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Special Issue on Whole-body control of contacts and dynamics for
humanoid robots

Serena Ivaldi · Jan Babič · Michael Mistry · Robin
Murphy

Whether you are walking on a concrete floor, standing on a carpet, or sitting on a soft chair, your
entire body continuously controls the posture and the contact forces that are produced by acting on
rigid and compliant surfaces. Sometimes, like when reaching for a distant object or standing inside a
moving bus that suddenly brakes, humans plan intentionally new contacts to preserve their balance
and avoid falling.

For humanoid robots to act in unstructured natural environments as humans do, contacts and
physical interactions are necessary and unavoidable. In recent years, whole-body control techniques
have matured to the point where various humanoid robots can robustly interact with their environ-
ment. Robots may exploit predictable contacts to aid in goal achievement, as well as learn dynamics
of contact to generalize over novel tasks and domains. They may regulate their compliance to cope
with unpredictable contacts and ensure safe behaviors. While these achievements are a major mile-
stone for robotics, they still need to be applied to more challenging situations, inspired by natural
settings and physical interaction scenarios. There is a strong need for advanced methods that can
handle multiple contacts, unforeseen or intentional, with different rigidity properties, and guarantee
the robust, autonomous execution of actions (balancing, walking, manipulation) in variable contexts.

Such a need has never been as evident as was in the DARPA Robotics Challenge (DRC), an
international competition funded by the US Defense Advanced Research Projects Agency. During
the DRC, several international teams were remotely controlling a semi-autonomous humanoid robot
to perform whole-body tasks that involved contacts, such as walking, driving a car and climbing
stairs. The DRC spurred the development of new humanoid robots and advances in both mechanical
design, hardware and software development. Independently of the DRC, many projects addressing
control of contacts were funded by the European Commission, such as CODYCO1, COGIMON2
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situation. Using this approach, contact force/moment can be
controlled without disturbing the tasks. When the W ma-
trix in equation (22) is rank-deficient, the system has more
than 6 motion constraints. Therefore, it is possible to modify
commanding torques using redundancy while generating the
same motion. The torque space can be described by Singular
Value Decomposition (SVD) of the matrix W .

W = USV T , (47)

where U is unitary matrix, S is diagonal matrix with singular
values and V T is conjugate matrix of unitary matrix V . U is
equal to V since the matrix W is symmetric.

W = V SV T (48)
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The torque in the vector space spanned by the column vec-
tors of V2 will not change the acceleration energy and will
not produce any acceleration in the task space. Therefore,
the torques in the V2 vector space can be used to modify con-
tact force/moment without disturbing the task control. The
contact force/moment can be expressed as

Fc,d = J̄T
c STV2a. (50)

Then a can be derived by using dynamically-consistent in-
verse which minimizes Ea.

a = J̄T
c ST Fc,d , (51)

where Fc,d is the vector of desired contact force/moment
generated by additional torque Ga,n in the contact null-space.
We can say that V2a as the torque vector for contact force
control in contact null-space.

Ga,n = V2a. (52)

Then, this torque can be added to the torque in (39).

Ga = eJT
t F + eNT

h Ga,c +Ga,n, (53)

where the first term in the right hand side is the task torque,
the second term is the torque for balancing to meet the over-
all the contact condition, and the last term is the torque for
contact force/moment re-distribution when there is redun-
dancy in the contact force/moment space.

6.2 Contact Force/Moment Distribution for Double Support

Many balance control for biped robots include algorithms
for appropriate contact force/moment distribution. That is,
we need to determine Fc,d in (50) to meet the contact condi-
tions on each foot in Section 4 during double support. Hyon
(2009) distributed the contact forces using psuedo inverse
to minimize the norm of total contact forces, and Kajita et

(a) (b)

Fig. 4 DYROS (DYnamic RObotic System) Humanoid leg (a) Snapshot
of the robot. (b) Joint position of the robot and length of each link. The
joints from Joint 1 to 6 are hip yaw, hip roll, hip pitch, knee pitch, ankle
pitch, and ankle roll for each leg.

al. (2010) distributed the contact force/moment by select-
ing distribution ratio which is determined by simple heuris-
tics. QP-based distribution methods for contact force and
moment are developed in Park et al. (2007), Stephens and
Atkeson (2010), Ott et al. (2011), Lee and Goswami (2012),
Righetti et al. (2013) and Saab et al. (2013). Quadratic opti-
mization solves the contact force/moment distribution prob-
lem considering contact conditions, however it requires ir-
regular and high computational costs that might disturb real
time control. In this paper, we used an analytic way of con-
tact force/moment re-distribution based on simple assump-
tions, and the method is described in the Section 9. Ap-
pendix.

