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From Swimming to Walking with a
Salamander Robot Driven by a

1416

Spinal Cord Model

Auke Jan lispeert,™ Alessandro Crespi,* Dimitri Ryczko,?* Jean-Marie Cabelguen®?

The transition from aquatic to terrestrial locomotion was a key development in vertebrate evolution.
We present a spinal cord model and its implementation in an amphibious salamander robot that
demonstrates how a primitive neural circuit for swimming can be extended by phylogenetically more
recent limb oscillatory centers to explain the ability of salamanders to switch between swimming and
walking. The model suggests neural mechanisms for modulation of velocity, direction, and type of
gait that are relevant for all tetrapods. It predicts that limb oscillatory centers have lower intrinsic
frequencies than body oscillatory centers, and we present biological data supporting this.

as the tetrapod most closely resembling

the first terrestrial vertebrates and repre-
sents, therefore, a key animal from which the
evolutionary changes from aquatic to terrestrial
locomotion can be inferred (7, 2). It is capable
of rapidly switching between two locomotion
modes: swimming and walking (3—5). The swim-
ming mode is similar to that of the lamprey, a
primitive fish, with fast axial undulations being
propagated as traveling waves from head to
tail, while the limbs are folded backward. On
firm ground, the salamander switches to a slower
stepping gait, in which diagonally opposed
limbs are moved together while the body makes
S-shaped standing waves with nodes at the
girdles (3-6).

Using the salamander as an animal model, we
address three fundamental issues related to ver-
tebrate locomotion: (i) the modifications under-
gone by the spinal locomotor circuits during the
evolutionary transition from aquatic to terrestrial
locomotion; (ii) the mechanisms necessary for
coordination of limb and axial movements; and
(iii) the mechanisms that underlie gait transitions
induced by simple electrical stimulation of the
brain stem. We address these questions with the
help of a numerical model of the salamander’s
spinal cord that we implement and test on a
salamander-like robot capable of swimming and
walking. Consequently, this study is also a demon-
stration of how robots can be used to test biological
models, and in return, how biology can help in
designing robot locomotion controllers.

As in other vertebrate animals, salamander
gaits are generated by a central pattern generator
(CPG) (7, 8). As in the lamprey (9, 10) and in the
Xenopus embryo (11, 12), the CPG for axial
motion—the body CPG—is distributed along the
entire length of the spinal cord. It forms a double
chain of oscillatory centers (groups of neurons
that exhibit rhythmic activity) located on both

The salamander, an amphibian, is regarded
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sides of the spinal cord and generates traveling
waves corresponding to fictive swimming when
activated by N-methyl-p-aspartate bath applica-
tion in isolated spinal cord preparations (7). The
neural centers for the movements of the limbs—
forming the limb CPG—are located in the cervical
segments for the forelimbs and in the thoraco-
lumbar segments for the hindlimbs (73, 14).
Locomotion can be induced by simple electrical
stimulation of the mesencephalic locomotor
region (MLR) located in the midbrain (/5). Low
levels of stimulation induce the slow walking gait
and, at some threshold, higher stimulation induces
a rapid switch to the faster swimming mode. In
both modes, the frequency of motion is propor-
tional to the stimulation strength. Gait transitions
by MLR stimulation have been observed in all
classes of vertebrates and appear to be a common
property of vertebrate locomotor control (16).

Although these data show the general or-
ganization of the locomotor CPG, they do not
explain how the different oscillatory centers are
coupled together and how they are driven by
command signals for gait generation and modula-
tion. We have developed a numerical model of the
salamander CPG to explore these questions, which
are relevant to all tetrapods. Previous numerical
models (/7-20) have provided insights into pos-
sible mechanisms for gait transition, but failed
to explain the MLR stimulation experiment de-
scribed above (/5) and the observation that swim-
ming frequencies are systematically higher than
walking frequencies.

Our model is based on four main hypotheses.
Hypothesis 1: The body CPG is like that of the
lamprey and spontaneously produces traveling
waves when activated with a tonic drive (i.e., a sim-
ple continuous stimulation). The limb CPG, when
activated, forces the whole CPG into the walking
mode, as previously proposed in (/). Hypothesis 2:
The strengths of 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 tend-
ency of the body CPG to produce traveling waves
and force it to produce standing waves. Hypothesis
3: Limb oscillators cannot oscillate at high fie-
quencies, that is, they saturate and stop oscillating at

high levels of drive. This provides a mechanism for
automatically switching between walking and swim-
ming when the drive is varied (/5) and explains why
swimming frequencies are systematically higher than
walking frequencies (3, 5). Hypothesis 4: For the
same drive, limb oscillators have lower intrinsic fre-
quencies than the body oscillators. This explains
the rapid increase of frequency during the switch
from walking to swimming and the gap between
walking and swimming frequency ranges (3, 5).

