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Intelligents et de Robotique, F-75005, Paris, France

{meguenani,padois,dasilva,hoarau,bidaud}@isir.upmc.fr

Abstract. In this paper, we propose physically meaningful energy re-
lated safety indicators for robots sharing their workspace with humans.
Based on these indicators, safety criteria are introduced as constraints
in the control algorithm. The first constraint is placed on the kinetic
energy of the robotic system to limit the amount of dissipated energy
in case of collision. This constraint depends on the distance between the
robot and the human operator. The distance is computed with a point
cloud based algorithm acquired using a set of depth sensors (Kinects).
The second constraint is on the amount of potential energy that is al-
lowed to be generated within the human-robot system during physical
contact. It is used to modulate the contact forces. The control algorithm
is formulated as an optimization problem and computes every time step
the actuation torques for a KUKA LWR4 manipulator given some task
to be performed, the introduced constraints and the physical limitations
of the system to respect. The overall framework allows a human operator
to safely enter the robot’s workspace and physically interact with it.

Keywords: Safety, Human-robot interaction, Constraints compatibil-
ity, Energy, QP.

1 Introduction

Domains of application for robots are evolving from a purely structured
industrial context to the human world as intervention machines and as-
sistants to aid a person in the completion of a manual task. Safety is
therefore of most importance. This has a direct impact on the formula-
tion of the control problem that must be completely reconsidered. When
industrial robots are aimed for tasks that are relatively simple e.g. pick
and place manipulation, repetitive, within perfectly known static and
protected environments; Intervention and service robotic systems are
confronted to more challenging scenarios : unknown, constrained and
dynamic environments and possible deliberate/undeliberate interactions
with humans.
To ensure safe human-robot interactions, several approaches have been
explored in the robotics literature. At the hardware level, the mechanical
design have been optimized by including torque sensing at the joint level.
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This provides a way to actively control the impedance of the robot. The
Kuka-DLR lightweight robot [1] has been specifically designed for these
purposes.
On the software level, different control approaches using intrinsic and ex-
trinsic force/torque sensors have been developed to handle safety during
pre and post impact/contact phases [2]. Haddadin in [3] and De Luca
in [4] present different strategies to reduce the effect of non deliberate
impacts. A collision detection parameter based on the sensed external
torque is introduced and used to scale down the link inertia obtaining a
“lighter” robot that “flees” from the collision area. Heizmann and Zelin-
sky in [5] propose a safety criterion based on the potential impact force
to filter the control torque of the system.

Human-Robot
distance

Dynamic model

Command torque

A

B

Fig. 1: View of a user sharing its workspace with a KUKA LWR4
manipulator; with the experimental setup used to detect the human
operator and control the robotic system.

During human-robot interaction, the degree of danger towards the per-
son is mainly caused by two parameters : the impact force created at the
collision instant and the contact forces existing after the establishment
of physical contact. The most generic way to include and express these
parameters is to use an energetic formulation. Indeed, energy is a univer-
sal entity that can describe all the physical phenomena occurring during
human-robot interaction. Energy has already been discussed in [3] and
[6] as a good representation of the risk of injury. It is used in this work to
synthesize indicators whose value is related to both impact and contact
forces and that can be expressed using the control input. Safety criteria,
namely a bound on the maximum value of the safety indicators, is then
derived. Kinetic and potential energy based criteria are used to constrain
the dynamic behaviour of a KUKA LWR4 serial robot during the inter-
action with a human operator. The present paper is the continuation of
our previously published work [7]. It is organised as follows. In section II,
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the proposed safety indicators and associated safety criteria are formu-
lated. In Section III, the controller is derived : task’s related objectives
are formulated and the expression of the inequality constraints acting
on the system is provided. In Section IV, an experimental scenario is
introduced based on which the possibilities offered by the proposed con-
troller are illustrated and discussed. Finally, Section V summarizes the
contribution and provides an overview of the future work.

