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Upper limb compliant strategy exploiting external physical constraints
for humanoid fall avoidance

Enrico Mingo Hoffman, Nicolas Perrin, Nikos G. Tsagarakis and Darwin G. Caldwell

Department of Advanced Robotics
Istituto Italiano di Tecnologia (IIT)
Via Morego 30, 1616 Genova

Abstract— Ensuring humanoid balance stability to prevent
falling is one of the most crucial control problems in humanoid
robotics and has been extensively studied in the past, resulting
in a diverse range of balance recovery schemes. These balancing
control methods effectively perform body posture control using
three main motion strategies, namely: ankle, ankle-hip and
stepping strategies. In this work we present a novel balance
strategy which fundamentally differs from the previous methods
as its principle is to exploit contacts with the environment
to prevent falling rather than only performing body posture
control. An uncoupled impedance controller for the upper body
of the humanoid robot is combined with a lower body stabilizer,
and the balancing capabilities are enhanced by the establish-
ment of additional physical contacts with the environment.
The generation of the reactive arm motion and the impedance
regulation are discussed in details. Experimental trials with the
humanoid robot COMAN, provided with active and passive
compliance, demonstrate the potential of the approach and
the first step towards the development of more human-like
balancing skills using an integrated approach where all body
parts (not only legs but also arms and hands) can establish
contacts with the surrounding environment so as to ensure a
stable and balanced behavior.

I. INTRODUCTION

In the past fifteen years, the research on humanoid robots
has gained huge attention by the robotics community. Several
robotics challenges, such as the RoboCup or the recent
DARPA Robotics Challenge, give researchers strong incen-
tives to address problems specific to humanoid robot control
such as balancing [1], walking [2], trajectory planning [3]
and whole-body control [4]. Despite the progress made in
all these areas there are still significant barriers to overcome
before the control and motion performance of these machines
enables them to operate outside the lab. Stable balancing,
in planned and accidental physical interactions, is one of
the fundamental skills in which humanoid robots currently
underperform. This shortcoming is one of the key issues
that makes it difficult for humanoid robots to operate in
unstructured workspaces such as the ones designed for and
used by humans.

In the existing literature of balancing control three main
approaches can be identified, namely ankle [5], ankle-hip [6]
and stepping strategies [7]. These methods can be applied in
an individual or combined manner depending on the nature of
the disturbance, and if the fall is inevitable, safe fall strategies
have also been developed [8], [9].
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Fig. 1: A picture of the COmpliant huMANoid robot COMAN with
its kinematic structure and DOFs.

The above balancing schemes are acting on the posture of
the humanoid robot by controlling some important body state
variables including but not limited to angular momentum,
center of pressure and center of mass. Although these meth-
ods have demonstrated good balancing performance they lack
a fundamental aspect of the human balancing skills as far as
the use of the upper limbs is concerned. It can for example be
observed that in humans, much of our balancing proficiency
comes from our ability to use our body and arm motions to
establish additional contacts with the environment and assist
the locomotion and balancing in situations where simple
body posture control or stepping actions are not adequate.

Inspired by this observation this work presents a novel
balance strategy which fundamentally differs from previous
methods as it exploits contacts with the environment using
the arms to prevent falling rather than only performing body
posture control. We believe that these upper limbs actions
and the exploration of contacts with the environment can
significantly extend the balancing performance of humanoids
under severe disturbances, making them eventually capable
of operating in realistic workspaces.

The proposed method combines two control strategies,
one for the lower body and one for the upper body. The
lower body runs an Inertial Measurement Unit (IMU) based
balance controller that rejects small external disturbances
and maintains the upper body upright posture during strong
pushes. A second controller implemented on the upper body
executes the arm motions necessary to establish contacts with
the environment and support the balance of the robot. The
initial configuration of the robot arms when the contacts with



the environment surface are established, is derived through
an arm posture optimization that attempts to align the arm
Cartesian stiffness ellipsoid with a desired orientation maxi-
mizing the compliance in the direction of the disturbance.
Then, the impedance levels of the arms are dynamically
regulated to improve the matching to the desired stiffness
ellipsoid and to ensure that the reaction forces from the arm
contacts are adequate to support the robot without inducing
contact instabilities.

