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Abstract— This paper overviews the whole-body force control
framework implemented on the iCub humanoid robot. This
framework consists in a hierarchy of two tasks, where the
highest priority task is a force control task, and the lowest one
a postural task. Forces are regulated to stabilize a desired cen-
troidal dynamics, i.e., a desired linear and angular momentum
of the rigid body system. In turn, these forces are generated by
the internal links’ torques, which are related to forces through
the rigid constraint equations and the free-floating dynamics.
Validation of the framework has been conducted on a real
scenario involving the iCub robot balancing while subject to
additional external forces.

I. INTRODUCTION

Forthcoming robotic applications require robots to phys-
ically interact with the environment. This requirement is
different from those of classical industrial applications where
robots are primarily required to perform positioning tasks.
Another key element for innovative robotics is the need
of increased mobility and adaptation to human-centered
environment, e.g. walking, while performing interaction
tasks. Within this context, physical interaction influences
stability and balance. To allow proper coordination between
interaction and posture control, robotics research needs to
investigate the principles governing whole-body control with
contact dynamics, as these represent important challenges
towards the achievement of robots with augmented physical
autonomy and will therefore be the focus of the present
paper.

It is worth to recall that industrial robots have been
extensively studied since the early seventies. These robots
are often fixed-base, and usually confined in a protected
and well-known environment. On the contrary, robots with
augmented mobility ask for switching from the conventional
fixed-base theoretical framework to free-floating approaches,
whose control has been addressed only during recent years.
Full feedback linearization of free-floating mechanical sys-
tems is forbidden due to their underactuated nature [1] thus
prohibiting the application of classical methodologies. The
problem becomes even more complex when these systems
are constrained, that is their dynamics are subject to a set
of (possibly time-varying) nonlinear constraints. This is the
typical case for legged robots for which motion is constrained
by rigid contacts with the ground.
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This paper presents the control framework implemented
on the humanoid robot iCub for balance and motion control.

II. CONTROL FRAMEWORK

A. Whole-Body Force Control

In this section we describe the control algorithm for
controlling an articulated rigid body subject to multiple rigid
constraints. The system dynamics are characterized by the
following differential equations:

M(q)ν̇ + h(q, ν)− J⊤(q)f = Sτ , (1a)
J(q)ν̇ + J̇(q, ν)ν = 0, (1b)

where q ∈ SE(3) × Rn represents the configuration of the
free floating system, which is given by the pose of a base-
frame and n generalized coordinates qj characterizing the
joint angles. The vector ν ∈ Rn+6 represents the robot
velocity (it includes both q̇j ∈ Rn and the linear and angular
velocity of the base-frame vb ∈ R6), the system acceleration
is denoted as ν̇, the derivative of ν, the control input τ ∈ Rn

is the vector of joint torques, M ∈ R(n+6)×(n+6) is the mass
matrix, h ∈ Rn+6 contains both gravitational and Coriolis
terms, S ∈ Rn×(n+6) := (0n×6, In)

⊤ is the matrix selecting
the actuated degrees of freedom, f ∈ R6 is the external,
contact wrench, and J ∈ R6×(n+6) is the contact Jacobian.

Let us briefly recall how the force-control problem is
solved in the Task Space Inverse Dynamics (TSID) frame-
work proposed by [2] in the context of free floating robots.
The framework computes the joint torques to match as close
as possible a desired vector of forces at the contacts (2a)
while being compatible with the system dynamics (2b) and
contact constraints (2c):

τ∗ =argmin
τ∈Rn

∥f − f∗∥2 (2a)

s.t. Mν̇ + h− J⊤
c f = Sτ (2b)

Jcν̇ + J̇cν = 0 (2c)

where f∗ ∈ Rk is the desired value for the contact forces.
Then we can exploit the null space of the force task to
perform lower priority motion tasks. These tasks (indexed
with i) are all expressed as the problem of tracking a given
reference acceleration ν̇∗i for a variable xi differentially
linked to q by the Jacobian Ji. We impose that the force
task has maximum priority in the task hierarchy. The final
solution, i.e. the torques to be applied to the robot, are
obtained by recursively solving a minimization problem



similar to (2) in the null space of all the tasks with higher
priorities.

B. Choice of forces for balancing tasks

The control framework described in the previous section
can be applied for a balancing task, while retaining the
possibility of interaction with the environment. Instantaneous
values for interaction forces at feet are computed to follow
a prescribed center-of-mass trajectory (xd

com) and to reduce
angular momentum 1. Defining with H the spatial momen-
tum around the center of mass, a reference value Ḣ∗ for the
total rate of change of spatial momentum is computed as:

Ḣ∗(t) =

[
mẋd

com

03×1

]
−Kh

d H̃ −
[
Kcom

p (x̃com)
03×1

]
(3)

where Kh
d , Kcom

p are suitably defined gain matrices, (̃·)
denotes the error with respect to the desired quantity, xcom is
the center-of-mass cartesian position, xd

com its desired value
and m is the total mass of the robot. The relation between
external forces and Ḣ is given by the following equation:

Ḣ = Af + fg (4)
A =

[
X∗

rf X∗
lf

]
,

where fg is the gravitational force and where the matrices
X∗

(·) express the spatial forces acting on the left foot (lf )
and right foot (rf ) with respect to the center of mass. In
literature these equations (derived from the Newton-Euler
equations) have been presented in detail by [4] under the
name of centroidal dynamics.

Finally, the desired force f∗ can be computed as

f∗ = argmin
f

∥f − f0∥2 s.t. Af + fg = Ḣ∗, (5)

The solution of this optimization is given by:

f∗ = A†
(
Ḣ∗ − fg

)
+ (I −A†A)f0, (6)

where f0 can be chosen to satisfy additional constraints on
the forces.

We also added, at the lowest priority level, a postural task.
Reference accelerations for the joint variables are chosen as:

q̈∗j (t) = q̈dj (t)−Kq
d

(
q̇j − q̇dj (t)

)
−Kq

p

(
qj − qj

d(t)
)
, (7)

where Kq
p and Kq

d are arbitrary positive-definite matrices
This task acts in the null space of the task force as specified
in Eq. (2). In the general case more tasks can be added
between the highest priority one (force task) and the lowest
priority one (postural task).

Fig. 1: Screenshot of the video showing the full experiment.
iCub balances by controlling the interaction forces

III. EXPERIMENT

We implemented the proposed control strategy on the iCub
humanoid robot with the objective of making it balance on
two feet while retaining the capability of interaction. The
desired center of mass position was moved left to right with
a sinusoid overimposed on its initial position xcom(t0) along
the robot transverse axis:

xd
com(t) = xcom(t0) + ·A sin(2πfrt) (8)

with fr = 0.15Hz and A = 0.02m. The reference posture
qj

d(t) was maintained at its initial configuration qj
d(t0).

A video of the experiment 2 is available for the interested
reader.

For more detailed information and description of the
system architecture (comprising torque and forces estimation
and low level torque control) see [5].

IV. CONCLUSIONS

The present paper presented an application of the TSID
control framework for whole-body torque control for a bal-
ancing task. Interaction with the environment is still possible
and this does not affect the stability of the balancing task.
We implemented the proposed control on the iCub humanoid
robot and showed the results.
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1Quantities are defined with a notation similar to [3]
2https://www.youtube.com/watch?v=jaTEbCsFp_M.