2 Interaction forces and the safety indicators

2.1 Impact force

The generated impact force at collision can be written as a function of
the dissipated energy and the shock absorption distance:∫

u

Fimpactdu = Edissipated = Ehumc + Erobc , (1)

Fimpact is the generated impact force during the collision, u the shock
absorption distance and Edissipated the dissipated energy which is equal
to the sum of the kinetic energy Ec of both the human operator and the
robot. At a given time, very few assumptions can be made on the state
of energy of the human operator. As a consequence, the retained safety
indicator Sc is robot-centred. Erobc is directly related to the impact force
and can be expressed using the actuation torque. It is therefore to be
considered for the formulation of the first safety indicator :

Sc = Ei,jC =
1

2
m(q)eqi,jv

2
i,j (2)

With 1/m(q)eqi,j = J(q)i,jC M(q)−1J(q)i,j
T

C . m(q)eqi,j is the equivalent mass
of the robot segment i in the direction of obstacle j expressed in the
cartesian space. M(q) is the joint space inertia matrix of the robot and
q its joint space configuration. vi,j = J(q)i,jC q̇ is the relative velocity of
the closest point C belonging to the robot segment i in the direction of
obstacle1 j. J(q)i,jC is the Jacobian of the robot segment i expressed at
point C and projected along the distance vector towards obstacle j.

2.2 Contact force

After the establishment of physical contact, contact forces are created as
a consequence of the potential energy generated within the human-robot
system. The force FC|k driving the contact point at each time step k in
the direction of the desired position (trajectory tracking task) is derived
from the potential energy Ep|k :

FC|k = −∇Ep|k (3)

1 All along the paper, ”obstacle” is used as a generic term for any external element of
the environment, e. g. a human operator.
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Thus :

Ep|k = −
∫ x∗C
xC|k

FC|kdx = −FC|k
∥∥XC|k −X∗C

∥∥
C,∗ (4)

With :

FC|k = m(q)eqC,∗Ẍ
C,∗
C|k (5)

C, ∗ represents the directing vector between the contact point C (on the

considered segment i) and its desired position ∗. ẌC,∗
C|k = J̇(q)C,∗C q̇|k +

J(q)C,∗C q̈|k is the cartesian acceleration of the contact C along the C, ∗
vector.
Ep|k is directly related to the contact forces and can be expressed using
the actuation parameters (torque). It is therefore used for the formulation
of the safety indicator during the physical contact phase. The retained
safety indicator Sp is robot centred and expressed as following :

Sp = Ep|k = −FC|k
∥∥XC|k −X∗C|k

∥∥
C,∗ (6)

Within the framework of this work, the only mobile body for which Sc
is considered is the robot’s end-effector. Indeed, it is the last segment of
the fixed base serial robot (KUKA LWR4) that holds the practical load
and consequently deploys the maximum energy (kinetic and potential).
The only considered obstacle is the human operator.

Sc = EEE,Oc =
1

2
m(q)eqEE,Ov

2
EE,O (7)

Sp = EEE,∗p|k = −m(q)eqEE,∗Ẍ
EE,∗
C|k

∥∥XC|k −X∗C|k
∥∥
EE,∗ (8)

2.3 Safety limit values

Pre contact establishment : For Sc, the safety criterion represents
the maximum amount Eclimit of kinetic energy allowed to be dissipated
during a human-robot impact. To prevent over limiting the dynamic of
the system, the idea is as following : When the human operator is far
from the robot, the system can be as dynamic as possible to accomplish
its main task (maximum kinetic energy Ecmax allowed). As the human
operator starts walking towards the robot, a constraint Eclimit depending
on the distance between the robot’s end-effector and the person is placed
on the kinetic energy of the machine. The system is forced into a safe
dynamic behaviour. At this time, if any physical contact is engaged, the
resulting impact force will be harmless (see Fig. 3 (a)).

Sc ≤ Eclimit = Ecsafe + f(d) (9)

f(d) is a weighting function depending on the distance d between the
end-effector and the human operator .f is chosen to be linear and is
written :

f(d) = K(d− dsafe). (10)

K represents the equivalent breaking force applied on the end-effector in
the opposite direction of the obstacle. more details about this parameter
can be found in [7]. Given the global objectives of this work, an average
value of K (> 0) is considered all over the workspace of the robot.
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Post contact establishment : For Sp, the safety criterion represents
the maximum amount Eplimit of potential energy allowed to be stored
at time step k within the human-robot system during a physical contact
phase. The value of Eplimit depends on several aspects : The desired
degree of passivity of the robotic system, the maximum allowed contact
force, if a spring-damper like behaviour is preferred and more importantly
the degree of danger in case physical contact is lost. Indeed, when contact
breaks, the stored potential energy Eplimit is to be transformed into
kinetic energy. In case of an other collision, the resulting impact force
Fimpact should not cause any damage. Therefore, the maximum value
acceptable for Eplimit = Epsafe is Ecsafe :

Sp ≤ Eplimit = Epsafe (11)

3 Safe dynamic controller

In this section a dynamic control strategy that ensures safety for the
human operator is proposed. The objective is to compute the control
torque τ in order to perform a trajectory tracking task while respecting
a number of constraints at every time-step:

– Respect the introduced safety criteria to prevent harmful collisions
and contact forces,

– Respect the physical limits of the system.

