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Abstract— Morphology is an important factor in locomotion.
It may guide the control strategies that an animal or a robot
uses for efficient locomotion. Based on our previous work
for the modeling of the long-tailed lizard, in this paper we
explore the effect of tail loss, a morphological feature that
is particularly distinctive in this species. The main aim is to
postulate and possibly predict the changes in the locomotor
strategies and performance of an amputated long-tailed lizard.
For our study we use optimization algorithms and we mainly
focus on the results from the standard PSO (particle swarm
optimization). Overall the effect of tail loss does not alter much
the behavior of the model, both in terms of postural kinematics
and speed performance. However some results show particular
interest: first the amputated model uses half the power for
achieving the same performance as the intact one, second the
amputated model uses wider foot placement for the hind limbs
and significantly smaller spinal oscillatory amplitudes. These
results may predict that an amputated animal will experience
stability problems at higher frequencies.

I. INTRODUCTION

When it comes to fast, stable and adaptive locomotion,
lizards are one of the best animal groups to study. Moreover,
lizards display a wide range of morphological diversity and
ecological adaptations, including the ability to locomote on
a variety of substrates [1]. Lizard locomotor mechanics are
remarkably similar to those of other legged animals [2] which
suggests that similar locomotor strategies might be shared
with other tetrapod groups. Understanding how specific
morphological variations affect the locomotion strategies of
animals may reveal the principles that connect morphology
and control. Moreover, understanding the principles that
connect morphology and control is particularly useful for
robotics; it can guide the design of a robot for a particular
task and provide a good basis for efficient and stable control.

Within the lizard taxon (Lacertilia), in the family of
Lacertidae all members are relatively closely related. This
increases the chances that observed morphological diversity
within this family reflects functional diversity, and not phy-
logenetic diversity.

Within the Lacertidae, two species, the Lacerta vivipara
and Takydromus sexlineatus have similar body size and they
display a general “lizard” body shape, i.e. with not extremely
strong (as is specialist runners) or underdeveloped (as in
scincids) limbs. The specialist, T. sexlineatus, differs from
the generalist L. vivipara mainly in one, clear, distinguishing
feature: extreme tail elongation ([3] – [5]). This should facil-
itate interpretation of biomechanical comparisons between
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Fig. 1. Snapshot of the long-tailed lizard during the experiments.

these species. Lacerta is the generalist reference, and a
considerable amount of literature is available on general
characteristics of lizard locomotion ([2], [6], [7]). Therefore,
the main focus of our study is on Takydromus (Fig. 1)
because it sports a clear case (tail elongation) of long-term
morphosis. In the future, similar studies with L. vivipara
could suggest potential differences in the locomotion control
between these two species.

In our previous study [8] we developed a simulated model
of the long-tailed lizard able to replicate the speed-frequency
response of the real animal. Our exploration was based on
systematic tests for 10 control parameters on an intact model
(i.e., with the same morphology and inertial characteristics
of an intact animal). In this paper our goal is two-fold: i) first
to deeper explore the performance of the intact lizard model
using Particle Swarm Optimization and Viability Evolution.
Optimization in a continuous space can provide better insight
for the maximal performance of the model compared to
the low resolution quantized systematic tests. ii) second to
explore the effect of tail loss (intraspecific morphosis) on the
locomotion control of the long-tailed lizard model.

II. THE LONG-TAILED LIZARD MODEL

A. Morphology and joints’ topology

In [8] we developed a model of the long-tailed lizard in the
ODE-based simulation platform WebotsTM. The segmenta-
tion, geometry and inertial properties of the model are based
on the lizard’s morphometric measurements. The spine of the
lizard model is composed of 16 active degrees of freedom
(DoF) with vertical axis of rotation and 5 passive compliant
DoF of which 4 enable vertical movements and the last one
rolling movements along the body-axis (Fig. 2). Each limb
is composed of 3 active DoF and implemented as a pitch-
yaw-knee manipulator. The pitch moves the limb vertically
(adduction-abduction), the yaw, horizontally, back and forth
(retraction-protraction) and the knee extends and retracts the
foreleg.

For this study, additionally to the previous model, we used
an amputated model. The tail was removed at a position close
to the body (Amputation plane in Fig. 2). The tail should



not be removed from its connection to the trunk as in real
animals some part of the tail is always needed for anatomical
reasons (animal’s vent).

B. Control

We use position control for all active DoF of the model
with relatively high PID gains. This ensures that the defined
postures and trajectories are respected, even in high frequen-
cies.

