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Abstract—Performing a demanding manipulation task with a
multi-legged loco-manipulation platform may require the exploita-
tion of multiple external contacts with different environment sur-
faces for counteracting the manipulation forces. This is the case
of the pushing task of a heavy object, where the grip forces at
ground may not be adequate and establishing leg contacts against
a wall turns out to be an effective solution to the manipulation
problem. In order to produce such behaviour, this letter presents a
control architecture that is able to freely exploit the environment
complexity to perform loco-manipulation actions, e.g. pushing a
heavy object, while meeting the implementation requirements to
achieve a real demonstrator. The proposed approach, conceived for
torque-controlled platforms, combines the planning capabilities of
nonlinear optimization over the robot centroidal statics, based on
a continuous description of the environment through superquadric
functions, with the instantaneous capabilities of hierarchical in-
verse kinematics and reactive contact force distribution. Experi-
mental validation has been performed on the pushing task of a
wooden cabinet loaded with bricks, using the CENTAURO robot
developed at Istituto Italiano di Tecnologia (IIT).

Index Terms—Humanoid robots, kinematics, optimization and
optimal control, redundant robots.

1. INTRODUCTION

S HIGHLIGHTED by the DARPA Robotics Challenge

(DRC), humanoids robots and loco-manipulation plat-
forms in general, are on the way to find their natural employment
in disaster scenarios. They are expected to enter environments
conceived for humans and to perform dangerous and physi-
cally demanding tasks that require locomotion and manipulation
capabilities. Note also that, besides the tasks staged at DRC,
disaster scenarios often demand for a high level of interaction
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between a humanoid and the environment, where all the available
end-effectors simultaneously contact different surfaces for a
successful task completion. This is the case of e.g. locomotion
in unstructured and cumbersome environments [1], balancing
in confined spaces [2], pushing of heavy objects [3], [4]. In
this respect, the problem of establishing multiple contacts with
the environment in order to perform a loco-manipulation task
(hereafter referred to as multi-contact loco-manipulation) needs
to be treated from two different perspectives, hierarchically
related: planning and control.

From a motion planning perspective, there exist two families
of approaches: contacts planning and dynamics motion
planning. Given the kinematic reachability of the robot and the
environment complexity, the problem of finding a kinematically
feasible set of contacts can be tackled either through discrete
search methods or continuous optimization methods. The
discrete search approaches, such as A* and RRT, applied to
multi-contact planning [5], [6] have been verified in unstructured
environments [7], [8] and implemented on real humanoid robots
in structured indoor environments [9]. Nevertheless, they can be
challenging to apply due to the difficulty of finding informative,
admissible heuristics. By simplifying the environment through
a set of convex regions, mixed-integer convex optimization can
be used to find bipedal walking footholds or more complex
multi-contact motions [10], [11]. This formulation leads to effi-
cient solutions, depending on the number of considered support
surfaces. The second family of motion planning approaches
relies on the adoption of the robot dynamics model. In this
respect, the approaches exploiting the full hybrid dynamics
of a legged system can produce impressive results [12]-[14],
but remain computationally expensive. At the other end, the
methods based on simplified dynamical models [15]-[17], e.g.
the centroidal dynamics [18], allow to speed up calculations
by reducing problem dimensions and can be solved efficiently
using off-the-shelf nonlinear solvers, e.g. IPOPT [19], at the
expense of kinematic and dynamic consistency.

From a control perspective, the planned trajectories, produced
by one of the aforementioned planning methods, need to be
tracked at best by a suitable control layer. This layer is also
responsible for the instantaneous balancing problem, which, for
the case of a torque-controlled platform as the CENTAURO
robot [20], entails a distribution of contact forces among the
available end-effectors. In this respect, a first category of meth-
ods performs a pre-optimization of contact forces with respect
to the robot centroidal dynamics, and subsequently maps the
computed contact forces to the actuated joint torques, see [3],
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Fig. 1. CENTAURO pushing a heavy object exceeding 120 kg. If all the legs
of the robot stay in contact with the ground (left-hand side), it is not possible
to effectively push the object by simply imposing a forward motion with the
two hands (here the robot is controlled in position mode). In fact (see bottom
left figure), the robot loses grip and slides backwards, while the object keeps its
position. Instead, as an outcome of the proposed control architecture, a pushing
behaviour is produced with the rear legs touching a wall located behind the robot
(right-hand side). This way CENTAURO can accomplish the manipulation task
and effectively move the object.