Impedance control has been widely applied on humanoid
robots as an effective approach to ensure proper interactions
and contact stability for a diverse range of tasks. For in-
stance, in [10] an impedance control scheme for walking
and balancing tasks was realized. Damping and stiffness
parameters are modulated online to absorb impacts during
the foot landing phase. [11] presents a whole-body control
framework that uses impedance control laws and deals with
physical limitations and collision avoidance, but results are
demonstrated on a mobile-base humanoid robot. In [12],
Virtual Model Control, an impedance control scheme for
bipedal walking, is proposed and implemented on real robots.
This method is based on the use of virtual components
to obtain desired behaviors. For instance, it is shown that
specifying desired forces for a virtual spring-damper placed
between the foot and the waist can help to achieve walking
on slopes or on uneven terrain with a planar bipedal robot.

In our approach, the triggering of the arm motion is based
on the IMU measurements. The effectiveness of our strategy
is demonstrated experimentally on the compliant humanoid
COMAN (Fig. 1, [13]), which is able to sustain strong
pushes by reaching a wall with its arms and then compliantly
interacting with it. In the experiments the position of the wall
is known with an accuracy of a few centimeters.

The presentation of the work is structured as follows:
Section II presents the conceptual principle of our strategy,
Section III briefly describes the lower body balance con-
troller and presents in details the algorithms for the arms
reactive motion and the impedance regulation. Finally in
Section IV we discuss the experimental implementation and
the results on the compliant humanoid robot COMAN while
Section V addresses the conclusion.

II. CONCEPT PRINCIPLE

Let us consider the scenario shown in Fig. 2 with the
robot standing in front of a physical wall. We assume that
a basic stabilizer is running on the lower body with the aim
of maintaining the upper body erect and slowing down its
change of orientation. We correspondingly assume a linear
inverted pendulum model for the robot. When the robot is
pushed, the upper body moves on the transverse plane along
the direction of the push. The motion of the arms is triggered
when the waist of the robot exceeds the following threshold
measured with the on-board IMU:

L—z*
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where x* is the linear distance from the wall at which the
arms motion should be triggered, and h is the height of the
center of mass (CoM) considered constant.

Before the arm motion, an optimization is executed to
derive the arm posture configuration and stiffness. The op-
timization problem takes into consideration the joint limits,
the limit on the maximum achievable active joint stiffness
and the constraint that the robot end-effectors must touch
the wall. Once the robot end-effectors land on the wall, the
arm joint stiffness is controlled actively. The joint damping is
chosen proportional to the joint stiffness through a constant.
The next section introduces the details of the proposed
strategy.

0

Fig. 2: The aim of our control scheme is to have the robot maintain
its balance by using the wall as support.

III. PUSH RECOVERY CONTROLLER

A. Lower Body Stabilizer

Our lower body stabilizer uses as input the attitude in-
formation measured from the IMU mounted on the pelvis
of the robot. Based on these measurements and on the pro-
prioception, a closed-loop control law estimates the posture
of the lower body in the world frame, and then modifies
this posture through inverse kinematics so as to achieve the
three main goals of keeping a horizontal motion of the center
of mass, slowing down the attitude variations of the trunk,
and acting as a low-pass filter that rejects high-frequency
vibrations at the pelvis. These three properties of the lower
body stabilizer do not prevent the robot from falling, but
they lead to a smoother and more predictable motion of the
robot trunk, even just after a push. Thanks to the effect of
the stabilizer, it becomes a reliable choice to use a threshold
on the trunk pitch whether the robot is about to fall or not,
and thus whether the arms should start a motion to reach the
wall or not. The algorithmic and mathematical description
of this stabilizer is out of the scope of the present paper.



B. Arm Reaction Controller

The goal of the arm reaction controller is to generate the
arm configuration and initial impedance values required to
establish stable contacts with the environment and assist the
robot recovery against a disturbance. To achieve this the
arm controller generates the arm posture and joint stiffnesses
so as to minimize the distance between a desired Cartesian
stiffness ellipsoid and the one actually obtained.

