshots from videos for salamander (a) and robot (b) swimming. The time step be-
tween the snapshots is 0.04 s for the salamander and 0.12 s for the robot
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(a) (b)

Fig. 3.19 Comparison of lateral displacements of the salamander (a) and robot (b) during walk-
ing. Velocities were 0.06 m s−1 (0.34 body lengths s−1) for the animal and 0.06 m s−1 (0.07 body
lengths s−1) for the robot (d = 2.0)

(a) (b)

Fig. 3.20 Comparison of lateral displacements of the salamander (a) and robot (b) during swim-
ming. Velocities were 0.17 m s−1 (0.89 body lengths s−1) for the animal and 0.11 m s−1 (0.13 body
lengths s−1) for the robot (d = 4.0)
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Fig. 3.21 Lateral displacements of the robot and real salamander during walking
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Fig. 3.22 Lateral displacements of the robot and real salamander during swimming
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displacements at the girdles (which are not exactly at the same relative position).
The main differences are the displacements of the tail (the salamander maintains
the tip of its tail mostly straight, while the robot moves it) and of the head (the
robot lacks a joint in the neck, therefore producing a greater lateral displacement
of the head compared to the real salamander that makes compensatory neck move-
ments). For swimming, the motion is also similar for the robot and the salamander,
but with more differences than for walking. Particularly, the lateral displacements of
the robot are higher than those of the salamander between the girdles. This can be
explained by the lack of hinge joints in the limb elements of the robot and by their
increased weight.

3.5 Future Work

Although most of the limitations of the first generation of salamander robot were
addressed and solved with the current generation, some problems remain partially
unsolved, and new weaknesses (related to previously unavailable features) appeared.

Despite the efforts to correct problems with waterproofing, small water leakages
still happen periodically. They mainly concern body elements and owe to two main
sources:

• The absence of a pair of screws (due to lack of space) at the horizontal center of
the elements causes an insufficient compression of the O-ring. This problem is
partially solved by using a silicone-based sealant around the O-ring when closing
the elements.

• The forces applied to the output axis during vertical movements (e.g., when lift-
ing the robot or when it has to overcome a small obstacle) can detach the brass
axis from the flexible polyurethane rubber into which it is inserted, thus opening
the way for possible water leakages.

These waterproofing problems have been addressed in a new third generation
prototype (which is currently being tested) using a new closing system based on
permanent magnets (instead of screws), thus also reducing the damages to the ele-
ments when unmounting them.

The limited computational capabilities of the PIC18F2580 used for the locomo-
tion controller (a 8-bit microcontroller running at 40 MHz, obtaining a speed of
10 MIPS) required strong optimization of the code implementing the CPG loco-
motion controller. For instance, the CPG had to be implemented with fixed-point
arithmetics and a large use of lookup tables to obtain an acceptable execution speed
(almost entirely using the available RAM and program memory). We are currently
actively testing a new locomotion controller based on a faster microcontroller (a
60 MHz 32-bit ARM microcontroller).

The following improvements to the current generation of salamander robot have
been applied in the third generation elements now being tested:
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• The replacement of the current global I2C bus with a faster and more reliable
CAN bus. The I2C is now used only inside elements for local communications
between the different components.

• Adding the possibility to retrieve status information from the battery monitor-
ing/protection circuit, therefore, allowing the user to know the charging state of
all the batteries and to estimate the energy consumption of the robot and of each
individual element.

• Integrating a new microcontroller (a PIC18F2580) in the elements, for interfac-
ing to the CAN bus, and providing local computational capabilities.

• Having the possibility to remotely reprogram the trajectory generator program
using the radio link. The user has now the possibility to replace the program
without using any special cable or programmer. This is especially important in
the new robot that does not feature an external programming connector on the
head.

• Having more status information and diagnostic possibilities (both locally on the
elements, using RGB LEDs, and remotely).

• Adding infrared distance/obstacle sensors on the head to locally close the control
loop and allow the robot to be autonomous in simple environments.

• Adding a degree of freedom to the limb elements, which are currently rigid and
interrupt the wave along the chain of elements; this will result in a better loco-
motion.

Further improvements to be implemented are the following:

• Implement a really distributed CPG, with each pair of oscillators placed in their
own element, with couplings through the CAN bus. The new local microcon-
trollers and the use of a CAN bus will ease the implementation of this kind of
controller.

• Potentially adding a supplementary degree of freedom to have the possibility to
lift the body (i.e., to remove the current limitation to planar locomotion).

• Adding other sensors (e.g., accelerometers or light sensors) and vision
capabilities.

3.6 Conclusion

3.6.1 Realization of an Amphibious Salamander Robot

Amphibious robotics is a rather challenging topic: the complete waterproofing re-
quirements of amphibious robots, for instance, completely influence all aspects
in the design process, rendering it more complex comparing to dry-land robots.
However, the advantages of amphibious robots are evident: an amphibious robot
like a salamander can deal with difficult environments, which include water in any
form (e.g., rain, partially flooded terrains, mud, etc.). This is a clear advantage, for
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instance, for outdoor robots used for inspection or exploration tasks. In our sala-
mander robot, we used a modular approach that uses only two different types of
elements (i.e., body and leg elements). The same modules can be used to construct
other types of robots, some of which have been realized [11, 12].

3.6.2 Central Pattern Generators in Robots

Central pattern generators are more and more used for the control of robots. This bi-
ologically inspired control technique is well suited for the control of complex robots
having multiple degrees of freedom, as CPGs can generate coordinated control sig-
nals for all the joints, receiving only simple low-dimensional inputs. This means
that they are a good control method for implementing interfaces to be used by hu-
man operators for the interactive control of such robots. They also provide a sort of
“abstraction layer” that can hide the complexity of the robot to the end user, also
rendering it possible to control different types of robots with the same set of control
signals. Finally, CPGs can also easily deal with continuously changing input signals
possibly featuring discontinuities, like those that can be provided by a human oper-
ator or learning algorithm. In this work, a CPG model for controlling a salamander
robot, inspired from the spinal cord structure of real salamanders, has been devel-
oped and successfully implemented to run on the onboard locomotion controller.
Two drive signals are sufficient to modulate speed, direction, and type of gait; this
also simplifies the control by a human user or higher level controller. One of the
advantages of the use of CPGs is the possibility to easily include sensory feedback
in the control loop, but this has still to be implemented in the salamander robot (as
the current generation does not include any sensor, except for the motor incremental
encoder).

3.6.3 Contributions to Biology

Finally, this robot proved to be a useful tool for verifying biological hypotheses. As
explained in Sect. 3.1.1, robots could provide, for example, a “body” with which
models of locomotion controllers can be tested to verify whether they actually gen-
erate locomotion in a real environment. We presented a model of central pattern
generator that explains the locomotion control in salamanders and the transition
between walking and swimming using a single control parameter. This model has
been successfully implemented and tested on the salamander robot, demonstrating
that it can actually generate forward motion of a body, using real actuators, in a real
environment.
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