[21]-[23]. In contrast, full-body inverse dynamics can be di-
rectly exploited, see e.g. [24]-[26]. The balancing problem for
torque-controlled legged robots can be alternatively addressed
through a post-optimization of contact forces [27], [28].

The present work has been driven by the realization of a
demonstrator of the pushing task of a heavy object with a
centaur-type humanoid. This is an example of a task that requires
multi-contact loco-manipulation capabilities. As a matter of fact,
see Fig. 1(a), due to the heavy weight of the object (exceeding
120 kg) combined with the ground friction coefficient, it is not
possible to push the object with all legs staying on the ground.
Based on this, we aim at devising a control architecture that
is able to freely exploit the environment complexity, e.g. a
wall located behind the robot, in order to accomplish the push-
ing task, see Fig. 1(b), and similar loco-manipulation actions,
while meeting the requirements for actual implementation on
real hardware. The proposed control architecture, conceived for
torque-controlled platforms, relies on the planning capabilities
of a nonlinear programming (NLP) multi-contact planner, com-
bined with the reactive capabilities of a multi-contact controller.
Besides the experimental challenge inherent in this task, the
innovative contributions of this letter with respect to state-of-
the-art approaches are listed in the following:

- The multi-contact planner belongs to the family of nonlin-
ear planners that reason about a simplified model of the
robot dynamics, as in [15]-[17], in order to reduce the
problem complexity. As a novel contribution we propose
to employ the robot centroidal dynamics under quasi-static
assumptions. This further reduces the problem dimension,
at the expense of producing quasi-static poses.

- The multi-contact planner adopts a continuous description
of the environment complexity in order to allow for con-
tinuous optimization, as in [16], instead of mixed-integer
optimization [10], [11]. We propose to use superquadric
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functions as a convenient choice, w.r.t. [16], to model
perpendicular planes, like the ground/wall scenario for the
pushing task, but also narrow passages or corridors. Note
that, while superquadrics have been employed in robot
grasping, see [29], their adoption in motion planning for
legged robots represents a novel contribution of this work.

- The multi-contact controller is responsible for the tracking
of the planned contacts and for reactive balancing, by means
of hierarchical Inverse Kinematics (HIK) and instantaneous
contact force distribution, respectively. Although these are
conventional elements, based on the authors’ works [27],
[30], their combination is the result from our experimental
trials on the hardware in order to bridge the gap between
simulations and experiments.

II. MATHEMATICAL BACKGROUND

A. Floating-Base Dynamic Model

The dynamics of a floating-base robot is expressed by the
following equation:

B(q){ + h(q,q) = ST+ J{ Fc (1

Differently from a fixed-base robot, an actuation matrix S €
R +6)xn models the system under-actuation, while contact
forces F'c € R¥ are taken into account by concatenating the Ja-
cobian of all support links J¢c € R**("*6) and the correspond-
ing overall contact wrench. Due to the wheeled-legged nature of
CENTAURO, we will hereafter assume nc¢ point contacts, thus
k = 3nc. We can split (1) into 6 unactuated and n actuated rows,
denoted with subscript u and a, respectively.

B.(9)d + hu(a,q) = JE, Fc
Ba(q)q‘ + ha(Qv Q) =7+ Jg;,aFC

Note that the transpose of the unactuated part of the contact
Jacobian JE , € RO*F acts as a grasp matrix [31], where Jc ,,
encodes the relationship between the linear velocity of the
contact points and the virtual joint velocities.