The Cartesian stiffness of the robot arm is described by
the stiffness matrix:

_of
ox

which represents the relation between the Cartesian wrench
f and the Cartesian displacement x. Ko € R™*" where
m is the number of Cartesian degrees of freedom. It is also
possible to define a stiffness matrix in joint space as the
relation between torques 7 and displacement q:
or

K, € R"™™ where n is the number of joints. From
Maxwell’s Reciprocal Theorem, all stiffness matrices are
symmetric and in particular K, is diagonal. The mapping
from Cartesian stiffness K¢ to joint stiffness K, is given
by:

Kc = 2

or d(J(a)" KcJ(q)Ax)

7 dq dq

“)
0J
=J(a)" Ked(q) - a(qq)Kch
where J = % is the manipulator Jacobian, T(q) is the

forward kinematic of the manipulator and Ax = xq — x
(see [14]) with x4 the equilibrium position. If the stiffness
at equilibrium position is considered, then the second term
in (4) disappears and it is reduced to:

K, =J(q)"KcJ(q) (5)

The inverse problem of (5) gives the Cartesian stiffness
matrix:

Ko =J(q) K, I(q)f 6

c=J(q)" KqJ(q) (6)

where J(q)f = Ko 'J(a)" (J(@)Kq 'I(@)")7! is the
pseudoinverse of J(q) (see [14]).

It is possible to formulate the inverse problem considering
also the compliance matrices Cc and C, defined as the
inverses of the stiffness matrices:

Cc =K' (7
C,=K," ®)
Therefore based on the same reasoning made in (4) and (5)
and considering (8):
Ce = J(a)CyJ(a)"
= J(@K, ' I(a)"

q

9

Notice that in the Cartesian compliance matrix, no inverse
Jacobian is needed, which makes the computation lighter,
and that is why we use it in our approach.

Let us consider the case of a 2R planar manipulator where
q = [@1 ¢o]7 is the robot joint configuration and K, =
diag(kq1, kq2) is the Joint stiffness matrix. In this case the
translational Cartesian stiffness matrix and the joint stiffness
matrix are both of size 2 x 2. For a given arm configuration
the Cartesian stiffness ellipsoid has its major axis length and
orientation along the eigenvector of the largest eigenvalue of
K¢ and the arctangent of the associated eigenvector. Let us
now consider a desired ellipse characterized by A;, A2 and
0 representing the major axis, minor axis and orientation
angle of the major axis respectively. The associated desired
Cartesian stiffness matrix K4 can be computed as:

Kecg = RZ(Q)S)\])\QRZ(G)il (10)

where R (6) is the rotation matrix about z of 6 and Sy, »,
is the diagonal matrix of eigenvalues.

To derive the arm configuration we then setup an opti-
mization problem that regulates the arm posture to match
the orientation of the desired stiffness ellipse. Considering
(7) and by multiplying both sides by K¢

CcKe =1 (1)
leads in the following optimization problem:
m(in ||CCKCd - IH (12)

Since we want the arm end-effector to be placed on the wall,
an equality constraint is added, which for instance in the XZ
planar case of Fig. 2 has the form:

Tx,ee(q) - ,UTz,ee(q) —pP= 0

where T)ee = [Tz e Tk ee is the positional part of the
forward kinematic T.. of the end-effector and the wall is
modelled in 2D as a line of equation x = pz + p. The
resulting optimization problem is therefore:

13)

min [|CcKeog — 1
4 (14)
s.t. Tx,ee(q) - ,U'Tz,ee(q) -p=0

Additional inequality constraints are inserted to bound the
joint position within certain limits:

and to avoid the penetration of the arm in the wall:
Tz,elbow(ql) - NTz,elbow(QI) —p S 0 (16)

with T, cipow 18 the positional part of the forward kinematic
T eipow Of the elbow.

Taking into account the passive joint elasticity presented
in some of the joints of the compliant humanoid COMAN,
the joint stiffness matrix was formulated by considering a
series of two springs: a fixed passive k,y and a variable
active kg; element (Fig.3) [15]. Thus, the elements kg; of
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Fig. 3: Fixed Joint stiffness and variable Joint stiffness

K, are computed as:

_ kqgikqij

;= (17)
P kg A+ ki

The achievable range of joint stiffness is added to the
optimization problem as a set of linear inequality constraints
that bound the joint active stiffness Kq; = [kgi1  kqi2] by
inma:r:

0 S in S inmax (18)

Therefore, the optimization problem including the variable
stiffness is:

min ||[CoKeg — 1
q7inH cKea =1

st. Tpee(q) = plsee(d) —p=0
Ty etbow (q1) — BT etbow(q1) —p <0
Qmin < 4 < Qmas

0 <Ky < Kgimas

(19)

This is a non-linear optimization problem in q =
@1 q]" and K, = [kgi1 kgio] with one non-linear
equality constraint, two linear inequality constraints and one
non-linear inequality constraint. The last one can be omitted
if the distance from the robot to the wall is more than the
length of the upper arm.