In the case when the contact state changes, for example,
from double support to single support, this contact force/mo-
ment re-distribution algorithm can also be applied so that the
contact force/moment on the lifting foot can be controlled to
be zero before lifting. This can be realized by the proposed
method in Section 9. Appendix, where the weighting factor
between the vertical forces on two feet can be used for this
purpose. The experimental result of this algorithm is pre-
sented in the section for experiment.

7 Experimental Results

Experiments were conducted on the 12-DOF DYROS hu-
manoid legged robot (Schwartz et al. 2014) as seen in Fig. 4.
The actuators of the DYROS Humanoid leg are torque con-
trolled electric motors and those are directly connected with
gear. Low gear ratio of 1:50 is used for all the joints so that
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Momentum Control with Hierarchical Inverse Dynamics on a Torque-Controlled Humanoid 7

We propose to use the model of Equation (21) to
compute optimal feedback gains. We linearize the dy-
namics and compute a LQR controller by selecting a
desired performance cost. We find a control law of the

form

� = �K


xcog

h

�
+ k(xref ,href ) (23)

that contains both feedback and feedforward terms. A
desired closed-loop behavior for the momentum that

appropriately takes into account the momentum cou-
pling is then computed. The desired task used in the
hierarchical inverse dynamics controller is then written
as

I3⇥3 03⇥3 . . .
[xi � xcog]⇥ I3⇥3 . . .

�✓
� + K


xcog

h

�
� k

◆
= 0 (24)

We project the control � into the momentum space
such that we can use the available redundancy during
multi-contact tasks to optimize the internal forces fur-
ther. It would not be possible if we used directly Equa-

tion (23).
The proposed approach takes into account the cou-

pling between linear and angular momentum, which will

prove beneficial in the experimental section. Moreover,
we specify the performance cost once and for all and the
feedback gains are computed optimally for every con-

tact and pose configuration of the robot at a low compu-
tational cost. In our experience, it drastically simplified
the application on the real robot.

Remark In our experiments, we use an infinite hori-
zon LQR design and compute gains for key poses of

the robot, one for each contact configurations. Dur-
ing a contact transition we interpolate between the old
and new set of gains to ensure continuous control com-

mands. This solution is not ideal from a theoretical
point of view as the interpolation does not guaran-
tee stable behavior, but it works well in practice. In-
deed, the contact transitions are very fast and all the

trajectories were planned in advance. It would also be
straightforward to linearize the dynamics at every con-
trol sequence and use a receding horizon controller with

time-varying gains to allow online replanning of desired
trajectories.

4 Experimental Setup

In this section, we detail the experimental setup, the
low-level feedback torque control, the state estimation

algorithm and the limitations of the hardware. These
details are important in order to understand the stren-
gths and limitations of the presented experiments. They

should also ease the reproduction of the experimental
results on other platforms.

Credit:  Luke  Fisher  Photography

Fig. 1 The lower part of the Sarcos Humanoid.

4.1 Sarcos Humanoid Robot

The experiments were done on the lower part of the
Sarcos Humanoid Robot [5], shown in Figure 1. It con-

sists of two legs and a torso. The legs have 7 DoFs
each and the torso has 3 DoFs. Given that the torso
supports a negligible mass, because it is not connected

to the upper body of the robot and its motion does
not significantly influence the dynamics, we froze these
DoFs during the experiments. The legs of the robot are
0.82m high. Each foot is 0.09m wide and 0.25m long.

Note also that the front of the foot is made of a passive
joint that is rather flexible, located 10cm before the tip
of the foot. Moving the CoP across this link makes the

foot bend and causes the robot to fall. This makes the
e↵ectively used part of the sole rather small for a biped.
The total robot mass is 51kg.