(2a)
(2b)

B. Centroidal Dynamics Model

By expressing the rate of change of the total linear and angular
momentum of the system in a frame anchored at the Center
of Mass (CoM), that has origin rcom € R3 and orientation of
the inertial frame, see [18], called centroidal momentum, the
dynamics expressed in (2a) can be rewritten as:

A(q)d + A(q.4)g = mg + GepFe 3)

This formulation is called centroidal dynamics (CD) [18], where
A(q) € RS*("+6) is denoted as centroidal momentum matrix
(CMM), which maps the velocities, and therefore momentum,
of each individual body into the common reference frame at the
CoM. The gravity acceleration s given by g € R3, whilem € R
is the mass of the entire robot. The left-hand side of (3) denotes
the rate of change of the centroidal momentum %(A(j), which
for all mechanical systems must equal the net external wrench
on the system (right-hand side). Finally, the centroidal dynamics
grasp matrix Gcp € R6*¥ is given by:

I I;

G =
P S(rcom —Tc,1) S(rcom — Tcne)

C
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Fig. 2. Overview of the control architecture.
where rc; € R?is the i-th contact position, fori = {1,...,nc}, IV. MULTI-CONTACT PLANNER

while S is a skew-symmetric matrix such that S(a)b =a X b.

III. PROPOSED CONTROL ARCHITECTURE

Assuming an a-priori knowledge on the environment geom-
etry, our goal is to propose a control architecture for multi-
contact loco-manipulation tasks that is able to freely exploit the
environment complexity, while meeting the requirements for
implementation on the real hardware, e.g. computational load
and robustness. Considering e.g. the pushing task of a heavy
object with a centaur-type humanoid, where the environment
consists of a wall located behind the robot, see Fig. 1, this control
architecture allows to:

- produce a sequence of quasi-static poses, automatically
choosing which environment surface interact with, e.g.
pushing with the rear legs touching the wall, see Fig. 1(b);

- autonomously reach the planned quasi-static poses, while
being robust to environment uncertainties and external per-
turbations.

To this end, the proposed control architecture consists of the
following components, organized in a hierarchical structure, see
Fig. 2:

- Multi-contact planner (see Sec. IV): plans the CoM posi-
tion Tconr, the contact positions ¢ € R*, and the contact
forces Fc € R foramulti-contact loco-manipulation task.
A nonlinear optimization is performed using the robot
centroidal dynamics under quasi-static assumptions, based
on a continuous description of the environment through
superquadric functions.

- Multi-contact controller (see Sec. V): tracks at best the
output of the multi-contact planning layer by producing
the reference joint positions g and a feed-forward torque
T to the inner joint-level controller. This control layer
provides robustness to the environment surface location
and to external disturbances, by means of the following
components:

1) QP-based hierarchical IK (see Sec. V-A): tracks the
planned CoM position and contact positions;

2) Contact force distribution (see Sec. V-B): tracks at
best the planned contact forces, while ensuring reactive
balancing.

3) Contact detection: detects if contact with the envi-
ronment has been established, based on estimated or
measured contact forces.

- Joint-level control: a decentralized joint impedance con-
troller, with a torque feed-forward term, feeding the inner
torque control loop.

Our planning approach relies on the adoption of a continu-
ous nonlinear optimization method formulated w.r.t. the robot
centroidal dynamics under quasi-static assumptions, i.e. ¢ = 0
and § = 0. Let 7oy € RS be a desired manipulation wrench
expressed w.r.t. the CoM frame, one obtains from (3):

mg+ GepFe+ Texy =0 (7)

which we hereafter refer to as centroidal statics (CS). In doing
so, we end up in an optimization problem with the following
decision variables:
T

c R2k+3 (8)

mZ[TcOM rc Fc

Note that, compared to an optimization that includes the full
robot dynamics (1) under the same assumptions, hence =

T
[q Fc} € R"*6+% the problem dimension significantly de-

creases for n > k. This choice additionally circumvents the
nonlinearity introduced by trigonometric functions appearing
in (1). As an heuristic observation, this can be connected to
a reduced occurrence of local minima inherent in continuous
optimization methods compared to discrete search methods. On
the other hand, the price for this reduced computation is the
possibility to produce quasi-static poses only and the inability
to reason about joint limits.

