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Abstract. The extensive distribution of collaborative robots in indus-
trial workplaces allows human operators to decrease the weight and the
repetitiveness of their activities. In order to facilitate the role of the hu-
man worker during the interaction with these robots, innovative control
paradigms, enabling an intuitive human-robot collaborative manipula-
tion, are needed. In this work, a dynamic and hierarchical task-priority
control framework is proposed, leveraging a physical interaction with a
redundant robot manipulator through a force sensor. The foremost ob-
jective of this approach is to exploit the non-trivial null-space of the
redundant robot to increase the performance of the co-manipulation
and, consequently, its effectiveness. A comparison between the proposed
methodology and a standard admittance control scheme is carried out
within an industrial use case study consisting of a human operator in-
teracting with a KUKA LBR iiwa arm.
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1 Introduction

Collaborative human-robot manipulation is an emerging field pointing at de-
veloping innovative service robotic applications in which humans and robots
cooperate for the execution of tasks sharing their workspace, as highlighted by
Corrales et al (2012). Thanks to the extensive distribution of collaborative robot,
also known as cobots, a robotic co-worker can assist human operators during the
execution of service tasks, like cooperative lifting and transportation of heavy
objects, collaborative assembly, and similar. The assistance can be carried out
both in an active way, as underlined by Caccavale et al (2016), and in a proactive
way, as explained by Zanchettin and Rocco (2017). In this scenario, the human
worker typically guides the motion of the robot by physically interacting with
its end-effector, whose reaction is compliant to the forces exerted by the human.

In order to operate in safe and adequate conditions, the robot motion should
be controlled by taking into account the performance of the manipulator and
avoiding instability regions, kinematic singularities, and joint mechanical limita-
tions. If one of these situations occurs, the robot loses the ability to move since
the operator forces cannot be translated into suitable joint commands.
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In this work, the kinematic redundancy of the manipulator is exploited to
design a set of prioritized tasks. These tasks involve the forces exerted by the
operator to move the robot accordingly. Such forces are measured through a
force sensor mounted at the end-effector. Besides, the tasks also involve several
indices related to the manipulator performance such as the robot manipulabil-
ity, the joint limits, and other quality factors as described by Chiaverini (1997)
and Baerlocher and Boulic (1998). While the human operator moves the manipu-
lator end-effector through the force sensor, the proposed formulation maximizes
the performance of the robot during such cooperative manipulation. Since the
input issued by the human operator is not predictable, the robot motion can-
not be optimally planned in advance. In this context, several factors, such as
the operator inexperience, fatigue, or stress, may bring the manipulator in a
low-performance configuration. As a result, the robot can get stuck or, in worst
cases, it becomes unstable and dangerous for a tight interaction with the hu-
man. Therefore, robot motion must be adapted at runtime. The task priority
formulation can exploit the degrees of freedom (DoFs) needed to accomplish the
primary task (e.g., follow the movements of the human operator given through
the force sensor) while relying on the non-trivial null-space of the redundant
robot, and thus on the remaining DoF's, to satisfy secondary tasks. Besides, in
the proposed formulation, dynamic switching of the task priority is proposed
to modify the stack structure (e.g., change primary goal and, consequently, the
null-space composition of tasks).

The proposed framework is validated through a human-robot interactive task
where a human operator cooperates with a KUKA LBR iiwa robot on whose
end-effector is mounted a force sensor, as shown in Fig. 1. The effectiveness of
the system is also evaluated by comparing the proposed methodology with a
standard admittance controller.

The outline of the paper is organized as follows. A brief overview of the
related works is presented in Section 2, in which the proposed contribution is
pointed out. The hierarchical task priority framework used to implement the null-
space control for co-manipulation is described in Section 3. The employed tasks
are introduced in Sections 4, while in Section 5 their composition is discussed.
Finally, in Section 6, an experimental case study to test the effectiveness of the
approach is carried out. Section 7 concludes the paper through a brief discussion
of the overall work and future research directions.