The robot is actuated with hydraulics and each joint
consists of a Moog Series 30 flow control servo valve that

moves a piston. Attached to the piston is a load cell to
measure the force at the piston. A position sensor is also
located at each joint. Each foot has a 6-axis force sen-
sor and we mounted an IMU on the pelvis of the robot

from which we measure angular velocities and linear
accelerations of the robot in an inertial frame. An o↵-
board computer sends control commands to the robot

and receives sensor information in real-time at 1 kHz.
The control commands consist of the desired current
applied to each valve. We used a computer running a

linux kernel patched with Xenomai 2.6.3 for real-time
capabilities.
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• Baby humanoid robot designed by RobotCub 
Consortium 

• 3 years old, 104 cm, 53 DOF 
• Goals: crawl, sit, dexterous manipulation, 

autonomous cognitive development 
• Sensing: proprioceptive, visual, vestibular, 

auditory, haptic 
• «open project»: GPL  
• Involved in many European Projects: ITALK, 

ImClever, Roboskin, CHRIS, Poeticon, ROSSI, 
VIACTORS, Amarsi, Xperience... 

iCub 
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Fig. 12 This plot compares the commanded virtual equi-
librium point with the measured position of the right hand
during the window wiping task. The three axes correspond to
the three dimensions of the window (similar to robot coordi-
nates), where z is the height and y is the width. The deviation
along the x-axis corresponds to the contact of the wiper with
the window pane. Note that the transit paths, connecting two
contact situations, are removed for clarity.

trates the resulting behavior in the translational de-
viation of the right arm guiding the wiper along the

window pane. Even collisions between the wiper and
the window frame (see Fig. 12, first row, upper left)
can be handled this way. In the future we plan to in-

tegrate the localization uncertainties directly into the
controller parameterization to further enhance the task
performance.

5.3 Collecting Shards with a Broom

The third task is a collecting task where a broom is

used to collect shards of a broken mug. This requires
both arms to handle the broom while the mobile base
and the torso support the motion to create an overall
wiping trajectory along a larger area. Both arms, the

torso, and the mobile base act jointly. Similar to the
window cleaning task, the broom needs to be picked
before it can be used. Since the broom has to be handled

bi-manually, the mass parameters have to be divided
among the manipulators. The pick action template is
therefore specialized by the broom object class. The

symbolic representation of the collect action template
is defined as follows:

_broom.collect:
:parameters (?t - _broom ?s - _floor ?m - _dish

?a1 - _manipulator ?a2 - _manipulator)
:precondition (and (picked ?t ?a1) (picked ?t ?a2)

(broken ?m))
:effect (and (collected ?s ?m))

This example illustrates the use of a medium other
than small particles or liquids. As defined in the sym-
bolic precondition section, the mug can only be col-
lected with the broom if it is marked as broken. In this

form the mug constitutes the medium for the wiping
task of collecting shards. In case of the desired sym-
bolic goal state collected floor mug, the symbolic plan-

ner yields the following symbolic transition:

_broom.pick broom table right_arm left_arm,
_broom.collect broom mug right_arm left_arm

The shards define the ROI in this particular collect-

ing task. A skimming task to remove dust from the floor
would, however, rely on the whole accessible floor of a
room as target surface and a completely di↵erent para-
meterization (e. g. higher contact force, lower sti↵ness).

The experiment is shown in Fig. 13.

The Cartesian task trajectory for the broom is stored

in the knowledge base and defines a simple ellipse inter-
secting the floor plus a linear lateral o↵set. The elliptic
motion is thought to be executed by the arms and the

lateral motion by the mobile base. This way the contact
during the trajectory execution is slightly overlapping.
The trajectory can be imagined as a loop (see Fig. 14).
However, with this trajectory alone the robot is not able

to collect the shards with the broom. Only after setting
the correct Cartesian sti↵ness the task can be solved.
The desired motion of the tool involves a tilted TCP,

wiping along the floor (see Table 2). This requires a
low rotational sti↵ness along the brush attachment (y-
axis) and a low translational sti↵ness along the shaft
(z-axis). The force against the ground (z-axis) is lim-

ited to fmin
z = �10 N so that the virtual equilibrium

point for the broom is not pushed too far. The desired

Collect

Fig. 13 Rollin’ Justin collecting shards of a broken mug.
The ROI (red) is defined by the broom width and the shards.
Along this region, a cyclic trajectory has to be executed by
the broom (blue, dashed arrow).
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Fig. 6: Visualization of our simulated robot arm showing
the similarity in terms of kinematics to a human reaching
in clutter. This shows the three link planar arm reaching to a
goal location (cyan) in a volume consisting of rigid cylinders
that are fixed (red). The base joint of the arm is rigidly fixed
to the world. The orange points on the arm are 1 cm apart
and represent the centers of each tactile sensor. The green
arrows are the contact force vectors and each red arrow is
the component of the contact force normal to the surface of
the arm which our sensor can measure.