A. Continuous Environment Description: Superquadrics

Representing the environment with separate convex-hulls can
be a useful simplification in contacts planning approaches, al-
though it inherently requires mixed-integer optimization [10],
[11]. In agreement with [16], we here consider a hard con-
tact model for the environment based on a unique continuous
function. This choice allows for continuous optimization, and
consequently speeds up calculations compared to mixed-integer
programming. Soft contact models can be alternatively em-
ployed, see [12], [14], although they are prone to produce
physical inconsistencies, e.g. surface penetrations with contacts.
In particular, we propose to employ superquadric functions
as a convenient description of perpendicular surfaces, e.g. the
ground/wall environment involved in the pushing task, but also
narrow passages or corridors. While superquadrics have been
recently employed in robot grasping, see [29], their adoption in
motion planning for legged robots is novel. Note that, compared
to [16], which employs smooth height-maps to combine different
environment surfaces, superquadrics are more effective in mod-
elling vertical walls, whereas [16] would require to consider
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Fig.3. Graphical representation of the quantities involved in the multi-contact
planner, see Algorithm 1. The environment complexity, consisting of the ground
and a wall (see Fig. 1), has been modeled through a single superquadric function
(9) with P = [8 8 8]7.

Algorithm 1: Multi-Contact Manipulation.

des des
Tcom> T'C

Input: T, Sc - optionally:
Output: 7coM, Tc, FC
1:  Solve the following NLP problem:

min || rean—rEwl3 we,,, +lIre—rE 13

subject to

mg + GepFe + Texy =0 (52)
rci € Sc(re,i) (5b)
{Fci,rci} € F(Fci,rci, i) (5¢)
rc <rc <7Tc (5d)

tilted planes. This, on the other end, comes at the expense of
curved corners.

The general form of a superquadric function, hereafter de-
noted with Sc(7¢ ;), with fully independent axis orders is given

P,
rci, — Oy v

R, =10

where the superquadric center is defined by the vector C =

T
{Cx Cy CZ] , while the superquadric axial radii are de-
T
fined by the vector R = [Rx R, Rz} . Finally, P =
T
[Pm P, PZ] defines the axial order, or curvature, which
determines the actual shape of the superquadric. If each element
of P is greater than 2, (9) is continuously differentiable and
defines a cube with smooth edges and corners, see Fig. 3. Clearly
enough, the advantage of circumventing the need for mixed-
integer optimization comes at a price, as there exists a trade-off
between the curvature of the superquadric and the ability of the
solver to find a solution. In the following, we will consider the
environment superquadric function to be manually specified,
assuming the surfaces locations to be known. Alternatively, the
superquadric could be automatically generated from point cloud
data. This remains a future research direction.
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Algorithm 2: Contact-Lifting.

Input: r{*, nd, lifting contact/s - optionally: &

Olltpllt TCoM, FC
1:  Solve the following NLP problem:

min [|rcom — Y ERT

subject to

mg + GepFe =0 (6a)
Fciir =0 (6b)
TC stance = T dCe:stunce (60)
{Fci,n&} € F(Fein&, ) (6d)

B. Coulomb Friction Cones

To encode the impact of the environment geometry on contact
forces, friction constraints must be satisfied. Let us consider the
contact force Fc; € R3 and the related contact-surface normal
nc; € R3, at the i-th contact point. Being Fi¢t; € R and F{; €
R3, the normal and tangential component of the contact force,
respectively, given by:

(10a)
(10b)

C1 (FCI nCl)nCI
Fii=Fc; — (Fc; nci)nc;

the 7-th point contact remains in rest contact mode if Fc; lies
inside the friction cone directed by ncj, i.e.:

Fc;-nc; > Fy

IF¢

(11)
cillz2 < pi(Fej-ncj)

I(Fc,ian,ivﬂ'i) =

where p; is the Coulomb friction coefficient, while Fiy,, > 0
is a scalar force threshold. The Euclidean norm || - |2 models
Coulomb friction cones with circular section.

Note that from (9), one can express the contact-surface normal
nc,; as afunction of the corresponding contact point r¢ ; through
the following relation:

Ne; = — VSC(T‘CJ)
! VSc(re:)ll2

By plugging (12) into (11) one obtains an expression for the
friction cones, denoted with F(F'c ;, Tc 4, 1t;), which is entirely
dependent on the set of decision variables « in (8). Its analytical
expression will be here omitted for brevity.