2 Related Works

Within human-robot co-manipulation systems, human operators can usually
physically interact with a robot by applying forces on its end-effector directly.
In these applications, the operator forces are translated into robot motion com-
mands imposing a desired dynamic behavior between the external forces and
the robot motion: this is possible thanks to an admittance control scheme, for
instance. Several works addressed the development of intuitive interaction strate-
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iiwa

Fig. 1: The human operator physically interacts with a lightweight manipulator through
the ATI Minij5 force sensor.

gies to improve the performance of the co-manipulation starting from the fun-
damental works of Newman (1992) and Gullapalli et al (1992).

Different indices are proposed in the literature to evaluate the performance of
the manipulator in a given configuration. Yoshikawa (1985) introduced a manip-
ulability index, while Dubey and Luh (1988) introduced the end-effector velocity
ratio (MVR) index. Landi et al (2017) presented a parameter to calculate the
deviations of the manipulator from the nominal behavior, and therefore identify
control vulnerabilities.

Several works addressed the problem of increasing manipulator performance
during human-robot co-manipulation tasks. The following approaches can be dis-
tinguished. Within variable admittance approaches, the gains of the admittance
controller are regulated on-line to provide an intuitive interaction between the
robotic arm and the operator. In particular, Labrecque and Gosselin (2018) reg-
ulated the controller gains to accommodate and optimize the system response
to any potential dynamics, while Landi et al (2017) adjusted the damping of
the admittance controller to avoid undesired and unstable robot configurations.
Dimeas et al (2018) proposed instead a haptic feedback approach to prevent
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the operator from bringing the manipulator in a low-performance region of the
workspace. Finally, similarly to the proposed approach, the redundancy of the
manipulator, and thus its non-trivial null-space, was exploited by Ficuciello et al
(2014) to ensure a decoupled apparent inertia at the end effector. Differently
from Ficuciello et al (2014), the proposed technique defines a stack of tasks to
optimize different quality indices, whose priority can be modified based on the
current behavior of the co-manipulation task.

Task priority control of redundant systems is anyway extensively explored in
the literature. Applications span from the fundamental work by Nakamura et al
(1987) to more recent utilization in fine object manipulation, aerial and under-
water scenarios by Caccavale et al (2013), Lippiello et al (2016), and Casalino
et al (2012), respectively. Task composition was exploited by Rocchi et al (2015)
and Mansard et al (2009) to control collaborative working of humanoid robots,
while a framework providing a flexible and composable way to define robot con-
trol tasks was proposed by Aertbelién and De Schutter (2014). Finally, in the
context of collaborative applications and similarly to the proposed approach,
Agravante et al (2014) designed a task composition methodology coupling a vi-
sual servoing and an impedance controller. Differently from what proposed in
this work, the compliant behaviour does not seem introduced to accommodate
the human control input, but to achieve the desired collaborative task. There-
fore, at the best of authors’ knowledge, no application in which the human
operator physically leads the motion of the robot can be found with hierarchical
task-priority control. Hence, the novelty introduced by this work is indeed the
application of the renowned null-space task priority formulation within a cobot
system.

3 Dynamic Task Priority Framework

In this section, the dynamic task priority framework used to implement the co-
manipulation system is explained. A similar formulation was already introduced
by Buonocore et al (2015) and Lippiello et al (2016) in different application
domains.

Let n be the number of DoF's of the robot manipulator. To exploit kinematic
redundancy of the system, the dimension pp of the main task for the robot end-
effector must be less than n. In this way, it is possible to achieve some secondary
tasks in terms of priority, while preserving the principal task, exploiting the extra
DoF's. Hence, in a redundant manipulator, the same position of the end-effector
can be reached through different joint configurations, letting the robotic arm to
be suitably reconfigured by using internal motions.

