Robot Trotting with Segmented Legs in Simulation and Hardware
Alexander Sproewitz, Alexandre Tuleu, Massimo Vespignani,
Mostafa Ajallooeian, Emilie Badri, and Auke Ijspeert
Biorobotics Laboratory, EPFL, 1015 Lausanne, Switzerland
alexander.sproewitz@epfl.ch
1 Motivation
This research is focusing on the implementation, testing,
and analysis of quadrupedal, bio-inspired robot locomotion.
Our tool of research is a light-weight, quadruped robot of
the size of a house cat, both in simulation and hardware.
We are currently following the idea of testing bio-inspired
blue-prints such as leg-segmentation, directional leg compliance (bio-mechanical), and central pattern generators (bioinspired neuro-control) for their feasibility, and advantages
against more traditional, engineered solutions. Clearly, our
first goal would be to reach a same level of performance as
animals, e.g. in terms of speed, cost of transport, or versatility. Much research has been done on bio-mechanical and
neuro-physiological research on legged vertebrates. Hence,
data is available for animal locomotion such as gait patterns,
speed, cost of transport, duty factor, joint angles, torque patterns, body angles, and ground reaction force (GRF) data.
While this data allows one to study a subset of locomotion
characteristics, it often lacks an intuitive way to compare animals of different species, or as for us, quadruped robots. We
started applying the collision angle analysis (Lee, Bertram,
et al. 2011) for trot gait, based on qualitative and quantitative
results from goats and dogs (taken from (ibid.)), and experimental recordings of our robot’s center of mass (COM) and
GRF.
2 State of the art
Recently strategies have been developed which combine
several of the above characteristics, namely the vector of
speed of the center of mass (COM) of an animal (or robot)
and the vector of ground reaction forces into the instantaneous collision angle (ibid.). (ibid.) showed that the collision angle of an animal has unique characteristics, which
are also gait dependent.
Another aspect of quadrupedal locomotion research can be
found in the difference of intrinsic, mechanically based selfstabilization of locomotion patterns, versus the need for
feed-back control loops, monitoring the state of the robot
(or the animal). Lee and Meek 2005 showed that by using two-segmented legs at a simulated, trotting quadruped
robot, self-stabilization improves depending on the orientation of the knee joints. This leg orientation can be found in
many two-segmented quadruped robots, the most prominent
example being BigDog (version until 2011, (Raibert et al.

2008)).
Herr et al. 2000 on the other hand reported on the importance
of control patterns for a trotting horse model for stable locomotion, e.g. the speed of the foot trajectory during stance
phase. Once this parameter was adjusted, robot model pitching stability emerged.
One often used abstraction of legged locomotion is the SLIP
model (Blickhan 1989). The (initial) SLIP model is energy
conservative, uses no leg inertia, and no swing leg dynamics. One of the model’s main outcomes concerns the importance of leg-knee compliance during dynamic locomotion,
for self-stable running.
A bio-inspired locomotion control has been identified with
central pattern generators, and used for multiple robots
(Fukuoka et al. 2003; Ijspeert 2008). CPG can provide an
abstraction for the creation of rhythmic locomotion patterns
ideally suited for robotics (Ijspeert 2008).
3 Approach and results
As a research tool, we designed and implemented a lightweight, compliant, quadruped robot. It is equipped with passive compliant four-segmented legs, three leg segments and
one foot segment, similar to (Rutishauser et al. 2008). We
dimensioned weight of the robot (m = 1.1 kg), COM placement, and gear transmission system such that we can replay
typical trot gait locomotion patterns up to a hip frequency of
f = 3.5 s−1 . This is only little less than typical locomotion
patterns of animals of this size. We produced feed-forward
gait patterns, based on a CPG network, generating gait patterns for hip and knee joints of the robot.
We further implemented a copy of our hardware robot in a
physics-based 3D simulation (Michel 2008). With the simulated robot model we extensively searched the control parameter space, and collected data of cost of transport, ground
reaction forces, and speed of the simulated robot.
With the hardware setup, we were able to speed the robot
up to Froude numbers of FR = 1.34, i.e. a speed of v =
1.42 m s−1 (1.50 m s−1 for the simulated robot model), or
6.9 body lengths per second. Only feed-forward locomotion patterns were applied. To the best of our knowledge
this is the currently fastest mobile, legged, quadruped robot
running non-constrained in trot gait. The robot reached dy-

Figure 1: Robot in hardware, and simulation. Running on flat ground, and with a step-down perturbation.
namic gaits with short flight phases, with a duty factor of
d = 0.4.
As for the comparison to other robot platforms and animals,
we recorded individual limb GRF data, and the COM speed
vector. This allowed us to calculate collision angle, and collision fraction numbers for our robotic setup, and compare
them to animal data from e.g. goats and dogs (Lee and Meek
2005).
Preliminary experimental results with the hardware
quadruped showed similar v-like shapes of the instantaneous angle of collision profile, compared to goat and dog
trot gait. This indicates that our robot applied characteristics of animal-like trot gait. However, mean collision
angle (≈ 0.4 rad) and collision fraction numbers (≈ 0.75,
measured at robot speed of 1.24 m s−1 ) are higher as for
goats and dogs. Hence, albeit bio-inspired leg compliance,
the robot’s locomotion motions are still too abrupt and stiff.
4 Acknowledgements
We thank Mahdi Khoramshahi and Rolando Rodas for assisting experiments and robot assembly. Jesse van den
Kieboom provided code and infrastructure for the PSObased optimization framework. The research leading to
these results has received funding from the European Community’s Seventh Framework Programme FP7/2007-2013Challenge 2-Cognitive Systems, Interaction, Roboticsunder grant agreement No. 248311 (AMARSi).

References
Blickhan, R. (1989). “The spring-mass model for running and hopping”. In: Journal of Biomechanics 22.11-12,
pp. 1217–1227.
Fukuoka, Y., Kimura, H., and Cohen, A. H. (2003). “Adaptive Dynamic Walking of a Quadruped Robot on Irregular
Terrain Based on Biological Concepts”. In: The International Journal of Robotics Research 22.3-4, pp. 187 –202.
Herr, H. M. and McMahon, T. A. (June 2000). “A Trotting
Horse Model”. In: The International Journal of Robotics Research 19.6, pp. 566–581.
Ijspeert, A. (2008). “Central pattern generators for locomotion control in animals and robots: A review”. In: Neural
Networks 21.4, pp. 642–653.
Lee, D. V., Bertram, J. E. A., Anttonen, J. T., Ros, I. G., Harris, S. L., and Biewener, A. A. (Oct. 2011). “A collisional
perspective on quadrupedal gait dynamics”. In: Journal of
The Royal Society Interface 8.63, pp. 1480 –1486.
Lee, D. V. and Meek, S. G. (Mar. 2005). “Directionally compliant legs influence the intrinsic pitch behaviour of a trotting quadruped”. In: Proceedings of the Royal Society B:
Biological Sciences 272.1563, pp. 567–572.
Michel, O. (2008). Webots 5, fast prototyping and simulation
of mobile robots.
Raibert, M., Blankespoor, K., Nelson, G., and Playter, R.
(2008). “BigDog, the Rough–Terrain Quadruped Robot”.
In: Proceedings of the 17th IFAC World Congress. COEX,
South Korea, pp. 10823–10825.
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