The optimization problem (19) tries to solve two tasks at
the same time: an inverse kinematics task and the achieve-
ment of a desired Cartesian stiffness. Since, in our formula-
tion, the position of the end-effector is treated as an equality
constraint, this affects the achievable Cartesian stiffness as
shown in Fig. 4.

In this work we consider a desired Cartesian stiffness
ellipse with a large major axis parallel to the wall and a
small minor axis so as to obtain a compliant behavior in the
horizontal direction, but a stiff behavior if the end-effector is
moving vertically to help the body to stay upright. Different
ellipses can generate different behaviors and different arm
postures, but we do not discuss in the present paper the
possible choices for the desired Cartesian stiffness ellipse.

Furthermore, as explained in [14], the resulting optimiza-
tion depends on the type and the weights of the norm used
to calculate the optimization error. In our experiments we
have chosen the Weighted Frobenious Norm [16], weighted
with the desired Cartesian compliance. Finally, since (19)
is a non-linear optimization problem, there is no algorithm
that can ensure that the global optimum will be found in
a reasonable time, and the final solution depends highly on
the given initial guess. We explored a possible solution to
this problem by using a Particle Swarm Optimization step
to move towards a configuration that can be used as good
initial guess for the optimization (19).
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(a) A Cartesian stiffness ellf;)[gne] parallel to the wall
is difficult to achieve. qfi, = [—0.67,1.44], Kg =
diag(120.0,120.0)

0.4 7 T T T T T

08 i < i i
-0.2 -0 0 m 0.z 0.3 04 05 06

(b) A Cartesian stiffness elxhlf)n]se orthogonal to the
wall is achieved. ¢pin = [—0.87,1.4], K, =
diag(75.96,96.68)

Fig. 4: Examples of desired Cartesian stiffness (in blue) and
obtained Cartesian stiffness (in green) ellipses.

C. Active Scaling of Stiffness Ellipse

Once the robot arms are in contact with the environment,
forces such as its own body weight or external pushes act on
it. A compliant behavior is necessary to sustain these external
forces but at the same time the robot should not collapse.

In the case of our experiment, the optimized initial Carte-
sian stiffness ellipse obtained is far from the desired one (see
Fig. 4). To obtain a behavior closer to the desired Cartesian
stiffness ellipse, we use a simple algorithm that actively
scales the actual Cartesian stiffness ellipse depending on the
arm displacement (for example due to a push).

By multiplying all the joint stiffnesses by a scalar «,
we can easily scale the Cartesian stiffness ellipse by the
same coefficient a. K¢ being the initial optimized Cartesian
ellipse, when an arm end-effector moves by a displacement
Ap, the problem we solve is the following:

m{in HaKcAp — KCdApH (20)

Equation (20) represents the equality of two force vectors,
S0 it can be rewritten as:

min”ozf("} — fodll 21



The solution is found by projecting fcq along f#, as shown
in Fig. 5. We therefore obtain:

f*c

||fec||-cos(8) = al|f*||

Fig. 5: Projection of foq on f&.

f
o= ” C;dH cos(6) (22)
1€
and cos(6) can be expressed as:
* N + * ; .
cos(6) = feafcaa + [6 . fea, (23)

£ | fcall

In our experiment, the initial total joint stiffnesses are all
equal to k, = 60Nm/rad, 50% of the value of the passive
joint stiffnesses. To multiply these initial joint stiffnesses by
a, we need to use the following formula (which considers
the passive values) to set the variable stiffness values:

(e

kgi = = 2 kg (24)
2

We bound « between 1 and a minimum value (cyn, < 1).

Fig. 7 shows the evolution of « as a function of Az. We

show the behavior of this control in Fig. 6.
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Fig. 6: Real data from COMAN left arm. Each point represents a
pose [z, z] for the end-effector. When the arm is stretched, vertical
movements lead to actively controlled high set values of joint
stiffnesses (in red) while the behavior becomes compliant when
the arm is folded (in blue).