Let g = [ql qn]T € R” be the arm joint vector describing the arm con-
figuration, where ¢; is the i-th joint variable, with ¢ = 1,...,n. The goal of the
kinematic control framework is to accomplish the primary and, eventually, the
secondary tasks generating the control velocity vector ¢ € R™ (i.e., the velocity
command of the robot joints).
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Let o := fy(q) € R* be the main task. The following differential relation-
ship holds:
9fo(q)

0= qu =Jo(9)q, (1)

where Jo(q) € R#0*" represents the main task Jacobian. In order to fulfill the
regulation problem of o to the desired value o, let o9 = o — oy be the main
task error. By inverting (1) the following velocity command can be considered

4" = Jo(q) Agoo, (2)

where Ag € RFOXH0 is a positive-definite gain matrix, and Jo(q)' is the general-
ized pseudo-inverse of Jo(q). The following error dynamics is achieved folding (2)
into (1)

oo =—Ayoy, (3)

obtaining an asymptotic convergence of the main task to its desired value.

Since pp < n, the null-space of Jo(q) is non-trivial. A further task can be
thus defined as o1 := f,(q) € R*', with p; < n, from which the following joint
velocity command can be designed

q" = Jolq) Ao + No(q)J1(q) A161, (4)

where J1(g) € R#1*" ig the Jacobian matrix of the defined task and it is built
similarly to (1), & is the error with respect to a desired value o for the task,
Ay € RMXH1 g g positive-definite gain matrix, and No(q) = I,, — Jo(q)TJ(q) is
the projector into the null-space of Jo(q), with I, € R™"*™ the identity matrix.
Adding further secondary tasks, Antonelli (2009) generalizes the framework
to the case of n prioritized tasks with the following general velocity command

n
q* = Jo(q) AGo + > Noj.ji-1(q)Ji(q) Aics, (5)
i=1

where Ny, |;(q) is the projector onto the null space of the augmented Jacobian
Jo...;i(q) of the i-th task, with ¢ = 0,...,7 — 1, which are respectively defined
as follows

Jop.i(@) = [Jol@) -+ Ti(@)"] " (6)

Nojilq) = I, — Jo_ji(@) To..ji(q). (7)

The proposed priority-based task formulation (5) ensures that the execution
of the main task is not affected by the remaining tasks in the assigned order.
In other words, the execution of the lower priority tasks is subordinated to the
execution of the higher priority ones. In this context, the lower priority task will
be satisfied if enough and qualified DoF's are available, while the complete fulfill-
ment of the main task is instead always guaranteed. Notice that the convergence
of the task errors depends on the annihilation and independence properties of
the task Jacobians as defined by Antonelli (2009).
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3.1 Dynamic modification of the task composition

As anticipated within the sections above, the considered tasks are put in a priori-
tized stack that can be on-line modified either by insert/removing a task in/from
the stack, or by switching the priority order of one or more tasks. In order to
address possible discontinuities of the control input that could be generated by
the modification of the stack, a time-vanishing smoothing term is adopted to
manage the transitions. Specifically, suppose that the transition phase starts at
t = 0 and the r-th task of the stack must be deactivated and substituted by
the (r 4+ 1)-th task. During the transition, the velocity command is computed
like Caccavale et al (2013) as

q'(t) = @ () + e 7 (q(0) — g7 1(0)) (8)

where 7 is a positve time constant determining the transition phase duration,
and ¢j, is the velocity command corresponding to the k-th task of the stack.
When t becomes sufficiently higher than 7, the r-th task stack is entirely re-
moved, and a new transition can start. Similarly, equation (8) can be employed
to switch the priority between two tasks in the stack. Consider that equation (8)
only affects the computed commanded velocity during the transition of differ-
ent stacks after their composition. The main aim of this equation is to make
smoother the activation/deactivation of given tasks.