joint impedance controller are 43, 43, 43, 43, 2.6, 3.4, 3.4
N-m/rad and 2.6, 4.3, 0.64, 0.64, 0.064, 0.090, 0.090 N-m-
s/rad where they are listed from the most proximal to the
most distal joint. The first three values in each list corre-
spond to the shoulder, the fourth value to the elbow, and the
last three values to the wrist. We used ROS to send com-
manded joint angles (qeq) to the low-level impedance con-
troller. The computer we used to run our MPC solver in real
time had a 32-bit Ubuntu operating system with 16 GB of
RAM and a 3.40 GHz Intel Core i7-3770 CPU. The solver
only used a single core, running as a single process.

4.3 Tactile Sensing Hardware

We describe specifics of our tactile sensor implementation in
[4]. The tactile sensor we used on DARCI is a sleeve pulled
over the end effector, wrist, and forearm, that consists of five
layers of fabric. An inner and outer layer that protect and
insulate the sensor’s interior, and two layers of conductive
fabric that go on either side of a layer of electrically resistive
fabric that decreases resistance as the pressure on the cloth
increases. One of the conductive layers is split into separate

Fig. 7: Mobile manipulator DARCI produced by Meka
Robotics. DARCI has a tactile sensing sleeve which has an
external blue covering that can be seen on the left arm.

rectangles; where each rectangle is a taxel. The sleeve has
25 taxels total consisting of a single taxel at the tip of the
end effector and an array of 24 taxels with 4 taxels around
the arm’s circumference and 6 along the arm’s length. When
a taxel detects contact, the system uses the geometric center
of the taxel as the location of contact. Figure 7 shows the
tactile sensor on the left arm of DARCI.

We calibrated the tactile sensor in order to convert the
raw sensor measurements to forces in Newtons. We fit an
exponential curve to a plot of tactile sensor readings ver-
sus ground truth from a force-torque sensor when pushing
on a taxel with various forces. We used the calibration curve
from one taxel on all taxels. Although the values reported by
these sensors vary in complex ways based on other param-
eters such as contact area, pressure, and hysteresis, when
quasistatic MPC (see [4]) and dynamic MPC (see Section 8)
have used these values they have also performed well with
respect to ground-truth forces.

In this paper, our systems detected contact when a tactile
sensor’s measurements exceeded a threshold. This threshold
was 0.5 N for the simulated robot and 0.2 N for the real
robot.

5 Dynamic Model Prediction Accuracy

The performance of model predictive control is limited by
the quality of the model used to make predictions. For dy-
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Joris Vaillant · Abderrahmane Kheddar · Hervé Audren · François Keith ·
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Abstract We describe the research and integration meth-
ods we developed to give the HRP-2 humanoid robot the
capability to climb vertical industrial-norm ladders. Our ap-
proach makes use of our multi-contact planner and multi-
objective closed-loop control formulated as a QP (quadratic
program). First, a set of contacts to climb the ladder is planned
off-line (automatically or by the user). These contacts are
provided as an input for a finite state machine. The latter
builds additional intermediary tasks accounting for geomet-
ric uncertainties and specific grasps procedures to be real-
ized by our multi-objective model-based QP controller. This
controller provides instant desired states in terms of joint
accelerations and contact forces to be tracked by the em-
bedded low-level motor controllers. Our trials revealed that
hardware changes are to be made on the HRP-2, and parts of
software are to be made more robust. Yet, we confirmed that
HRP-2 has the kinematic and power capabilities to climb
real industrial ladders, which can be found in nuclear power
plants and large scale manufacturing such as shipyards, air-
craft factories and construction sites.

Keywords Humanoid robots · multi-contact motion
planning and control · field humanoid robots · disaster
humanoid robots

This work is supported partly by internal grants from IS-AIST, the
JSPS Kakenhi B No 25280096, and the EU FP7 KoroiBot project
www.koroibot.eu. Part of this work was published in [54].