12)

C. Nonlinear Optimization Problems

Based on: the robot centroidal statics model (7), a continuous
description of the environment (9), and Coulomb friction cones
(11), it is possible to set up different nonlinear programming
(NLP) problems:

- Multi-contact manipulation, see Algorithm 1: produces a
single quasi-static pose, in terms of CoM position Tc, s,
contact positions 7c, and contact forces Fe, given a desired
manipulation wrench at the CoM frame T, and the envi-
ronment function Sc. Bounds on the contact positions (5d)
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are introduced to approximate the reachable work-space
through box constraints.

- Contact lifting, see Algorithm 2: produces a single quasi-
static pose, in terms of CoM position ¢, s and the contact
forces F¢, given the desired (pre-planned) contact positions
732, the related contact normals (not necessarily co-planar)
n& and the lifting contact/s. The force on the lifting
contact/s F'c ji; is set to zero (6b), while the positions of the
stance contacts 7c sance are constrained to be equal to the
desired value (6¢). This algorithm can be applied iteratively
to perform quasi-static stepping on flat or uneven terrains,
once a set of planned contact positions and normals are
provided.

Note that, in order to produce a sequence of ng quasi-static poses,
Algorithm 1 can be modified by extending the decision variable
vector as follows:

(1] . ’I”[nS]

, 1]
CoM CoM Ci

N 1
eyl Fe)

m] "
T = Fe; }
and by constraining the positions of the stance contacts at
each step. This eventually allows for quasi-static locomotion in
unstructured environments, e.g. a gap crossing task, assuming a
suitable continuous function for the environment is provided, at
the expense of computational complexity due to the increased

problem dimension.

V. MULTI-CONTACT CONTROLLER

A. QP-Based Hierarchical Inverse Kinematics

A humanoid platforms as CENTAURO allows to simultane-
ously perform multiple Cartesian tasks, organized in a mixed
hard/soft priority relation. This hierarchy of tasks is generally
referred to as Stack-of-Tasks (SoT) [32]. Given a prescribed SoT,
itis possible to introduce a Quadratic Programming (QP) formu-
lation of a hierarchical inverse kinematics (HIK) problem [33]
as follows:

min |3 — Xil|3 + Alléll3

subject to
c<Cqg <c
u<g<u
Jig; = J;q; (13)
where the ¢-th priority level is considered; J; € R™*" is the
task Jacobian, ¢; € R™ are the joint velocities, representing
the problem variables, u\u € R" are bounds on the problem
variables and C € R"*™ and c\¢ € R! are the problem con-
straints. The scalar A € RT weights a regularization term which
ensures numerical stability near kinematic singularities. Being
x4 € R™, the desired end-effector position, the Cartesian veloci-
ties X; € R™ are computed as %; = Ke, where e = x4 — f(q;)
is the operational space tracking error (here f(-) indicates the
direct kinematics function) and K € R"*"" is a positive definite
(usually diagonal) matrix. The equality constraints J;¢; = J;q;
in (13) enforces the priorities from all the previous j levels, with
j=10,...,4—1},fori > 1. Notice that §; is the solution given
by the previously solved QPs.

For the proposed control architecture (see Fig. 2), the HIK is
responsible to track the planned CoM position 7y and contact

positions ¢, producing the reference joint positions g € R"
that feed the inner joint impedance controller.

B. Contact Force Distribution

Building upon the authors” work in [27], it is possible to
formulate the following contact force distribution problem in
order to track the planned contact forces F¢, while providing
reactive balance capabilities:

in |Fc— Fc|?
min |Fc — Fcll3
subject to

JE Fc=gu(q)

b<DRcFc<b, (14)

The equality constraint ensures closed-loop balancing by em-
ploying (2a) under quasi-static assumptions. The Jacobian J ¢,
and the floating-base gravitational term g,(q) € R® are com-
puted w.r.t. closed-loop joint coordinates, based on IMU feed-
back. The matrix R maps the contact forces in a local reference
frame such that the z-axis represents the normal component of
the contact force. Note that, given the contact-surface normal
nc; in (12), itis possible to find a rotation matrix Rc; € R3*3