4 Definition of Possible Tasks for a Cobot System

In this section, the possible tasks of interest for a cobot system are presented.
In particular, two different kinds of tasks are discussed: positioning and perfor-
mance tasks. The latter group includes all the tasks affecting the arm manip-
ulability, while the former tasks are related to the control of the position and
orientation of the robot end-effector.

4.1 End-effector position task

The goal of this task is to hold the position of the robot end-effector in a desired
configuration. Let J(g) € R®*™ be the Jacobian matrix of the robotic arm, which

can be defined as follows
J
J(q) = [ p("")} : 9)

where J,(q) € R3*" and J,(q) € R3*™ represent the parts of the Jacobian map-
ping the joint velocities to the linear and rotational velocities of the end-effector,
respectively. Let p(q) € R® and p* € R? be the current and desired position of
the end-effector in the robot base frame, respectively. The corresponding task
function is defined as o, = p* — p(q). Hence, in order to fulfill the task, the ref-
erence o, = 0 is chosen. The corresponding Jacobian matrix for the end-effector
positioning task is J,(q).
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Fig. 2: KUKA LBR iiwa robot joints depicted in green. In black, the robot base frame.
In red, the end-effector frame.

4.2 End-effector orientation task

The purpose of this task is to control the orientation of the robot end-effector. In
the proposed scenario, the robot should maintain its orientation in a configura-
tion convenient with the considered co-manipulation task. For instance, consid-
ering the proposed setup, the end-effector of the robot is commanded to maintain
the robot flange facing downwards, as depicted in Fig.1. Let R* € SO(3) and
R(q) € SO(3) be the rotation matrices representing the desired and current ori-
entation of the robot end-effector, respectively. The corresponding unit quater-
nions are denoted by {1,(q),€,(q)} and {n*, €*}, respectively. The orientation
error can be computed as follows

eo(q) = 770(11)62 - W;GO(Q) - S(GZ)eo(Q)v (10)

where S(-) is the skew-symmetric matrix. With reference to Fig. 2, the sought
goal is to keep the z-axis of the end-effector facing downwards, neglecting the
rotation around such an axis. Therefore, only the first two components of the
error vector calculated in (10) are employed in the following experiments. Hence,
é (1) 8} , while the desired
task variable is 0% = 0. The corresponding task Jacobian matrix is J/ = X.J, €
R2><n.

the task function is designed as o, = Ye,, with 3 = [

4.3 Interaction force task

This task intends to implement the compliance behavior of the manipulator
exploiting the data generated by the force sensor. Roughly speaking, this task
pursues a zero-force control allowing the position of the robot end-effector to be
freely moved by the human operator.

Let f° € R? be the interaction force vector in the sensor frame and R,(q) €
R3*3 the rotation matrix between the sensor frame and the robot base frame. The
task function is defined as oy = Rs(q) f”, while the desired value is 0} = 0. In
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this way, the manipulator moves the position of its end-effector until the human
operator does not interact with the robot. The corresponding Jacobian matrix
of the task is J,(q) — S(ps(q) — p(q))J»(q), with p,(g) € R? is the position
of the tip of the sensor force in the robot base frame. However, to simplify the
computations, the approximated task Jacobian J,(g) is considered for this task.

4.4 Joint limits avoidance task

This task is responsible to avoid mechanical joint limits. In order to bring the
joints as far as possible from their limits, the robot is solicited to keep a configu-
ration in the middle of such a range. Therefore, the desired joints configuration
can be computed as ¢* = q, + %(qH —q;), where g; € R™ and g5 € R" are
the minimum and maximum mechanical limits, respectively. The task function
o; corresponding to the joint limits task is defined as

1 n _ 2
? ( qi q1 ) , (11)
ne— \4H; — 4L,
with ¢}, qm,, and ¢z, being the i-th component of g*, g5 and q;, respectively.
Equation (11) represents a weighted sum of the error of each joint with respect

to its desired configuration in the middle of the mechanical range. The desired
value for the task is o} = 0, while the corresponding Jacobian matrix J; € R'*"

is equal to
1 _ * _ *
Jl:[ L 2]. (12)
(gr, —qr,) (¢m, — ar,.)