All authors
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J. Vaillant, A. Kheddar, H. Audren, F. Keith, S. Brossette
CNRS-UM2 LIRMM Interactive Digital Human group, UMR5506,
Montpellier, France

Fig. 1 HRP-2 climbing a vertical ladder. Notice that : (i) it is not pos-
sible to put two feet on a same rung (ii) closed grippers do not grab
firmly the rungs (iii) each foot can be freely positioned on each rung:
the right foot is rotated to increase the reaching range of the left arm
toward the higher rung.

1 Introduction

Humanoid robots reached a noticeable level in technological
maturity for walking on flat grounds. The Honda’s Asimo
humanoid robot is a good illustration of such an achieve-
ment. Despite tremendous research efforts, such technology
maturity is not observed in walking on uneven or deform-
ing terrains, or in non-gaited motion requiring whole-body
multi-contact motion such as climbing ladders or irregular
stairs of any kind.

The DARPA Robotics Challenge (DRC)1 trials included
industrial ladder climbing as one of the eight challenging
tasks to be performed autonomously by a robot. Indeed, lad-
ders of different heights and angles of inclination can be
seen in numbers inside nuclear power plants, construction

1 http://www.theroboticschallenge.org/

0DQXVFULSW
&OLFN�KHUH�WR�GRZQORDG�0DQXVFULSW��DXUR�WH[�
&OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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Fig. 1 The robots that were used in the selected papers of this Special Issue. From left to right: Atlas, Dyros,
Sarcos, iCub, Justin, Darci and HRP2.

and WALKMAN3. The latter was also instrumental to the design and building of the homonym
humanoid robot that participated to the DRC.

This increased interest for whole-body control has also become apparent through the prolifera-
tion of several international workshops at the most important robotics conferences, such as the well
attended workshop “Whole-body Compliant Dynamical Contacts for Humanoid Robotics” at ICRA
2013 in Karlsruhe, Germany4. Several workshops followed up, such as the “Torque-Controlled Hu-
manoids” in HUMANOIDS 20135 and the workshop “Towards a Unifying Framework for Whole-body
and Manipulation Control” in RSS 20156.

This special issue of the Autonomous Robots journal aims at presenting the advances in whole-
body control of real robots, focusing on control and learning techniques applied to estimation, control
and adaptation of whole-body dynamics movement and contact forces that go beyond basic balancing
abilities. The special issue received the support of the IEEE-RAS Technical Committee in Whole-
Body Control through advertisement on its website7. Papers were solicited with an open call that
was advertised about six months before the deadline. A deadline extension was then allowed, as many
authors were still engaged in the DRC. We received more than thirty submissions to the special issue,
which were rigorously reviewed by up to four reviewers, as well as by at least one of the guest editors.
Eight papers were selected for this special issue. We consciously decided to narrow the impressive
pool of submissions to those papers which presented relevant research and success stories with real
robotics platforms, shown in Fig. 1.

The paper “Optimization-based locomotion planning, estimation and control design for the Atlas
humanoid robot” by Kuindersma et al., presents an overview of the optimization algorithms for plan-
ning and control that were developed for their Atlas robot competing in the DRC. Particularly, they
describe a sparse nonlinear trajectory optimization algorithm that combines full body kinematics
with centroidal dynamics to efficiently compute whole-body motions in presence of multiple contacts.
Their controller relies on reduced dynamical models to construct an efficiently-solvable quadratic
programming problem with active-sets, which is able to achieve stable walking and whole-body tra-
jectories despite the inevitable model inaccuracies and sensor noise. The input to the controller is a
state estimator that fuses information from the several sensors of the Atlas robots, namely kinematic,
inertial and LIDAR information. The paper reports on interesting walking experiments performed
with the Atlas robot, while it discusses simulations about very dynamics motions such as running
and jumping.