1) Spine: The spine is controlled by a simple sine con-
troller. The angle of each active DoF, θ, is given by:

θi = Aisin(φ+ ψi), 1 ≤ i ≤ 16
φ = 2πft

(1)

where φ is the phase of the locomotion cycle, f its frequency,
t the time, Ai the amplitude of the i-th joint and ψi the phase
difference between the phase of the i-th joint and the phase
of the locomotion cycle.

2) limbs: We control the limbs in the end-effector trajec-
tory space, i.e., we define a trajectory for each foot which
is followed precisely throughout the cycle. The reference
frame for each pair of limbs (front and hind) is defined
as the midpoint between shoulders or hips (Fig. 2). The x-
axis of the reference frame is always parallel to the line
of locomotion. The y-axis is on the vertical direction and
the z-axis on the lateral. A trajectory is defined by a set
of three trigonometric equations, one for each axis. A point
p = (x, y, z) of this trajectory is given by:

x = Axsin(φ+ ξ) +X

y =

{
Aycos(φ+ ξ) + Y if cos(φ+ ξ) ≤ 0
Y else

z =

{
Azcos(φ+ ξ) + Z if cos(φ+ ξ) ≤ 0
Z else

(2)

where Ax,y,z represent the amplitude of the movement at
each axis and X,Y, Z the corresponding offsets. φ is, as
before, the phase of the locomotion cycle and ξ the phase
lag between the phase of the foot and φ. In other words, the
foot follows a kind of semicircular trajectory. In stance phase,
it follows a straight trajectory (of length 2Ax), backwards,
at constant offsets Y and Z from the reference frame of the
limb. The offset X defines the front-back asymmetry of the
stride around the shoulder/hip, i.e. positive X would retract
the foot more than protract it. In swing phase the foot is
cleared from the ground up to a height Ay and extended
from the body at a distance up to Z + Az . Thus, the above
6 variables are the ones to control the shape of a trajectory.
The calculation of the inverse kinematics for the limb joints
are presented in [8]. The control variables will be further
discussed in the optimization section.

III. OPTIMIZATION

A. Optimization algorithms

We made extensive use of the standard PSO (particle
swarm optimization) and we tested a new evolutionary
algorithm, the Viability Evolution described in [9]. The
particle swarm optimization is a very elegant, simple and
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Fig. 3. Example of the ViE performance. The plot shows the evolved
speed. The expected speed was around 0.6 m/s while the algorithm found
much slower solutions (at the given number of individuals).

fairly recent optimization algorithm [10], [11]. It is loosely
based on the notion of swarm/flocking behavior. On the other
hand, Viability Evolution (ViE) is an evolutionary algorithm
based on iteratively reshaping constraints which define the
viable space of solutions. The reproduction of individuals
is not based on explicit fitness but rather on elimination
according to the “environmental” constraints. ViE has proved
to preserve diversity and therefore explore more solutions,
however, in terms of implementation, contrary to PSO, it
cannot be parallelized, demanding more (real) time for it to
converge.

In our preliminary analysis1 we found that ViE may not be
very well suited for the lizard’s optimization landscape. The
landscape can be “flat” for several individuals and iterations
mainly because of the small ranges in which the inverse
kinematics of the limbs can find a valid solution (see Design
of Experiments for details on the optimized parameters). This
probably caused the ViE algorithm to be either very slow (in
terms of convergence) or to oscillate around a suboptimal
solution (compared to the expected one from the systematic
tests). An example of the ViE output is shown in Fig. 3. In
the figure, the speed of all individual is much slower than
the expected one (see Results section).

B. Design of experiments

The simulated long-tailed lizard has a total of 64 control
parameters. In our previous study we reduced this number to
11 based on several hypotheses. We used the same parame-
ters both for the intact lizard model and the amputated one.
Those parameters are: 1) the amplitude of body oscillation,
A, 2) the frequency, f , 3,4) the protraction-retraction range
of the forelimbs and hind limbs, Ax, 5) the distance of the
shoulders from the ground, Y FL, 6) the distance of the
hips from the ground, Y HL, 7,8) the lateral placement of
the front and back feet from the line of locomotion, ZFL

and ZHL respectively, 9,10) the offset of the protraction-
retraction oscillation with respect to the hips and shoulders,
XHL and XFL and 11) the duty factor Df (ratio of stance
duration over the locomotor cycle duration). The selected
ranges for each variable are shown in Table I. Note that
the frequency was not used as an open parameter for the

1We were able to run only a single experiment using ViE and therefore
not explored several possible configurations of the algorithm.
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Fig. 2. The long-tailed lizard model. Definitions of the active and passive DoF denoted with different line styles and colors. (top right) Illustration of the
line of locomotion and the reference frame of the forelimbs (the definition is similar for the hind limbs).