The CPG model is composed of a body CPG
and a limb CPG implemented as a system of
coupled nonlinear oscillators (Fig. 1A). Similar
to lamprey models (27), the bursting properties of
an oscillatory center—the oscillations between
bursts of motoneuron activity and periods of
rest—are modeled by means of a phase oscillator
with controlled amplitude:

0 =2nv; + X7 wy sin(0; — 0; — ¢;)
J

.. ai N o
Vi—%‘(z(Ri 7i) Vz)
x; = ri(1 + cos(6;))

Where 60; and 7; are the state variables represent-
ing the phase and the amplitude of oscillator 7, v;
and R; determine its intrinsic frequency and am-
plitude, and ¢; is a positive constant. Couplings
between oscillators are defined by the weights w;;
and phase biases ¢,,. A positive oscillatory signal,
X;, represents the burst produced by the center.

In the lamprey and the salamander, the am-
plitude and frequency of bursts depend on the
amount of stimulation (75, 22). Typically, when an
increasing drive is applied, three phases can be
distinguished: (i) a subthreshold phase without
bursts; (i) an oscillating phase where the fre-
quency and amplitude of bursts increase with the
drive; and (iii) a saturation phase where centers
stop oscillating. We replicate this effect by
introducing a piecewise linear saturation function,
which similarly modulates the intrinsic frequency
and amplitude v; and R; according to a drive signal
d; between a lower oscillation threshold, djqy, and
an upper one, dyign. Limb and body oscillators
are provided with different saturation functions,
with the limb oscillators systematically oscillat-
ing at lower frequencies than body oscillators for
the same drive (hypothesis 4) and saturating at a
lower threshold dpgn (hypothesis 3). Except for
turning, all oscillators receive the same drive d.

The coupling parameters w;; and ¢;; are set
such that the body CPG produces traveling
waves (hypothesis 1) and the limb CPG produces
the salamander stepping. There are unidirectional
couplings from limb oscillators to body oscil-
lators (Fig. 1A) whose strengths are larger than
those within the body CPG (hypothesis 2). More
details and parameters are provided in the Sup-
porting Online Material (23).

Robots are increasingly used as tools to test
hypotheses concerning biological systems (24).
Here, we test the spinal cord model on a sal-
amander robot whose purpose is threefold: (i) to
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show that our CPG model can generate forward
motion with variable speed and heading (i.e.,
aspects that need a “body” for validation and
cannot be studied at a neuronal level alone); (ii) to
qualitatively compare the gaits generated to those
of the real salamander; and (iii) to show that the

concept of CPGs can lead to robust locomotion
control for robots with multiple articulated joints.

The 85-cm-long robot is designed to approxi-
mately match the kinematic structure of salaman-
ders (Fig. 1B). The robot can move its four limbs as
well as produce lateral undulations of the spine with

REPORTS I

six actuated hinge joints. Unlike the real animal,
limbs perform continuous rotation. The rotation rep-
licates the rotational thrust that salamander legs ap-
ply to the ground while in stance phase and allows
the alternation between swing and stance. Setpoints
for the motor controllers are based on the difference

Fig. 1. Configuration
of the CPG model (A)

A

and salamander robot | d

MLR

d | <— Brainstem

(B). The robot is driven
by 10 dc motors, which
actuate six hinge joints
for the spine (black
disks in the schematic
view of the robot) and
four rotational joints
for the limbs (black
cylinders). The CPG is
composed of a body
CPG—a double chain
of 16 oscillators with
nearest-neighbor cou-
pling for driving the
spine motors—and a
limb CPG—4 oscil-
lators for driving the
limb motors. The out-
puts of the oscillators
are used to determine
the setpoints ¢; (de-
sired angles) provided to
proportional-derivative
(PD) feedback controllers
that control the motor
torques (through their

CPG model
(spinal cord)

18

PD controller

P

voltage V;) given the actual angles @;. The CPG model receives left and right drives d representing descending signals from the MLR region in the brain
stem. The velocity, direction, and type of gait exhibited by the robot can be adjusted by modifying these two signals.