The paper “Balancing of humanoid robot using contact force/moment control by task-oriented
whole-body control framework” by Lee et al., presents a balance controller for the torque-controlled

3 http://www.walk-man.eu/
4 http://www.codyco.eu/index.php/workshop-icra2013
5 http://www.codyco.eu/index.php/workshop-humanoids2013
6 http://www.codyco.eu/index.php/45-workshop-rss2015
7 http://wholebodycontrol.eu/



Special Issue on Whole-body control of contacts and dynamics for humanoid robots 3

legged robot Dyros. The proposed controller combines the desired joint torques computed by the
multi-task whole-body control framework of Park & Khatib with the control of contact forces and
moments, exploiting the null-space of the high-priority task. Interestingly, their approach allows the
robot to redistribute the contact forces and moments, thus enabling a better contact transition from
single to double support phase. Several balancing experiments with the robot Dyros are discussed.

Herzog et al. present a “Momentum control with hierarchical inverse dynamics on a torque-
controlled humanoid”. Their work focuses on practical implementation of a cascade of QPs for finding
an inverse dynamics solution for multiple task constraints. Real-time performance is achieved, and
furthermore, feedback gains are optimised with an LQR design. Their momentum based balance
controller is rigorously tested on the lower body of the torque-controlled Sarcos Humanoid Robot,
in both single and double support, and comparisons are made with other balancing approaches.

Another multi-task hierarchical controller, applied on the iCub humanoid robot, is presented by
Liu et al. in the paper titled “Whole-body hierarchical motion and force control for humanoid robots”.
Their approach uses a generalised projector with time varying weights based on the augmented
Jacobian. Weights can be adjusted to specify the (strict or non-strict) priority between tasks, and
the scheme finds an optimal solution solving only a single QP. Experiments for their torque-based
quasi-static control framework are shown using both a simulated and real iCub humanoid.

Two papers describe whole-body control strategies for the Justin robot. The first by Dietrich
et al. titled “Whole-body impedance control of wheeled mobile manipulators: stability analysis and
experiments on the humanoid robot Rollin’ Justin” extends whole-body impedance control approaches
to systems with mobile bases. In their method, the torque-controlled upper body is decoupled from
the admittance-controlled wheeled base by compensating for the inertia and Coriolis/centrifugal
couplings between the two subsystems. The result is a symmetrical mass matrix and a provably
stable passive control loop. Experiments show a human physically interacting with the Rollin’ Justin
platform.

The second by Leidner et al. titled “Knowledge-enabled parameterization of whole-body control
strategies for compliant service robots” proposes a reasoning framework for the execution of force-
sensitive manipulation tasks using a humanoid robot. The main contribution of the paper is the
utilization of low level compliant whole-body control strategies parameterized by high level hybrid
reasoning mechanisms. The paper provides a classification of different wiping tasks, deals with low-
level control mechanisms to carry out the necessary movements, and describes the associated action
templates, which need to be parametrized to perform the task in the given context.

The paper “Model predictive control for fast reaching in clutter” by Killpack et al. presents a
model predictive control scheme for arm movements in cluttered environments. The tactile sensors
that completely cover the robot’s arm surface are used for detection and approximation of contacts.
This contact information is then taken into account inside the problem formulation, which tries
to reach the goal while avoiding large contact forces. The main contribution of the paper is the
inclusion of the full dynamic model of the robot and the extension of the control horizon to multiple
time steps which allows for faster reaching. Several simulations and real robot experiments are used
to demonstrate performance improvements over the previous quasi-static model predictive control
schemes.

Finally, the paper “Multi-contact vertical ladders climbing with a HRP-2 humanoid” by Vaillant
et al. describes the methodological and experimental approaches undertaken to enable a full size
humanoid robot to climb on a vertical industrial ladder. The described methodological approach
combines several methods for planning and control. A multi-contact planner is applied for posture
generation where gripper torque optimization is utilized for computing different static postures during
climbing the ladder. Multi-objective quadratic-program is used to map the resulting plan of contact
transitions and postures to joint trajectories that serve as set points for the low-level joint controller
of the HRP-2 robot.

All the eight papers present significant advances in the state of the art in whole-body control
from both theoretical and experimental point of view. The results that the authors achieved with
their respective robots are commendable. We would like to thank all the reviewers who provided
excellent review reports of the papers, and helped us in selecting the best papers among the many
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very interesting papers that were submitted. We hope that the readers will enjoy our selection for
this special issue on whole-body control of contacts and dynamics for humanoid robots.

S. Ivaldi, J. Babič, M. Mistry and R. Murphy
December 2015
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