3.1 Task formulation

In this work, a trajectory tracking performance is considered. A cartesian
acceleration task is defined as an error between the expected acceleration
Ẍ
c

and the real acceleration Ẍ of the robot’s end-effector. Ẍ = J(q)q̈+
J̇(q)q̇ (where J(q) is the Jacobian of the end-effector). The acceleration
task function to be minimized is written:

g
(
τ , Ẍ

c
)

= Ẍ
c −

(
J(q)M(q)−1 (τ − b(q, q̇)) + J̇(q)q̇

)
. (12)

b(q, q̇) are the non linear terms of the equation of motion, namely gravity,
Coriolis and centrifugal induced generalized forces. Ẍ

c
is computed with

a PD controller and a feed-forward term in order to track a desired
trajectory X(t)?.

3.2 Constraints formulation

In addition to the linear constraint corresponding to the dynamic model
:

M(q)q̈|k + b(q, q̇) = τ |k + τ ext (13)

the physical limitations of the robotic system must be accounted for when
solving the control problem. The actuators limitations are considered at
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the following levels : q, q̇ and q̈ and expressed as a function of the control
variable τ |k :

qm ≤ q|k+1 = q|k + q̇|kdt+ 1
2
q̈|kdt

2 ≤ qM ,
q̇m ≤ q̇|k+1 = q̇|k + q̈|kdt ≤ q̇M ,
τm ≤ τ |k ≤ τM ,

(14)

q|m,M , q̇|m,M and τm,M are respectively the maximum/minimum fea-
sible position, velocity and torques. To avoid high pick of torques and
chattering phenomena [8], during experimentation, dt is fixed at 5 · δt.
δt is the control time step. In an equivalent way, the safety indicators Sc
and Sp can be expressed as a function of the control variable q̈|k :

Sc = EEE,Oc|k+1 =
1

2
m(q)eqEE,Ov

2
EE,O|k+1 ≤ Eclimit = Ecsafe + f(d) (15)

With vEE,O|k+1 = J(q)EE,OC q̇|k+1 and q̇|k+1 = q̇|k + q̈|kδt.

Sp = EEE,αp|k+1 = −m(q)eqEE,αẌ
EE,α

C|k+1

∥∥XC|k −X∗C|k
∥∥
EE,α

≤ Eplimit

(16)

α represents the x, y and z directions in the cartesian space. Ẍ
EE,α

C|k+1 =

J̇(q)EE,αC q̇|k+1 + J(q)EE,αC q̈|k+1 is the cartesian acceleration of the end-
effector along the α direction.

3.3 Controller formulation

The control torque is computed by minimizing the norm of the cartesian
acceleration task function expressed in the following quadratic form:

arg min
τ

∥∥∥g (τ , Ẍc
)∥∥∥2 + ε‖τ‖2, (17)

Subject to (14) and (15) and (16). τ and q̈ are the optimization variables.

4 Experimental results

In this section, the experimental setup of the KUKA LWR4 serial robot
and the vision system used to detect the human operator are described.
A test case scenario is presented and behaviours that can be induced
using the presented controller and constraints are discussed.

4.1 Experimental setup

The distance between the robot and the human operator is computed us-
ing data from a set of 3 Kinects strategically placed around the workspace
of the robot to avoid occlusions (see Fig. 1). RGB and depth images from
each sensor are calibrated and the pose of each device in the robot’s base
frame is computed. The robot and background are removed [9] from the
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depth images then the related pointclouds are down sampled and com-
bined together. Finally the cluster of the human operator is extracted
from the resulting pointcloud [10] and the minimum distance between the
robot end-effector and the human operator is computed and published
via a ROS topic. The controller described in section III is implemented as
a C++ OROCOS [11] component inside a generic software architecture
developed at ISIR for robot manipulators[12]. The remote control PC
runs a Xenomai [13] kernel with RTnet [14] to enssure minimum jitter in
the real-time Ethernet communication. Finally, the communication with
the Kuka Robot Controller (KRC) is performed via the Fast Research
Interface (FRI) [15].

