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For walking, the speed almost linearly increases over the whole range of
drives, from 3.54 - 1072m/s for d = 1 to 1.19- 10*m/s for d = 3. For
swimming, the speed increases linearly from 1.20 - 10~* m/s for d = 3.001 to
1.40-107 ' m/s for d = 3.5, then stabilizes around this value up to d = 4. For
d > 4, the speed decreases, with a minimal value of 9.24-10~2m/s for d = 4.5.
The decrease is mainly owing to the torque limits of the motors, which are
not enough to follow the desired trajectories in water at high frequency, with
the consequence that the speed saturates, and then for higher drives, the
travelling wave begins to deform, with the resulting decrease of speed.

4.2 Kinematic measurements

To compare the movements of the robot with those of the real animal, kine-
matic 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 Del-
volvé (INSERM, Bordeaux).

Fig. 16: The salamander robot swimming with the tracking markers fixed on
it
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The robot was filmed from above at 15frames/s 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 (z,y) coordinates of the markers (sort
of 2D barcodes, see fig. 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 in CSV
files and then imported in MATLAB for processing and analysis, like for the
salamander. The tracking markers had a size of 55 x 55mm. To minimize
motion blur, the exposure time of the camera was set around 2 ms, using two
500 W halogen 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 support having the same size of 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. 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. 17 and 18,
respectively.

A detailed comparison of the lateral displacements during a complete lo-
comotion cycle can be found in Figs. 19 and 20. The two gaits are easily
distinguished: walking uses standing waves, whereas swimming uses a trav-
elling wave along the body. As it can be seen in the figures, the generated
waves are similar for the salamander and the robot, although there are some
small differences.

The envelopes of lateral displacement of each marker (relative to the di-
rection of motion) measured with the video tracking are plotted in Figs. 21
(walking) and 22 (swimming), with the corresponding data of the animal. For
walking, the motion is qualitatively similar for the robot and the animal; both
have minimal lateral displacements at the girdles (which are not exactly at
the same relative position). The main differences are the displacements of the
queue (the salamander maintains the tip of its queue mostly straight, whereas
the robot moves it) and of the head (the robot lacks a joint in the neck, there-
fore producing a greater lateral displacement of the head, compared to the
real salamander that makes compensatory neck movements). 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.
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Fig. 17: Snapshots from videos for salamander (a) and robot (b) walking.
The time step between the snapshots is 0.12s for the salamander, and 0.20s
for the robot

(b)

Fig. 18: Snapshots from videos for salamander (a) and robot (b) swimming.
The time step between the snapshots is 0.04s for the salamander, and 0.12s
for the robot
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Fig. 19: Comparison of lateral displacements of the salamander (a) and robot
(b) during walking. Velocities were 0.06 m/s (0.34 body lengths/s) for the
animal, and 0.06 m/s (0.07 body lengths/s) for the robot (d = 2.0)

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:

e 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.

e The forces applied to the output axis during vertical movements (e.g.,
when lifting 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.
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Fig. 20: Comparison of lateral displacements of the salamander (a) and robot
(b) during swimming. Velocities were 0.17m/s (0.89 body lengths/s) for the
animal, and 0.11m/s (0.13 body lengths/s) for the robot (d = 4.0)

These waterproofing problems have been addressed in a new third gener-
ation prototype (which is currently being tested as a snake robot, to which
the legs will be added later), using a new closing system based on permanent
magnets (instead of screws), thus also reducing the damages to the elements
when unmounting them.

The limited computational capabilities of the PIC18F2580 used for the lo-
comotion controller (a 8-bit microcontroller running at 40 MHz, obtaining a
speed of 10 MIPS) required strong optimization of the code implementing the
CPG locomotion controller. For instance, the CPG had to be implemented
with fixed-point arithmetics and a large use of lookup tables, in order to ob-
tain 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 micro-
controller).

The following improvements to the current generation of salamander robot
have been applied in the third generation body elements now being tested:
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Fig. 21: Lateral displacements of the robot and real salamander during walk-

ing
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The replacement of the current global I2C bus with a faster and more
reliable CAN bus. The 12C is now used only inside elements for local
communications between the different components.

Adding the possibility to retrieve status information from the battery mon-
itoring/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
interfacing to the CAN bus, and providing local computational capabilities
for implementing a really distributed CPG.

Having the possibility to remotely reprogram the trajectory generator pro-
gram, 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 program-
ming 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.

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
microcontrollers and the use of a CAN bus will ease the implementation
of this kind of controller.

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 locomotion.

Potentially adding a supplementary degree of freedom to have the pos-
sibility 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 ca-
pabilities.

Conclusion

Realization of an amphibious salamander robot

Amphibious robotics is a rather challenging topic: the complete waterproof-
ing requirements 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
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which include water in any form (for example rain, partially flooded terrains,
mud, etc.). This is a clear advantage, for instance, for outdoor robots used for
inspection or exploration tasks. In our salamander 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].

Central pattern generators in robots

Central pattern generators are more and more used for the control of robots.
This biologically inspired control technique is well suited for the control of
complex robots having multiple degrees of freedom, as they can generate coor-
dinated control signals for all the joints, receiving only simple low-dimensional
inputs. This means that CPGs are a good control method for implementing
interfaces to be used by human 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 featur-
ing discontinuities, like those that can be provided by a human operator 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
developed 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).

Contributions to biology

Finally, this robot proved to be a useful tool for verifying biological hypothe-
ses. As explained in Section 1.1, robots could provide for example a “body”
with which models of locomotion controllers can be tested to verify whether
they actually generate 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 a 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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