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1 Introduction 

Animals have evolved terrestrial locomotion differently 
in order to adapt to specific habitats [1–3]. Anatomically, 
tetrapods may differ in the number of limbs used for 
locomotion, limb length, shape, and mass. In addition, 
locomotor styles may functionally differ in terms of limb 
posture (erected or more or less crouched), duty factor (the 
time percentage during which the foot touches the ground), 
and footfall patterns (the time sequence at which each foot 
lands on the ground during the gait cycle).  

Nevertheless, some general principles for terrestrial 
locomotion have emerged that apply to a wide range of 
animal species, mainly related to energy saving 
mechanisms [4], and to the neural control of muscle activity 
patterns [5,6]. What is still unclear is how the neural 
command signals are linked to the mechanics of the Centre 
of Mass (CoM). 

One law of inter-segmental coordination has been 
described in human locomotion, that correlates the 
mechanical oscillators with the neural ones. The temporal 
changes of the elevation angles covary so that the three-
dimensional (3D) trajectory of the elevation angles lies close 
to a plane [7]. The functional relevance of this synergic 
control of segmental motions lies in a reduction of the 
degrees of angular motion to two, thus matching the degrees 
of freedom of linear motion of the CoM in the sagittal plane. 
In fact, a significant correlation has been found between the 
specific orientation of the plane, or equivalently the phase 
shift between the angular motion at the shank and foot, and 
the net mechanical power output at the CoM at different 
speeds of walking [8]. 

How general across animal species is the planar law of 
intersegmental coordination? Does it happen to be a basic 
principle of terrestrial locomotion? However, apart a few 
cases [9–12], the planar law has received little attention so 
far in the context of comparative studies of animal 
locomotion. Here we present a summary of our recently 
published paper [1]. In this study we looked into the 
synergic control of segmental motions during terrestrial 
walking in a large set of mammals and birds.  

2 Materials and Methods 

We examined the basic kinematic patterns of limb 

motion in several animal species. To this end, we recorded 
walking of 47 animals at their natural speeds (using a video 
camera), as well as we analysed the previously published 
kinematic data of 7 other therian mammals [1]. Specifically, 
we studied 54 different animal species belonging to 2 
classes and 18 orders, including 10 species of birds and 44 
species of mammals, whose body mass spanned 5 orders of 
magnitude, from the mouse (typical mass 0.03 kg) to the 
elephant (about 4000 kg). Our study included animals that 
are usually difficult to train and work with (e.g., tiger) or 
have very large sizes (e.g., hippopotamus). Therefore, we 
could only apply the markerless approach to reconstruct the 
kinematic data [11].  

Different anatomical landmarks of the ipsilateral side 
(with respect to the camera) were manually tracked from the 
videos (with Tracker software, v.4.95) and used to define 
the tri-segmented models for each limb: for hindlimb (HL) 
the interconnected segments were thigh, shank and foot, 
while for forelimb (FL) we used two models [13]: 1) FLupp – 
scapula, upper arm, and lower arm, and 2) FLlow – upper 
arm, lower arm, and hand. When the three segment 
elevation angles are plotted in a 3D space, they generate a 
loop that lies close to the plane (Fig 1). We used the 
principal component analysis (PCA) to quantify the 
kinematic coordination of limb segments and the 
corresponding limb segment covariance plane. 

3 Results 

We found that the planar covariation law of limb segment 
motions holds for walking in all recorded animal species, 
despite significant differences in body size, limb segment 
configuration and gait parameters. Planarity of the data was 
quantified by computing the percentage of variance 
accounted for by the third eigenvector (PV3) of the data 
covariation matrix (PV3=0 corresponds to perfect planarity). 
The results showed that the planarity was obeyed by all 
species (PV3 ranged from 0.04% to 5.3% across all limbs 
and animals). The shape of the 3D closed loop generated by 
the three elevation angular waveforms differed across 
animals and limbs.  

While planarity of the 3D loops held for all animals, the 
orientation of the covariance plane (characterized by the 
third eigenvector u3 of the covariance matrix, which is 
orthogonal to the plane) differed due to different phase 
relationships between elevation angles.  



 

 

 
Figure 1 Ensemble averaged limb segment elevation angles 

of the elephant plotted vs. normalized gait cycle are shown in the 
left panel and the 3D gait loop with a corresponding interpolation 
plane in the right panel. Blue and red arrows indicate the 
orientation of the first two Principal Components, PC1 and PC2, 
respectively. 

We found a different u3 dispersion between HL and FL. 
In particular, spherical statistics analysis revealed four 
groups (birds HL, mammals HL, mammals FLupp, mammals 
FLlow) that had concentration parameters significantly 
different (p<0.0001) and belonged to different distribution 
with significantly different mean directions (p<0.0001).  

Our results showed that the full limb behaviour in all 
walking animals can be expressed as two principal 
components identifying a given covariation plane. While the 
orientation of the covariation plane of the FL appeared fairly 
conserved across species, the covariation plane of HL varies 
across mammalian species by a rotation (α-angle) about a 
well-defined axis. 

To search for biomechanical correlates of inter-species 
differences in the orientation of the covariance plane we 
performed a linear regression between the value of α-angle 
and the range of angular motion (ROM) of limb segment 
elevation angles, the phase shift between elevation angles, 
and the ratio between limb segment lengths. In particular, 
the phase shifts between elevation angles waveforms are 
strongly related to the rotation of the covariance plane 
[8,14], and they can be assessed using the relative timing of 
the minima [8,11]. We found that the values of α-angle were 
best correlated with the phase shift Δfoot-shank suggesting 
biomechanical correlates for planar covariation law.  

4 Discussion 

Locomotion of tetrapods on land adapted to different 
environments and needs resulting in a variety of different 
gait styles. However comparative analyses reveal common 
principles of limb movement control. Here we report that a 
kinematic synergy involving the planar covariation of limb 
segment motion holds in all analysed animal species, despite 
their differences in body size, mass, limb configuration, and 
amplitude of movements.  

While biomechanics contributes to the planar law of 
inter-segmental coordination, the orientation of the 
covariance plane reflects specific phase relationships in the 
control of segment motions. Furthermore, for quadrupedal 

animals, the orientation of the plane resulted to be limb-
specific between HL and FL.  

Our results also suggest that the planar covariation is a 
feature that has arisen independently several times during 
evolutionary history ([1,9]). A convergent evolution of this 
kinematic synergy may be due to both adaptation and 
constraints acting similarly in distantly related species. 
Adaptation would arise due to the advantage of a kinematic 
control law lying at the interface between neural commands 
and environment. Constraints would depend on the inherent 
biomechanical coupling between different limb segments. 

In sum, our study provides an integrative view on the 
dynamic template of limb segment motion across a wide 
range of animals and prompts further work to understand 
functional and evolutionary advantages of specific planar 
covariation patterns adopted by different species to adapt at 
different environments and needs. 
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