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Walking is still an open challenging problem for humanoid
robots, where reduced models such as the inverted pendulum,
the table-cart and the spring loaded inverted pendulum are
often preferred due to the faster computations times and eas-
ier dynamics. Despite their popularity, it is known that such
models do not allow to exploit the whole-body dynamics of
the robot, resulting in walking motions where the upper body
does not perform any motion.

In order to take into account the whole-body dynamics, we
use optimal control to generate whole-body walking motions.
In particular, we use the model of the humanoid robot He-
iCub, which is a reduced version of the humanoid robot iCub
[1] without arms and head and with legs designed for loc-
motion tasks. The HeiCub is located in Heidelberg and was
built as part of the European Project KoroiBot [2] to perform
walking experiments. In a previous work we analysed the
walking capabilities of the robot in several environments by
means of a table-cart based pattern generator [3] and gathered
information about the capabilities and limitations of the robot
that have to be taken into account in optimal control problems
under the form of constraints, parameters and objectives.

Walking is a multiphase motion, where a set of phases can
be identified in terms of different sets of contacts between the
feet and the environment. Therefore we formulate the prob-
lem as a multiphase optimal control problem. In particular,
we look at straight level ground walking, where the phases of
a humanoid robot with rigid flat feet, such as HeiCub, can be
identified as in Fig. 1. The first and final phases are the initial-
isation and ending phases, while the phases in between repre-
sent the cyclic step which can be described as periodic. Each
phase is described with a different set of differential equations
according to the contacs, which are assumed to be rigid. The
impacs are assumed to be inelastic and instantaneous, there-
fore they are described as phases with zero time, where the
generalized velocities change after the impact.

We set as controls of the optimal control problem the joint
torques u(t) = τ(t) and as states the generalized positions
and velocities of the robot, such that the differential states
are ẋ(t) = [q̇(t) q̈(t)]T , which right hand side is computed
using forward dynamics by using the whole-body dynamics
of the robot. The physical limitations of the robot, such as
joints range, velocities, torques are imposed as boundary con-
straints. Other constraints include the contact sets, collision
avoidance, stability (e.g. as ZMP) and periodicity, where pe-
riodicity is imposed on the cyclic step, such that it can be
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Figure 1: Walking phases for flat feet humanoid robots, from ini-
tialisation to end steps. Where R stands for right foot, L
for left foot, D for double support and S for single sup-
port. TD stands for touch down, i.e. impact.

repeated in sequence for the execution on the robot. The step
length is represented as parameter. The objective function in-
cludes the minimization of mechanical work, maximization
of walking velocity and step length, which are combined to-
gether as a weighted function.

The whole-body motion is then generated given an initial
guess, taking into account the whole-body dynamics and con-
straints for the given objective, by simultaneously optimizing
the states, controls, free parameters and time, which can be
left free or fixed to desired values for each phase. The prob-
lem is solved using a direct multiple shooting method offline,
due to the complexity of the computations. The formulation
is here carried out for level ground walkin but can be adapted
to any walking environment given proper contact sets.
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