T .
satisfying Rc; nc; = [0 0 1} . Being (G F; € R? the
i-th contact force expressed w.r.t. the local reference frame
{C, i}:
U Fc; = Rej Fe; (15)

the matrix D can be retrieved from the expression of the poly-
hedral linearized friction cones, i.e.:

CFg >0, [CIFEY < C0F )
where [1; = g v; models the inner approximation of the circular
Coulomb friction cone in (11). Finally, the actuated torque
T € R™ to be sent to the joint-level controller as a torque
feed-forward term (see Fig. 2) is computed as:

T — —JgaFc. (17)

Results from a balancing experiment are illustrated in the ac-
companying video.

VI. EXPERIMENTAL VALIDATION

The manipulation task addressed in this letter consists in the
pushing of a wooden cabinet, loaded with bricks, for a total
weight exceeding 120 kg, see Fig. 1. Considering a Coulomb
friction coefficient of 0.5, this task requires a pushing force
greater than 600 N along the x-axis.

The used humanoid platform is the CENTAURO robot [20].
CENTAURO is a 39 degrees-of-freedom (DoF) hybrid
wheeled-legged quadruped equipped with a bimanual humanoid
upper-body, and has a weight of 92 kg. The robot is fully
torque-controlled with direct sensing of the link side torque.
Standard position control mode is also available. In its
current setup no force/torque sensors are mounted at the
robot end-effectors. CENTAURO is powered by the XBotCore
middleware [34], while the Cartesl/O framework [30], which
relies on the hierarchical IK library OpenSoT [35], is responsible
for Cartesian control.

Authorized licensed use limited to: IIT - Istituto Italiano di Tecnologia. Downloaded on March 13,2020 at 10:32:37 UTC from IEEE Xplore. Restrictions apply.



864

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 2, APRIL 2020

Fig. 4.

Screen shots from a pushing experiment. In (a)—(f) CENTAURO reaches the final pose produced by Algorithm 1. This is done by iteratively applying

Algorithm 2 in order to be able to lift and move the rear legs toward the planned contact locations on the wall, see (d) and (f). In (g) the two arms approach the

object in velocity control mode, until contact is detected. In (h) the contact forces F(Cl) planned by Algorithm 1 are applied to the legs, while the manipulation
force is distributed between the arms, effectively producing a forward motion of the object. Finally, in (i), (j) CENTAURO returns to the initial pose, again by

iteratively applying Algorithm 2.

The multi-contact planner is executed in a ROS node running
at 10 Hz. Algorithm 1 and Algorithm 2 have been implemented
using IFOPT [36], an Eigen-based C++ interface to the nonlinear
programming solver IPOPT [19]. To decrease the nonlinearity
of F(Fc,,rc,i, ;) and speed up the solver computation, we
included the contact-surface normals nc in the set of decision
variables and consequently added (12) as equality constraint in
Algorithm 1. The considered set of contact points {C;} com-
prises the four legs, while a pure manipulation force of 800 NV
along the x-axis is applied at the two hands. The considered ma-

T
nipulation wrenchis Tey = [00 N 0 0 0 0 0] .ré,

and 7% in Algorithm 1 have been set to be equal to the related

positions in the initial robot configuration. The box constraints
(5d) have been selected according to the following guidelines: no
overlapping should arise between each leg work-space; the box
constraints must intersect the superquadric to avoid optimiza-
tion unfeasibility; simple forward kinematics considerations are
made using Cartesl/O library. Finally, W = 100, W, =
10, Wr = 1. The environment superquadric axial curvature has

T
been chosenequalto P = [8 8 8} , while the vectors C' and

R have been chosen based on an approximate knowledge of the
wall position w.r.t. the robot base.