Fig. 2. Switching from walking to swimming; activity of the
CPG model when the drive signal is progressively increased. (A)
x; signals from the left body CPG oscillators (oscillators on the
right side are exactly in antiphase). The numbering corresponds
to that of Fig. 1A. Units are in radians (scale bar on the top
right). The red lines illustrate 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) x; signals from the left-
limb CPG oscillators. Ipsilateral fore- and hindlimbs are in

antiphase. (C) Instantaneous frequencies measured as g—n in
cycles/s. 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 red lines correspond to the lower (a{imP= dPod= 1)
and upper (dith= 3, di2¥/= 5) oscillation thresholds for limb
and body oscillators in arbitrary drive units. Movie S2 shows a
similar switch from walking to swimming in the robot.
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between the x; signals from the left and right body
oscillators for the spine motors, and on the phases
0; of the limb oscillators for the limb motors.
[See (23) for additional design information.]

The CPG model produces swimming and
walking patterns that are consistent with those of
the real salamander. As observed in MLR stim-
ulation experiments (/5), the model produces an
abrupt transition between gaits simply by varying
the drive (Fig. 2). During walking (i.., at low drive),
the strong couplings from limb to body oscillators
force the body CPG to oscillate at a low frequency
with an S-shaped standing wave, as in the elec-
tromyogram (EMG) recordings (35). The frequency
and amplitude of oscillations increase proportionally
with the drive. At ¢ = 20 s, the limb oscillators
saturate, and this induces a rapid gait transition to
the higher-frequency swimming mode. Traveling
waves for swimming are released, also as in the
EMG recordings (5). These traveling waves in-
crease in amplitude and frequency as the drive is
further increased, until the body oscillators reach
their upper oscillation threshold and stop oscillating.

These numerical results agree with detailed
kinematic analyses of the gait transitions, which
found that traveling waves in the body axis are not
observed simultaneously with limb movements (4).
Another important similarity with the MLR stimu-
lation experiments and with recordings in tadpoles
(12) is the step increase of frequencies during the
transition from walking to swimming. In the model,
the limb oscillators slow down the thythms during
walking, and once silent, rapidly release faster
swimming thythms due to the higher intrinsic
frequencies of the body oscillators. This can also
explain why salamander walking and swimming
frequencies do not overlap (3, 5), but have distinct
ranges with a gap between them (e.g., walking from
0.6 to 1.2 Hz, swimming from 1.6 to 2.9 Hz in the
salamander Pleurodeles waltlii). In our model, walk-
ing and swimming frequencies range, respectively,
from 0.2 to 0.6 Hz and from 0.9 to 1.3 Hz. The
intrinsic frequencies of the model have been reduced
compared to those of the real salamander to fit with-
in the torque limits of the robot motors. Although
Fig. 2 shows an example with a simple linear in-
crease of the drive, the model can readily deal with
abruptly and continuously varied drives (as likely
occurs in a freely behaving animal) and modulate
the velocity and type of gait accordingly (23).

In addition to similarities in neural patterns, the
gaits produced by the robot are similar to those of
a real salamander. In the walking gait (Fig. 3), the
body makes an S-shaped standing wave with
nodes at the girdles. The envelopes of lateral dis-
placements compared to the direction of motion
(Fig. 3C) are qualitatively similar for the robot and
the salamander, with minimal displacements close
to the girdles (note that the hindlimb girdle is
located closer to the tail for the robot). The axial
undulations resemble that of the salamander with
two exceptions: The tail of the robot is bent over
its whole length, whereas the tip of the salamander’s
tail tends to remain straight, and the head of the
robot makes more lateral displacements because it

lacks joints in the neck. The body-limb coordina-
tion in both the robot and the real salamander
optimizes stride length (23). Increasing the drive
leads to an augmentation of the speed of walking,
due to the higher frequency and amplitude of os-
cillations. The walking velocities obtained range
from 0.03 to 0.09 nvs (0.04 to 0.11 body lengths/s).
In relative terms, the robot is slower than a P, waltlii,
which walks at velocities in the range of 0.1 to 0.4
body lengths/s. The difference can be explained
by the lower frequencies used in the robot.