TABLE I
OPTIMIZATION PARAMETERS AND BOUNDARIES

Variable Low High Unit
A 0 0.3 rad
f 4 9 Hz
Df 20 80 %
AHL

x 5 15 mm
XHL -5 5 mm
Y HL -5 5 mm
ZHL -5 5 mm
AFL

x 5 15 mm
XFL -5 5 mm
Y FL -5 5 mm
ZFL -5 5 mm

individual optimization runs, but several optimizations were
performed for different levels of frequency, every 1 Hz.
In particular at least 5 optimization runs were performed
for each frequency level. Whenever the results of similar
optimization runs were not close to each other, up to 10
runs were performed in order to enhance the reliability of
our conclusions.

For the fitness we measured only the speed of forward
locomotion. However, a measure of the power consumption
was recorded parallel to the fitness which we call effort. Ef-
fort is calculated as the sum of the squares of the joint/motor
torques. The latter, although does not precisely give the
power consumption (this would mean that a precise model of
the motors is available), it gives a fairly good approximation
of it.

In total, 68 different PSO optimizations were performed.
Initial exploration for the number of iterations needed
showed that 150 iterations for the intact model and 200
iteration for the amputated model were enough to ensure
convergence. In both cases the number of particles was 50.
This means that 7500 and 10000 individuals respectively
were explored in each optimization run.

IV. RESULTS

A. Frequency response of metrics

In our previous work [8] we showed that the frequency
response of the model, explored through systematic tests,
was surprisingly close to the real data. For convenience those
data are shown also here in Fig. 4. The black line with
diamonds shows the results from the systematic tests and
the real animal data are shown with green circles.

Interestingly, the optimization process, for the intact lizard
model (blue squares), found a much faster solution for all the
frequency levels. This suggests that relatively small changes
in the coordination of the different DoF of the model may
alter significantly its speed. The difference between the real
data and the optimal speed achieved by the model may also
suggest that the speed is not the only metric that animals
account for (energy efficiency could be a second). Moreover,
the mean optimal speeds of the amputated lizard model
(red triangles) are almost identical, in most cases, with the
intact’s. The latter might not be very surprising as the main
propulsion comes from the limbs and the bending of the
trunk while the optimization process does not take into
account the energy needed to achieve the same goal. Indeed,
a plot of the effort of the two models for their optimal speed
per frequency level shows that the amputated model is twice
as efficient (Fig. 5).

The above results show that a more sophisticated fitness
function, e.g. efficiency, could give results closer to the
ones recorded from the animal in future experiments. A
second observation that would demand further exploration
is the effort-frequency response of the intact lizard model
(blue squares; Fig. 5). Contrary to the effort response of the
amputated model, which is linear, the intact model seems to
use approximately the same effort for frequencies higher than
6 Hz, although its speed increases (blue squares; Fig. 4). This
might mean that the model exploits the passive components
of its joints, e.g. all the passive DoF in the tail (which are not
present in the amputated model), and the compliant ground
contact model.

The evolution of the best individuals for each iteration of
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Fig. 4. Speed-frequency responses of the intact model using PSO (blue
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using systematic tests (black diamonds; data from [8]) and real animals
(green circles; data from [8]).
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Fig. 5. Effort-frequency responses of the fastest intact model using PSO
(blue squares) and the fastest amputated model using PSO (red tringles).

the different optimizations for the intact and the amputated
model is shown in Fig. 6 and 7 respectively. Two observa-
tions can be made from the two figures: i) The majority of the
optimization runs converged to a similar solution and ii) the
majority of the optimizations converged to a solution close
to their best in less than 50 iterations. The two observations
show that the PSO works robustly and fast for the current
problem.

B. Analysis of optimized control parameters

That the speed seems to have converged after the 50th

iteration for most of the optimization runs, it should not
necessarily mean that the combination of the 10 control
parameters is the same. A deeper analysis in the evolution of
each parameter along the iterations of different optimizations
showed that in our case similar values are used among best
individuals (i.e. all the parameters followed a straight line af-
ter almost the 50th iteration; Fig. 8 and 9). Some variability
may also appear between different optimization runs of same
parameters, i.e. different optimization runs may converge to
the same speed but with different control parameters. Very
few cases however show such a significant variability in our
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Fig. 6. Optimization process of the intact long-tailed lizard model. Evolu-
tion of the best individual for all the iterations of different optimization runs
(different colored curves) for the different levels of frequencies (different
plots). The colored circles denote the best individual for each run. The title
of each plot gives the mean and standard deviation of the best individuals.

experiments with the majority of the parameters converging
at similar values.