IV. DEMONSTRATION TEST

We have tested our strategy on the compliant humanoid
robot COMAN from the Italian Institute of Technology. The
kinematic structure and the DOFs of COMAN are shown in
Fig. 1. Since most of the joints are Series Elastic Actuated
(SEA), COMAN is well suited for tasks that have to handle
impacts.

The experiments are made with COMAN standing in front
of the wall at a distance L ~ 0.3[m], and the arms’ motion is
triggered (i.e. the optimization) when the robot’s horizontal

-04 035 03 -025 02 -015 -01 005 0 0.05

% [ml

(a) « function, ZX view.

(b) « function, side view.

Fig. 7: « as a function of Ap.

motion exceeds a threshold of x* ~ 0.15[m] corresponding
to a 6y, = 0.3672[rad]. The passive value of the joints
stiffness is Kq¢ = diag(120.0,120.0)[N'm/rad]. Horizontal
pushes are applied to the robot. The desired translational
Cartesian stiffness matrix is:

0.2 0.0
Kea = {0.0 1.0] 1[N /m]

The configuration obtained and resulting from the optimiza-
tion is shown in Fig. 4a. The upper body of the COMAN
is controlled using an impedance controller with an internal
loop on the desired torques [17], while the waist and the
lower body motions are controlled in position. The initial
configuration of the robot upper body is set with low joint
stiffnesses and as a result the arms stay down due to the
gravity force. The stabilizer can easily handle small pushes
but when the external force is large and the x* threshold is
exceeded, the optimization is performed, and the arms move
towards the optimized configuration with the optimized joint
stiffnesses. This behavior is shown in Fig. 8 from frames 1 to
6. Once COMAN is in contact with the wall, we continue to
push it from both the shoulders at the same time. COMAN
presents a compliant behavior when pushed and at the same
time does not collapse on the obstacle. The single parameter
a computed as explained in section III-C regulates the joint
stiffnesses. This behavior of the robot is shown in Fig. 8
from frames 7 to 11.

To prove the robustness to different application points of



the external force, we push the robot only on one shoulder,
and the pushes are well absorbed. This is shown in Fig. 8
from frames 12 to 16. The control scheme can handle varia-
tions in the distance to the wall and different configurations
reached after the push w.r.t. to the one desired.

Fig. 8: Frames 1 to 6 show the reaction to a push. COMAN moves
its arms towards the configuration computed from the optimization
step. Frames 7 to 11 show the compliant behavior in case of an
equally distributed push when COMAN is in contact with the
environment. Frames 12 to 16 shows the same behavior in case
of a non-equally distributed push.

V. CONCLUSION AND FUTURE WORK

In this paper we have presented a novel, effective, model-
free strategy to handle push recovery exploiting contacts
with the environment for a humanoid robot. The main idea
is based on the use of impedance control to handle the
interaction between the arms and the environment. The lower
body runs an IMU-based stabilizer algorithm to keep the
balance, reject small disturbances and maintain the motion
of the upper body on a plane. The upper body runs an
impedance controller where joint configurations and stiff-
nesses are set based on a non-linear optimization achieved
when the robot is going to fall due to a strong push. Once
the robot is in contact with the environment, we actively
vary the joint stiffnesses in order to be compliant to external
horizontal perturbations. This results in a robust system
that is able to lean over obstacles and recover from large
pushes. This is a preliminary work for a framework that
will handle omnidirectional disturbances and more complex
environments. Two important aspects which are not discussed
in this paper are: first, how to decide a desired translational
Cartesian matrix, and second, how to vary the damping
factor of the impedance controller. A reliable source of
information regarding the arm stiffness during an impact can
be taken from experiments with human subjects measuring
the electrical activity of muscles through an electromyogram
(EMG) [18]. A variable damping needs to depend on a
dynamic model of the system taking into account external
forces that need to be measured.

The integration with sensors that are able to recognize
the local environment (for instance Kinect or cameras) will

permit to design strategies to choose different surfaces where
to place the arms. Finally, the possibility to merge this works
with existing ones about stepping strategy, will lead to a more
autonomous humanoid robot.
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