The swimming mode of the robot is also
consistent with that of a real salamander (Fig. 4).
The traveling wave of body undulation allows
the salamander robot to propel itself forward in
water. The lateral displacements are similar to
those of the salamander, with points of minimal
displacement traveling from head to tail (Fig. 4,
A and B, arrows). The envelope of maximal lat-
eral displacement has a more complex profile

A

%

Fig. 3. Walking gait. (A) Suc-
cessive midline profiles recon-

than that of the real salamander, in which the
maximal lateral displacement increases more or
less monotonically from head to tail (Fig. 4C). In
the robot, there is a bump in the envelope just
above the hindlimb girdle. This is probably
because the lack of a hinge joint at the girdle
and the increased mass of the hindlimb module
affect lateral displacements. Consistent with
salamander kinematics and EMG recordings, an
undulation wavelength of one body length is
maintained even when the frequency of oscil-
lations is modified with the drive. The swim-
ming velocities range from 0.07 to 0.12 m/s
(0.08 to 0.14 body lengths/s). In relative terms,
the robot swims more slowly than P waltlii
(from 0.4 to 1.2 body lengths/s). The difference
likely results from a combination of three fac-
tors: The robot has lower frequencies, fewer
actuated joints, and a less profiled body than
P. waltlii. Nonetheless, considering the rela-

structed from digitized video 16 F
fields by means of 18 marker
points (black dots) during a 14+
complete stepping cycle of one
individual salamander (velocity = 12

0.06 m/s = 0.34 body lengths/s). =
Squares indicate girdles. A dot 5 10f
at the extremity of a limb &
indicates the estimated foot con- £ 8f
tact with the ground. The hori- &
zontal lines show the overall § 6r
direction of forward travel. (B) &
Same measurement with 10 © 41

markers on the robot (drive =
2.0, velocity = 0.06 m/s = 0.07 2r
body lengths/s). (C) Envelopes

Tip of tail

—e— Robot
- ® - Salamander

corresponding to the maximal
lateral displacements in the
salamander and the robot. The

100

80 60 40 20 0
Marker pos (% of BL)

data points and error bars correspond to the averages and standard deviations of 5 sequences at various velocities
for the salamander and 25 sequences for the robot (23). See also movies S1 and S2. BL denotes body length.
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tively simple design of the robot, its overall
performance captures many elements of the sal-
amander’s locomotor behavior.

Lateral turning can be induced during both
walking and swimming by applying asym-
metrical drives between left and right sides of
the body CPG. Such a mechanism is in agree-
ment with the activity patterns of reticulospinal
neurons observed during lateral turns in the
swimming lamprey. [See (23) and movie S2.]

The model leads to the following four pre-
dictions. (i) It predicts that limb oscillators sat-
urate at lower frequencies than body oscillators
(hypothesis 3). The saturation could be due either
to a spinal mechanism (i.e., limb oscillators are
intrinsically limited to lower frequencies) and/or
to a mechanism in the reticulospinal neurons (i.e.,
these neurons could stop transmitting the loco-
motor command to the limb oscillators if the
signal exceeds a threshold). (i) Hypothesis 4
predicts that motoneuron signals to limb and
axial muscles should exhibit different oscillation

A

<48 ms

Fig. 4. Swimming mode. (A)
Successive mid line profiles during

frequencies for the same drive when body
oscillators are isolated from limb oscillators.
Experiments show this prediction to be true (see
Section 4 of the Materials and Methods). (iii) We
predict that, similar to the lamprey, asymmetrical
stimulation of the brain stem will lead to turning
in salamanders. (iv) We predict that lesioning
the neural pathways from limb centers to body
centers will modify the walking gait—the body
will tend to make traveling waves, and there
will be a loss of coordination between limb move-
ments and body undulations—but not the swim-
ming mode.

The main implication of this study for vertebrate
locomotion is to show how a tetrapod locomotion
controller can be built on top of a primitive
swimming circuit and explain the mechanisms of
gait transition, the switch between traveling and
standing waves of body undulations, and the co-
ordination between body and limbs. This work
extends models of gait transitions as bifurcation
phenomena (25-27) by taking evolutionary mod-

a complete swimming cycle of C

one individual salamander (ve- 16 —*— Robot

locity = 0.17 m/s = 0.89 body 1al - ® - Salamander ||
lengths/s). Same representation as

in Fig. 3A. Arrows indicate the 12t ]
points of minimal lateral displace- 2

ment from the overall direction of 5 1o} i
forward travel (horizontal lines). &

Note the traveling wave in the & g} 1
body undulation. (B) Undula- €

tions in the robot (drive = 4.0, § 6 1
velocity = 0.11 m/s = 0.13 body & .

lengths/s). (C) Envelopes corre- QO 4r ‘+H 1
sponding to the maximal lateral {l{_ﬁ

displacements. The data points 2r H-% 1
and error bars correspond to the Tip of tail ‘ ‘ ‘ Head
averages and standard deviations 100 80 60 40 20 0

of 6 sequences at various velocities
for the salamander and 25

Marker pos (% of BL)

sequences for the robot (23). See also movies S1 and S2.