The optimized control parameters of the intact and the
amputated models are more clearly shown in Fig. 10. For
each frequency level, the parameters of the best individual
of each optimization were selected for the calculation of the
mean and standard deviation of each single parameter. The
blue circles correspond to the values used by the intact model
while the red triangles by the amputated.

From our previous systematic tests [8] we suggested that
the optimal posture for a model with the morphology of the
intact long-tailed lizard is the following: i) The hips should
be kept close to the ground and the hind feet far from the
body-axis (laterally) and ii) The shoulders should be higher
than the hips and the front feet close to the body-axis. The
results from the optimization of the intact model show the
same pattern (Fig. 10; blue lines and circles). In particular,
the hip height (Fig. 10E) is always slightly lower than the one
of the shoulders (Fig. 10F). Also, the hind feet (Fig. 10G)
are placed in a wider posture than the front ones (Fig. 10H)
for the majority of the cases.

In terms of control, the intact model (blue circles in
Fig. 10) shows a quite variable behavior for the spinal os-
cillatory amplitude (Fig. 10I) with the lowest bending found
at the two extremes of the frequency range and the highest
inbetween. The duty factor (Fig. 10J), more obviously in
low frequencies, shows a slight tension to decrease which
means that the model goes from walking to running gaits
as frequency increases. Although the retraction range (how
much they move back and forth) of the hind limbs is not
significantly variable, the forelimbs seem to slightly decrease
their range as the frequency increases. The latter could mean
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Fig. 7. Optimization process of the amputated long-tailed lizard model.
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(different plots). The colored circles denote the best individual for each
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that the role of the forelimbs slightly decays as the frequency
and thus speed increases. That the retraction offset of both
the hind and forelimbs remains close to zero, it means that
the model prefers to use symmetric protraction and retraction
around the hips and shoulders.

Overall, the effect of tail loss did not seem to alter much
the behavior of the long-tailed lizard model (red triangles;
Fig. 10). The trend of each variable with respect to the
frequency remained the same or very similar. Only a few
parameters were affected. The amplitude of spine undulations
was significantly reduced for frequencies higher than 4 Hz
(Fig. 10I). The lateral placement of the hind feet was also
increased for most of the frequencies (Fig. 10G) while the
front feet showed the same exact values as for the intact
model (Fig. 10H). The two latter observations may suggest
that the tail loss reduces stability as smaller amplitudes and
wider hind feet placement yield more stable gaits. Another
small change appears at the relative heights of the hips and
shoulders. The amputated model uses slightly more balanced
(parallel to the ground) posture for the trunk (Fig. 10E and
F). This might be related to the reduced weight at the model’s
hips due to the tail loss. Finally, the retraction range of the
hind limbs is reduced in the amputated model (Fig. 10A)
probably because the propulsion from the front feet is enough
to pull the model forward. The additional friction induced by
the contact of the tail with the ground and due to the higher
normal forces at the hind limbs may increase the importance
of the hind limbs’ retraction range.
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V. CONCLUSIONS AND FUTURE WORKS

The analysis of the long-tailed lizard’s locomotion through
optimization has confirmed our observations related to the
animal’s posture from previous systematic tests. However,
the optimization using speed as a fitness failed to reproduce
the animal data. Our hypothesis is that animals account for
efficiency and therefore more sophisticated fitness functions
should be explored in the future. In terms of morphosis, we
explored the effect of tail loss by comparing the intact with
the amputated model over the same set of parameters. That
the overall behavior of the model did not change significantly
it should not be unexpected as the tail does not, potentially,
play a big role in ground propulsion. However, two interest-
ing hypotheses and possibly predictions can be made for the
walking behavior of an amputated long-tailed lizard: 1) the
animal could be more unstable and to compensate for this
it would use a wider posture for the hind feet and reduced
body undulations. 2) it would use more level trunk postures
(parallel to the ground) and the hind limbs would reduce
their protraction-retraction range.

In the future it would be interesting to look into data
from real amputated animals and evaluate our predictions.
Moreover, apart from the more sophisticated fitness func-
tions, other types of environments should be explored, e.g.
slopped terrain and different ground friction coefficients.
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