4.2 Test case scenario

As a main activity, the robot performs a repetitive movement where it
tracks a desired position on a straight line between the points A and
B in the cartesian space (see Fig. 1). The controller described by (17) is
implemented only with the linear constraints on the physical limitations
of the system (13) and (14). The QP problem is solved at every time-step
δt = 15 ms to compute the needed control torque. The QP is solved in
real time using Gurobi, a commercial optimization software.
The maximum position tracking error in the cartesian space (see (c)
in Fig. 2) is around 0.051 m, this is mainly due to the activation of
the the articular velocity constraint (14) on the robot’s first joint. The
maximum/minimum limits2 on the articular velocity for the first joint
are reached and violated. This is mainly caused by choosing dt = 5 ·δt in
(14). The reason for this choice and further explanations can be found in
[8]. According to Fig. 2, before the collision with the human operator3,
the maximum reached velocity of the robot end-effector in the cartesian
space is about 2 m/s and the maximum kinetic energy in the direction of
the human operator is 2.8 J . At the collision instant, 2 J of kinetic energy
are instantaneously dissipated to create the resulting impact force.
After the establishment of physical contact, potential energy within the
human-robot system increases to reach a maximum value of 14 J (see
Fig. 2 (b)). Consequently contact forces are created driving the blocked
robot towards its desired position. The related torques can be seen in
Fig. 2 (d). Notice τ0 ' −18 N.m and τ2 =' −16 N.m. Once the physical
contact released, the previously charged potential energy is transformed
into kinetic energy as fast as possible and the robot goes back to its
normal behaviour.

4.3 Constraints on kinetic and potential energy

In this scenario4, the constraint (15) depending on the distance between
the robot and the human operator is placed on the kinetic energy ex-
pressed at the robot’s end-effector in the direction of the human operator.

2 The maximum/minimum limits on the articular velocity of the first joint are fixed
in the QP at lower values than the real capacities of the robot.

3 see video in [16]
4 see video in [17]
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Fig. 2: (a) Kinetic energy of the robot’s end-effector in the direction of
the human operator; (b) Potential energy within the robot-human system
during physical contact. (c) Top : position tracking error; Middle : con-
straint of the articular acceleration of the first joint; Bottom : articular
velocity of the first joint. d) Articular torques

After the establishment of physical contact, the constraint (16) on the
amount of potential energy allowed to be generated within the human-
robot system is also activated. The controller parameters are chosen as
following : Esafe = 0.02 J , K = 0.4 N.m, dsafe = 0.3 m and dmax = 7 m.
From the kinetic energy profile in Fig. 3, the constraint on the kinetic
energy of the robot is respected during the whole interaction’s time. At
the collision instant, comparing to the previous scenario, only 0.02 J of
kinetic energy are dissipated; This results into a smaller impact force.
After the establishment of physical contact, the constraint on the amount
of potential energy allowed to be stored within the human-robot system
is also respected at every time step (see Fig. 3 (d)). In this case Expsafe

=
0.0 J , Eypsafe

= 0.0 J and Ezpsafe
= 0.0 J . This results in smaller contact

forces. The corresponding articular torques (see Fig. 3 (c)) are much
lower than during the contact phase of the previous scenario : τ0 '
−4 N.m and τ2 =' −3 N.m.

5 Conclusion and future work
Using the presented control framework and the introduced energy based
criteria, the robot has been proven capable to adapt to the human op-
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Fig. 3: (a) Evolution of the kinetic energy constraint depending on the
distance d between the robot and the human operator. (b) Constrained
Kinetic energy of the robot end-effector in the direction of the human
operator; (c) Articular torques; (d) Potential energy within the human-
robot system during physical contact.

erator so physical contact can be established without any damage. The
impact force is reduced by constraining the kinetic energy of the robot
and the contact force is modulated by constraining the amount of po-
tential energy generated guring physical contact. In the presented ex-
periments we have been able to ensure the respect at every time step of
the constraints on potential and kinetic energy. The only way we have
been able to implement these constraints is by controlling the system
at a time step δt = 15 ms. Which gives the system sufficient time to
brake and cope with these dynamic constraints. However, a time-step of
1 ms is still needed for better performances in the accomplishment of
the trajectory tracking task.
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