REPORTS

ifications into account and proposing that the ad-
dition of oscillatory centers together with the
modification of intrinsic and saturation frequencies
in spinal oscillators could provide a general mech-
anism for the generation of multiple gaits in
vertebrates.

Finally, this work also contributes to robotics.
There is currently no well-established method-
ology for controlling the locomotion of robots
with multiple degrees of freedom, in particular for
non-steady-state locomotion in complex environ-
ments. CPGs offer an interesting approach to
solving the problem of online trajectory generation
by using the limit cycle behavior of coupled os-
cillators to produce the motor commands in real
time. CPG-based control allows one to reduce the
dimensionality of the locomotion control problem
while remaining highly flexible to continuously
adjust velocity, direction, and type of gait accord-
ing to the environmental context.
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Ecological Speciation in South
Atlantic Island Finches
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Examples of sympatric speciation in nature are rare and hotly debated. We describe the parallel
speciation of finches on two small islands in the Tristan da Cunha archipelago in the South Atlantic
Ocean. Nesospiza buntings are a classic example of a simple adaptive radiation, with two species
on each island: an abundant small-billed dietary generalist and a scarce large-billed specialist.
Their morphological diversity closely matches the available spectrum of seed sizes, and genetic
evidence suggests that they evolved independently on each island. Speciation is complete on the
smaller island, where there is a single habitat with strongly bimodal seed size abundance, but is
incomplete on the larger island, where a greater diversity of habitats has resulted in three lineages.
Our study suggests that the buntings have undergone parallel ecological speciation.

uring much of the 20th century, specia-

tion among sexually reproducing orga-

nisms was assumed to require an allopatric
phase, when the incipient species were isolated
(1-3). Over the past decade, models have been
developed suggesting that speciation can occur
through natural or sexual selection in parapatry
or sympatry, with partial or complete overlap be-
tween populations (4-6). Initial segregation is
driven by frequency-dependent disruptive selec-
tion, in which individual fitness is determined by
the composition of the population through com-
petition. This is termed adaptive speciation to
stress the importance of biological interactions
(4), although adaptive processes also may rein-
force segregation in allopatrically derived lineages
(7, 8). Ecological speciation is a similar process,
whereby reproductive isolation results from
divergent selection for different environments or
niches, but it makes no assumptions about the
initial spatial structure of populations (7). It also
predicts the independent evolution of convergent
ecomorphs in similar environments (7).

There is much debate about adaptive sympat-
ric speciation (2, 5, 6, 9), with recent theoretical
studies suggesting that speciation through com-
petitive interactions is either unlikely (9) or plau-
sible only under far more restrictive conditions
than originally proposed (3, 6). In sexually repro-
ducing organisms, assortative mating is necessary
to reduce gene flow between lineages, although
the number of loci affecting a trait under selection
may also play a role (6). In empirical studies it is
difficult to exclude the possibility of initial allo-
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patric segregation and subsequent dispersal (7).
The most plausible examples are found in host-
specific insects and freshwater fish (4, 70, I1).

Among birds, the specialization of brood para-
sitic species on different hosts may lead to
sympatric speciation (/2), but resource special-
ization is not known to drive speciation, with
intraspecific competition being reduced through
sexual dimorphism or, more rarely, through troph-
ic polymorphism (13, 14).

Island finches have been especially influen-
tial in the development of evolutionary theory
(15, 16). Lack’s classic study of Darwin’s finches
(16) provided strong support for the allopatric
model of speciation. Although recent studies have
shown that hybridization and introgression are
important in the evolution of Darwin’s finches
(17-19) and that competitive interactions rein-
force species differences in sympatry (8), the
initial development of morphological diversity is
still considered to have occurred in isolation (/5).
However, the large number of islands and finch
species makes it difficult to infer evolutionary
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Fig. 1. The Tristan da Cunha archipelago (A) showing the distributions of habitat types on Inaccessible
Island (14 km? and Nightingale Island (4 km?). Squares 1 to 3 show the main study areas on
Inaccessible Island. The diversity of Nesospiza buntings could result from either allopatric speciation (B)

or parallel sympatric radiations (C).
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