The multi-contact control layer runs at 100 Hz. The HIK
is managed by Cartesl/O framework within a ROS node. The
considered SoT can be written using the Math of Task (MoT)
formalism [35] as follows:

XYZ
(Ez World(];?[ooti ]> /

(World%oM +W0rld ,E,Hand +W0rld ,E{Hand)/ — (C pos CVeL )

Lims Lims

World7-[RPY] | World -[RPY]
(%osture +Zz 7-Anklei + 7-Waist )

(18)

Here the + and / symbols are used to specify soft and hard
priorities among tasks, respectively. 7y denotes a Cartesian task
of the frame B relative to the frame A, while the << symbol is
used to specify constraints to the whole stack or to single levels of

Algorithm 3: Heavy-Object Pushing State Machine.
Solve Algorithm 1 I:{7y, Sc} - O:{r), nl) FIy
for leg : {FL, FR, RL, RR} do
Solve Algorithm 2 I:{r(cl), leg} - O:{r(Ci)M,

1

2

3 FO)
4. Send F(C2) to contact force distribution

5:  Send réQO)M to HIK

6:  while contact detection = false do

7 Send r(cl’l)eg to HIK

8 1)

: Move leg in velocity mode along —n i,
9: end while

10:  end for
11:  while contact detection = false do
12: Move LHand, RHand in velocity mode along x-axis

13:  end while

14:  Set: Jgch = gu(q) + Text in contact force
distribution

15: 7 += (0-5 J{Hand,aTexl +0.5 JgHand,aTEX[)

the stack. A separate ROS node is dedicated to the contact force
distribution problem for the considered set of contact points, i.e.
the four legs. The contact detection has been implemented by
evaluating the following logic condition:

Sign (F(Ce:l) ‘Mnci — Fcnt)

where F., > 01is a scalar contact threshold. Since CENTAURO
is not equipped with any force/torque sensors mounted at the

19)

end-effectors, the estimated contact forces F(CeSl) are computed
under quasi-static assumptions as:

P& = T (90— Toes)

being Tyes € R™ the measured link-side joint torques and g, €
R" the actuated gravitational term computed based on closed-
loop joint coordinates, while ' stands for the Moore-Penrose
pseudo-inverse. Finally, the joint-level controller runs at 2 kHz.

The state machine pseudo-code governing the pushing task
execution is described in Algorithm 3, while snapshots from a
complete experiment are shown in Fig. 4 (these results are also

(20)
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Time histories of the legs’ contact forces from a complete pushing experiment. During the stepping phase (grey shaded areas), the planned contact forces

produced by the multi-contact planner (blue solid lines), through iterative application of Algorithm 2, are reactively tracked by the contact force distribution control
layer (red solid lines). Black solid lines depict the estimated contact forces. It is worth pointing out that the contact force produced the contact force distribution
problem can be driven to zero only after the CoM has reached the reference position planned by Algorithm 2. Finally, yellow shaded areas highlight the pushing

phase.

illustrated in the accompanying video). Time histories of the
contact forces at the legs are reported in Fig. 5.

Algorithm 1 produces the final quasi-static pose for the
pushing task, automatically planning which surface to touch,
i.e. pushing with the rear legs touching the wall, see Fig. 4(f).
Algorithm 2 is then applied iteratively in order perform quasi-
static stepping toward the pushing pose. Note that, the lifting
sequence, see line 3 in Algorithm 3, is a heuristic. Such heuristic
could be avoided by adopting an optimal control formulation of
the contact planning problem, e.g. as in [16]. This represents a
future research direction.

VII. CONCLUSION AND FUTURE WORKS

Motivated by the realization of the pushing task of a heavy
object with a centaur-type humanoid, this work has presented a
control architecture, conceived for torque-controlled platforms,
that is able to freely exploit the environment complexity to

perform similar multi-contact loco-manipulation actions, while
meeting the implementation requirements to achieve a real
demonstrator. Planning capabilities are offered by a continuous
nonlinear optimization over the robot centroidal statics, relying
on a continuous description of the environment complexity
through superquadric functions. Reactive control capabilities
are provided by a HIK control layer, combined with a contact
force distribution problem ensuring closed-loop balancing. Ex-
perimental validation has been performed on the pushing task
of a heavy object using the CENTAURO robot.

Extension of the proposed control architecture to position-
controlled humanoids represents a future work, together with the
validation on different platforms, e.g. bipeds, in order to prove
its generality. Finally, an optimal control formulation of the
multi-contact planner, an inverse dynamics implementation of
the multi-contact controller and the automatic generation of the
continuous environment function from point cloud data remain
promising research directions.
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