4.5 Manipulability task

The goal of this task is to prevent the arm to reach kinematic singularity con-
figurations. For this scope, the manipulability index introduced in Siciliano et al
(2009) might be considered. Given an arbitrary arm configuration g, the manip-
ulability index is calculated as

g) = \/det (J(@)T(q)7). (13)

However, to save computational resources, simpler manipulability indices exist.
In this work, the solution adopted by Caccavale et al (2013) is considered. The
manipulability task function can be thus designed in the following way

= IS (). (14)
2 4

The first and last joints are neglected for the considered robot since they do not
cause singularity issues. Notice that, for the considered robot manipulator, the
above equation has the same local minima of (13), with low values when the
robot configuration is close to kinematic singularities.
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Fig. 3: Policy employed for the addressed co-manipulation system. Four stacks are rep-
resented, each of one contains a prioritized order of tasks. The corresponding condition
regulates the switch between the stacks. When the switching condition does not hold
anymore, the force stack is restored.

The desired task value is o7,, which is experimentally tuned on the basis of
the available setup. One way to retrieve o, is to compute (14) on a discretization
of the workspace and take the mean value on this set. Otherwise, it is possible to
retrieve o, from a preferred dexterous manipulator configuration. Finally, the
corresponding Jacobian matrix J,,(q) € R1X™ for the task is calculated as

Jm(q) = [cos(q1)sin(q1) ... cos(qn) sin(gy)] - (15)

5 Dynamic Task Composition

As previously declared, the stack of the active tasks during the co-manipulation
action can be modified on-line by activating or deactivating a certain number of
tasks or by changing their priority. The policy employed in the carried out ex-
periments is represented in Fig. 3. Notice that, in principle, any combination of
tasks and priorities can be adopted based on the desired cobot behavior. When
the human operator does not exert any force on the robot end-effector, the only
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two active tasks are the position and the orientation ones, keeping the reached
pose of the robot. When the operator interacts with the robot, the force stack
is active. The force task is the main one, followed by the orientation task, the
manipulability task, and the joint limit task. If during the interaction the ma-
nipulability index o,,(q) goes under a certain threshold ,,, the manipulability
stack is activated. This means that the force task is removed from the stack,
and the position task becomes the primary objective. The desired end-effector
position is set as the one at the switching moment. Once o,,(g) becomes again
greater than &,,, the force task is restored. Instead, if during the interaction the
following inequality |¢; — ¢f|> &; holds for a joint ¢ , with &; a given threshold,
the joint limit stack is activated. This means that the force task is removed from
the stack, and the position task becomes the primary objective. The desired end-
effector position becomes the one at the switching moment. The manipulation
and joint limit tasks switch their priorities. Once |g; — ;| becomes again lower
than &;, the force task is restored.

Through the described policy, the human operator is prevented from moving
the robot when the manipulability index is too low, or one of the joint is diverging
too much from its desired value.

6 Case Study

The effectiveness of the proposed system has been assessed by defining a col-
laborative manipulation case study where a human worker cooperates with a
lightweight redundant robotic arm to bring its end-effector in predefined loca-
tions. In order to show the advantage of the presented approach, a user, already
trained on the system, performed a test with the proposed method and one with
a classical admittance control scheme. A video of one representative experiment
can be found online!.

(a)

Fig.4: Experimental setup: 4(a) the operator must reach the visual markers with the
end-effector of the robot, bringing the robot configuration close to the mechanical joint
limits (4(b)) and to a kinematic singularity (4(c)).

! nttps://youtu.be/-ZHwauDONQY
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The experimental setup is depicted in Fig. 4(a). The purpose of the test
is to overcome the depicted markers with the end-effector, drawing a square.
Marker placement was chosen to stress the robot configurations to be close to
joint limits (see Fig. 4(b)) and kinematic singularity (see Fig. 4(c)). The tests
were performed using the Kuka LWR iiwa robot, controlled via ROS middleware,
running on GNU/Linux OS as from Hennersperger et al (2016).

Regarding the practical implementation of dynamic task composition, each
task is represented by a static matrix, while the related Jacobian is implemented
as a dynamic matrix using C++ standard vector class? to prevent any issue
related to memory reallocation when the dimensions of the Jacobian matrix
changes with respect to the activated tasks.

The following gains regarding the proposed methodology were experimentally
tuned: the gain for the force task is equal to Ay = 0.02I3; the gain for the
position task is equal to A, = 5.5I3; the gain for the orientation task is equal
to A, = 5.5I3; the gain for the manipulability task is equal to A,, = 0.113;
the gain for the joint limits task is equal to A; = 0.00113; the threshold to
activate the manipulability stack is set to &, = 1.5; the threshold to activate
the joint limit stack is set to &; = 2 rad. The general admittance control scheme
is instead taken from Siciliano et al (2009), with the following values for the
apparent dynamics of the end-effector position: desired mass matrix I3; desired
damping matrix 100Is; desired stiffness matrix 0.001715.

038 : ‘ ‘ ‘
0 5 10 15 20 25
Time(s)

Fig. 5: Time history of the o;(q) index. In blue, during the proposed approach test. In
red, during the admittance control test.

A human operator performed the first test with the proposed methodology
and, immediately after, one with an admittance control scheme. At any level of
precision, it was impossible for the human operator to replicate the same trajec-
tories exactly. Moreover, since the two experiments were performed in cascade,

2 https://en.cppreference.com/w/cpp/container/vector
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Fig. 6: Time history of the 0.,(q) index. In blue, during the proposed approach test.

In red, during the admittance control test.

the initial conditions of the two tests were slightly different as well. The time
history of the 0;(q) index is depicted in Fig. 5. In blue, the one obtained through
the proposed approach, in red the one obtained through the admittance control
scheme. It is clear that the proposed methodology outperforms the classical ad-
mittance control scheme since the joint limit avoidance task is explicitly taken
into account. The history of the stack switching in Fig. 7 highlights that the pro-
cedure made suitable changes in the task priority to deal with those situations
in which some joint was very far from its desired value. The time history of the
om(q) index is depicted in Fig. 6. In blue, the one obtained through the proposed
approach, in red the one obtained through the admittance control scheme. It is
again clear that the proposed methodology outperforms the classical admittance
control scheme for most of the experiment. At the end of the test, the admittance
control obtained a better configuration regarding the robot manipulability. This
can be anyway handled by the proposed methodology by adding, for instance,
the manipulability as a lower priority task within the pose stack.

7 Conclusion and Future Work

A hierarchical prioritized task control with dynamic task composition was pre-
sented in this paper to allow an effective co-manipulation for redundant manip-
ulators. In the proposed approach, the kinematic redundancy of the robot was
exploited to increase the performance of the manipulator during human-robot
physical interaction. In particular, a set of primary and secondary tasks were
composed to avoid mechanical joint limits and kinematic singularity during the
execution of a shared task. The human operator was allowed to freely move the
position of the robot end-effector through a proper force sensor mounted on the
tip of the manipulator. To test the benefits of the proposed cobot system, a stan-
dard admittance control was compared to the proposed approach. The collected
results demonstrated the effectiveness of the system.
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Stack number
(98]
]

8]

1
0 5 10 15 20 25

Time(s)
Fig.7: Time history of the switching between the stack during the proposed approach
test. Stack 1 is the force stack. Stack 2 is the manipulability stack. Stack 3 is the joint

limit stack. Stack 4 is the pose stack.

Future work is dedicated to adding a phase in which the movements of the
human operator can be employed to predict which of the secondary tasks is going
to fail and re-arrange the prioritized stack accordingly.
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